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I. &I

KBIE, HEKICHEFTHEMDHEENSS HIZEDIZTDERICEBOH CEELKENERL
TE KBRIZIEHRRGREDNK (BHK) AEFNTEY. ARDOBIZRASARIE.
EMHRRGERESZ . BE~OHEGEIDERIZEMLTILD, —F. AIRKEOEHHE
SHZH BT IREFERELTORBNDMIC, BRFHRMETHS DNA [TEELZEZHEN
ADREITIEHGE AR AT LOHRFICES>TEREGS—EEFO>TLS,

AR T MEMH OB FEEMELHRALEMZOVT, B FLANILOSEEKLA
IWIZEDHODEBEEZMAERNRELT. FRALREDOANEYICEZ B EDFERELT
DANEHIERBEEEHASMIZL, SBIZ, TALDEREZRICENONFERICLSRE
BIEAT LORAE, LM AL LMD RET R ORSAGIEZFORIEZBE M
ELTz ERMIZIZUTO=ZD0OMRRE. THHEIOMSHRNERICRIFTTEZELMME
WREDAREA (TEM . ZH.RE) |. [QXDEREZ TSP FAN=X LDOFHEHA (ME./
AA/ER) 1. QX EFI AL ESGKEEDEELENAFIERFTORE (h# ./ INGg/
B3 /ER) IICERYBATL

EMRRBICIE. TR ETNIBVLAZOMAREZEBL. EEKR. EREEB. BHK
BICENThOBREORYELDHRZEZKIEL. EAREZHABRRRBOEEANRIET HL005K
HELST, SODMARFEITEVICHFEICERLTEY . IRTEERAZEGHZH-
RERBABZERARHOEGRHEFERICRAELTNSDT, AlZ2E. EHMICAMMS
HRKREBEDBETERBLIZ. ATOC VMO EFINSHFRBBRARIKICEE LA, TD
BULERZOIFEHFEMEBOTHEY . FHEITEREIT ol SOITHMHBURLND AL /N—
(IR ICHERLIZZDDOEYMTHRZITOTHEY . BELGEZFICIENDTHITERLT
BRI |EIT o1,

EMREZBIZFTERNITT1 BOBMBAEY . BIRLLLITARTOD L IMIBE S LT, £ K
TaC VP CEALIZRRARIIE.PD IRELWVSEANTITAD VM EHELT-, S5ICE
KA~BZD)Y—F TRV EERRER LMD 10 BIRDRERELTEBRICKT
AU IMMISML, EITT/NT—ELTEBRLz, TELGEE. ZFEOFA-BEIZDOLT,
A—N—IZKHERARZHELIZY . IRSMELSDOEBIMEERICT IELIZY S o= HiflT
Y R—rETOACIIMAVN—DORREICB T 2EBEN. F-EBHEE - REES
DEBRXESFUBEERLVSEEN YR ZEZREHRENPLELG>TERE
NATEL, ABEMERITOROD BRI EEEL,

HRMAEEELLTIE. TODHPDBERHILFREBIBOREETHIRI KD ERIEL
EMRADBELDEDTHAHL . TALUNELERN DOEBO AR BB R



REEDT=, CNE3DDHET—IDAVN—DT IL—TRAR VT IL—TRETH RS
TIF—REETV ENNTEELGA O REHEL -, PHRIE. FR 25 F9 A 1 BhD
RRIXEXRFOERILZMEMICEIRELTERE LA, TORLARAREEDIIET
TPz NSz, BIRIEER 25 FEFCIREMRBRARREZIETOIS LI
SEPDO. EEILEEMRRELLTS ML,

BYMELTIK. KTOPIMDRIBTH A ER L AT LOBREIGEIZET 520 FHEE
MEHRR —Z-DALDOHEICRAITT—IOFENHIMZZIT-F 7 S (BAH
PR BEEEH21) (21,718 mP e, B OEE - FRALTLSE 6 SEE(EHH FR%E
HIZEAT: BREE HA) [ 448 M B EEL. TNTN T HRE(HFI 8 HARE) L 2 ARE
NTADI IR EHELZ, ATADIrDED AL, PRBURIEEI RO ERILEHATR
[CHIRELTERHL. ZE0DEYMTIOD UM HELT-,

AEXRTHRENBALEI73—RT1yOVILESAHF—IBELVITORILT 40RO
—J1IE. ENTNIREEFREL 450 B FEL 500 BEfEF. FAIFETBALIIA—
WAV I UBRNEBWIR AT L) [RERXTvF1=yb ) TEILEMEE Ti-E/A—2zOh
T+—hAIRT L IFEQBEMS FEEREIC DL TIE. 2T $91,200 BREL 4. 100 B
/4. 1,000 B FEORBERNERELLTERIN, ChOoDEFEIE. LRRZDDE
MICEESN, TOC S MARE 102 GREIR) . B 1084 GREIA) . PDEHARA
1 BITINA, KERRAER 15 £, FEER 45 BAEMITFIAL,

ATOCIIVMDEREDEFEDEBL-HAREEBIC. SHLEVLIRLLRERED
FHICEDLSITHEL. BELTWDDMNEDFLANILTEITL, ZOAHN=ZX LERLHIC
FTHELEBIZEEL, SHITFD AN X LIZRIENRELTLE, ZBIEODALENS-TO
TANEDLSITRESNEZDMNERAONITEHILICEOT. ChoEREMRREHEHT
BHEREFEHIELBIEL



II. #AZEHAH
MZRERET. MR ERICRIFTEHELMTEMEEDAZEA
WEEA TOCIHTOHEERE T I ThORE
TERE T BEFRIEOHBEISELEN AL | BIMREIZXD DNA BEHNEEDOH
24k At ZIEICRIZTEELEZT DR
HEOMRE
ZH = DNA BEZXFL Rzt T Attt | ERERSTROENMEGEDHMEDL D
, 2% DNA BIEXMLRIZHT D
YEEDH ZH
RE & Mgt 1ot 3 BB SEMT D 4% | IATHIR AN B CGHIBASE IS & 12 xE L Tl
- HELDMIZE T DD FHED R
A

MEEE2. XOFEREZTIMEN FAD=X LD

MRE4 TaC O TOMERE 7oy TORE
MR #7= SRR FHE SR ) AREA FAREBEIVN\VEDOEEIREDMHE
BA

A JHIE BB FA - MBI E IR EEF O | KEROUDE(CHNHLLIFREFD
e E%E
FE

AR HE ESHEEYDORIRERBEER FRAEICK SRR HI EHEED

(RYELDHE) RRH

MRRES. AEFALE RN RRBALENAFIERMT OB

HEREL PA=DEL IS J0Ys L TOSI IR THORE
it & KERIALI A SHEERBEE N A | KAIEIC LD ERBERBDO-HD
AR HLNTIHLTO—T OREIRETS
LT R REDRFORRIGIC
EBHFLVNSH BBEED =D RS
EEHBRETS
NE E— | ERHFEEELL IBEOEES | 2L/ 0 EOEEHEEE DS -1
S U AL R RAT BefRAT LR E R O BIR
By — | MASNEEOHBMAN=XLD | MEOAAILE. NAMEOEEE
i | B B AH= X LDEME
FlR 22 | AEEMBERNERELLERS | A PBEMBERTOBRCEoTER
FOBEDOAHE RFPZOBREEDBREEESAIC
L. Enihe D &Y S IR AR (- Bk
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L FARERET TSR E I RIT T EZE LM EREEDAZEA )

ARRETIE, BEEFONAICEEZ5 AT ELRRERTHOEINMEOBREMSTRIZE
BL.ChoDERICTES DNA BENEMICEDSSLGEEERIFTH. TLTEMICH
5D DNA #EEICEDIIILTMIEZEFTT H2DM0EHDIZBRITL -, FITENME~DEE
BICLOTEHEICRENAZRIET SEMEGRR. BRI RIE (XP) . A TEN\YT U
HEXPDREEGFEYNTHSXPV AU /NIE (Poln ) DIEELHEEICDLNT, 22 /\VEL
N)L HRLAIL BERLAVGERRGBR RN RZIT o=, F-MAHROCLEINMRICE
HHRE DM %I DNA OHEEBAEENBL TSI L, TLTHFEBICHELTIEEMS
RIGRIMBEAN AN R BARDERILZEITRIT LV EKENMERNFoNTEY. £
NEDAN=ZXLIZDVWTHLMNIT HEANGEINTz, — A, a0 PaoNIOFAKR
AELDOREBETERE THAMBIRZANT. RFARANLANDOHBEEEDRKRTHLHH
RASEIZR LTt IEICE BB E EEITRIMER LD LLRETL, BIRRWVERAFONT=,
LTS, CRoDHEITONT, TN ENDOHARIBUEILDBHREXE )AL, ELTRE

HIEERX 2 fRY DZER/E T 5.



B FREGOMBLE & AL - Efk

#dx feR SCKE

B B e

B ot T

(2013 FEEED 1)
[B®Y]

BT DNA [3FE %2 DB & 2 WIIAMIRBERIC K » T, Z20ERAE SN0 | 1
AT LTWD, TOX D RREBEMET D LEERICEIESHAEE BT 6T, KR
A OESNRITITHIER LR TOAEMRHISN 2SI TEY, DNAICY 7 n 7 2 8l
vU Y T EBIK (cyclobutane pyrimidine dimer: CPD) X° 6-4 JEY & W\ o 7= HBIEN 4
U5, AW, 29 LTSN EEEZEBE L7Z0 . DNA GIICE D #8272V (translesion
synthesis: TLS) 58/ Z210H 2 TWA 2, & MIIEE 9 LIZREIC KIA 2 F o sz H
DEBAFET D, P THOENEGEIE (xeroderma pigmentosum: XP) DFEE X ED HE
AL KO W CTORE N AVDFRIEZ FHE L T2, AL TITFx O 7 V— 7035
R U7 7 v M XP ORAEEEFEY T, CPD Z4E R < IEfEICRE Y Bz 5 DNA R
YATZ—=BTHLHRN A —4% (Poln) VD ZHDIT, E FEBIOVTADTLS KU AT —
B OABRR I BEEECZ O X BkE A S 2 ISV EBAREZMNT L, TLS ARV 27— D
KIPRAZRIZ LD EED R AL - BIEO S FRIRBEIRZAONICTHZ L2 E T 5,

[RREBE]
1. TLS RV AT —F¥DELEREREIZ OV T
(1) Pol n AMAHHAEEZEIRAE BB < 431 A T = X L OFR]

B fifgicBsW T, V(D) Mz %IcE s n T ) Ul a1 & D e B 22k i

(somatic hypermutation: SHM) (%, %7 10 7 ) AN E 72 5372 DITHZED A
H=ALTHDH, ZNNETOHENLSL, RGYW & WA (R i3 purine; Y:E pyrimidine; W
ZAFHZIEIT) 209 oD SHM OBy hARy hodHH WA IZE L TIZ Poln 25 A A >
RERNZRELTWD EEZ LN TV, Al Fox 1TKE NIH O 7 L—7 7 & L DI
WHFEIC LV, & b Poln OfEENEZE 5y & X7 (1-432) &7 T A ~—RimD
TR WA £ F—7 73 TA 7213 AA, HDHVIEFE WA Ofids] (CA F721% GA) L oIfgk
faZ VERR L. 240 6 O X BkE S 2 ffhr L7, T OFER WA £F—7 D T (2% LT dGTP
7N wobble 3Lkt 2 ERE T 2 BRIC Gln-38 & Arg-61 & NWZEITNTWEHZ &, FT4
~ =KD W (T:A £7213 A'T) OFFWIEIEE Poln & OMHAAEHN WA EF—7~D G
ORI IAZZELS T EBRHA LN/ o7z, ZDODO WA EF—7OHFTH AA KV b
TA EHS A D G ~DEREZFVEZ LGN &, FTz Poln ld T:G fRH A 2 R R
SHRL, BRERZTRIEDLZ EHBI LTI,
(2) DNA O BRI T 2 TLS RNY A 7 —ED&E|

DNA OFERIL, BIRFEEREDT ) ARLEMICH T 2 BREEMO T ok
ATHDH, LILEDODNARY AT —ENRZDO7 0t RN TWBEEH LN -> T
W72V, ABFETIE, DNA HRICHADK T+ Th D Cdtl #HET L2 LI2k->T, 1/
FaJE I — L DNA HRNEZRNESICLTWLEERRK - THDH geminin &



siRNA JLEEZ ) > C DNA FERIZFHET 50 9% A, Poly, AL« By % (Polk),
AV A4F% (Pole), REVI REDBEEDERNY 77 IV — - KRY XAF7—ELHL -
TIH (Pold) RXFN A7 (Pole) 78 EQOHEBTIARY 27— D DNA FAERA~
DG ZHR~T-, ZORFE, Zhbo TLS BHLERA O DNA KR Y A7 —8iLe |k U208
MlEOFERETI~E V7 V—hENHZ L, FInNbDRY AT —E% RNAL IZL-
T/ w7 X3 5E geminin L-ULDOIKTIZE - THFE IS [DNA OFAAERL 23]
INDZENGMoT=d, BEENZ LI, Y77 IV — R AT —BITEEARRY X
— P LT R AR THERICE N TWD Z LR ENT-, & 512 cyclin E OB
(2L 5 DNA OFERIZE Poln & Polk WBAG- L TWAZ &, F72 Pol n OFREELIEMEDS L4
B Z bbb o7,

2. v hvrEETe CPD & ZITkd 5 Pol n Of
(1) CPD I CLERY k¥ OFFEK
CPD [3365MFIC L 5 DNA OEOH TEELR L O TH L3, @HE., FRIHEHR D
FNFEAETFIV-FIVEBIKRTHD, TUE DNA F O by BNERREMSET T
%KEI@E’ULZHFE7 IMEEZT T T 03, CPD 2T 5 & S HIThT
JAEMEES D DT, EFHIITRVWOTH D, FITMET, 5-AF LT h (mC) 1E
hU A BEEMRZE, mC EET CPD v b &2ET CPD LV b EEMRZ N
RENTWEDOT. DNAAHK TAY 2 DNA Z 8T 5B, & BIZLE & Bbh % N+-mC
(mCm) 25 2 > & |2 CPD AL ZH7- TmCr 2G84 LEEAH L=, 2 DOfE R TImCm
ZaieAd ) 2 DNA @ﬁ IZAEBMSME TR 1R &R <. B N Poly & W2 in
vitro D TLS )i B W T TImCm @ mCm D KAHANZ AGMP O LY IAI 21T T <, TMP
YR (R 6/16 OFIE) TRMYVIAENDZ &, £72 TMP IV IAENT
Z CDNA GEAMEIE LT W2 E 3o 71 o,
(2) BATES O Pol n K~ 7 A RJEIZI5 1T 2 SRIMERE T 229K 28 B D S FL B 5| R S
L7 7 —ThN—RIL, JacZ BIET % I/ﬂ< A=l L7 T AI RERiov U AL /A
fF":I%JZ?ﬁ Poln KiE~ U A LT AbE, BHOKEIZ UVB K LT, #REERIZE
B ERAMRE R GR A BOMEE (mutant frequency: MF) & A7 RLEENT LT= 7, £
ﬁ%i@gﬁ@b‘@‘ﬂﬁlﬁb‘f%\ Pol n <7 A%, B4R (Poln*++) BL U7 12 (Pol
n¥) <= 7 AZHRE W UVB#HERMF 2/r LTz, WA LEA~AT o L CIEFEERETIRON
o tz, BARIE Poly t~ 1w AT UVB B LORLIEOSFMNE T TOERAT L
B LIZE A, WTRIZEBWTEH UVB BBEHI R R T dipyrimidine 7. TD C 225
T ~® transition WA A > ThoTo, LLARENOERARY MUVATEIZHRLTZE Z
A BARIO FRTIE 5 TCG-3EFI TOERN RIF L FTHDHDITK L, Polnr~U A
TIEZED LD BB R A S hoTe, T Z L, Poln <7 A TiLCPD DR
BRNCERZEZ LTV TLS RY A7 —ER3HN TR Y, F#IC 5-TCG-3BHR R > b
ARy MZlgoTWAHZ EEREELTWAD,

3. D TLS RV X7 —EH CTOMREDHHE
PIFT, Fex 11X Poln & Pol « ®HAMH 5\ T —H/KIE~ 7 A DRINERIRET B & 23 A FEHR E
BRlzX V. Poln /Pol. —HRIE~ ATIX, Poly BRI~ R L~ UVB #HHRKE



DADEEEIIHE VEDL WA, Poln MUK~ ATIEL XS EREONRALEZAET
BHOR L, Pol « BEAl/RHEH DU % Poly /Pol « " E/RIE~ 7 AIZEBWTIE, Pol n Bl
B~ 7 A TIERONRVHEDOIEKZRDZ 8, ZAbHDZ L, Poln b Polt b~ %
D UVBIZ LD RSN AFERREZIMEILTWD 2 & £ OO, kSN R 5 2
EHETBELTCND, &2 CRIBHE rpsL BIZ 7% 100 28—, LAR—F—L LTH /) ALH
AT D~ RE ERRORY AT —EBXRBE~ R LT EDLEXF AT REER L, =
N0~y ARKEEZHWT, UVB #3 MF EZER AT MUVEENT LT, THE#EY | Pol
n BMKIR~ v R XE AR B~ SRR IS UVB #5% MF Z27% L, Pol o HUMUKHE Tl iy
HETILEE A EED Lo Tz, BN L2, Poln/Pol . —HEHKRE~T AZBWTIX
Pol n Bl k48~ 7 21Tk, UVB % MF 2MEo7-, 2D Z L%, Poly AKIE L TV
DARPLT, Pol ¢ 1E Poln DOV IZT@< A3, 2R, BEREAZ GG LT WI L E2RLT
W5, BRAXT NVOMRKTNS, Pol n BAKIETH Poln/Pol « —HXETH, UVB#H
BEBDIZTEAEFVEY I VUEMICEE T D Z &, Pol g MK TERIT GC &
AT OWMFOEENTEEX CTWAZ B In vivo TPoln Xy bt FIoniinm
PUIDUEED BEALELIREVMZD Z E080ho7z, &5I2 Poln/Pol . —HE/KiE
T, GCNS AT ~D TPy a 28 Pol np BMUKIBICHANFEEIKRTT52 8005,
Pol: (I3 by v aEte “BIKOFED B FHCEANGEZEI LTV I LRI E T 9,

[F & 0]

Pol n MMAHIBZEIRZE BTN TV D Z L 1d, Bk 22 R 72 T in B 0y o T
25, AlElL k& b Pol n ONLAMEENLE RT3 Z /3T B L kk& T - 7T A <~ — KD
A G OAEIERAT 06 FEIRE LT b Pol n WEREOFHFEITHEL TWD AT =X L%H]
S LI EIIRERBRNPD D, TTERPALLEOBRCTEERFSTHS [DNA OF
B ICERRR Y 25— T, TLSTEMEZFSY 77 I U —RU A5 —VP i
REL T D 2 EIEREEBRE, FEIZ Pol n OfRBEEMENMLETH 2 X, BNALD A =
ALuZ2D ETCHEETHD,

INETY R rEET CPD OWEIL, TORZESDZICT I -F I " EBIRICH
NRTENIEBHEN TV, A, Nd-AFL-5-AF )Ly v & F 20 BN
BEHFETDZENSN0, TNETERNICT Fa—F koo it KELFE
THZERFEEND,

LRI ORFFE T UVB 355 5§ 03 /v D GESRIS BBRE L B AT M Vs th x L fgbT k7=,
9 LTEMRRIE, BEBATET Tl —RMICRADOREIZED L ) RERENEETH
HINEHNDTIZODRKEIRAT TR DHTHAD,

E=9'EN
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Somatic hypermutation is programmed base substitutions in the
variable regions of Ig genes for high-affinity antibody generation.
Two motifs, RGYW and WA (R, purine; Y, pyrimidine; W, A or T),
have been found to be somatic hypermutation hotspots. Over-
whelming evidence suggests that DNA polymerase n (Pol ) is re-
sponsible for converting the WA motif to WG by misincorporating
dGTP opposite the templating T. To elucidate the molecular mech-
anism, crystal structures and kinetics of human Pol n substituting
dGTP for dATP in four sequence contexts, TA, AA, GA, and CA,
have been determined and compared. The T:dGTP wobble base
pair is stabilized by GIn-38 and Arg-61, two uniquely conserved
residues among Pol 1. Weak base paring of the W (T:A or A:T) at
the primer end and their distinct interactions with Pol n lead to
misincorporation of G in the WA motif. Between two WA motifs,
our kinetic and structural data indicate that A-to-G mutation
occurs more readily in the TA context than AA. Finally, Pol n can
extend the T:G mispair efficiently to complete the mutagenesis.

n—cation stacking | A-to-G transition | immunoglobulin

fter V(D)J recombination, nascent antibodies produced

in B cells usually have low affinity for antigens. Somatic
hypermutation (SHM), which generates mutations in the variable
region at a frequency far beyond the rate of spontaneous muta-
tions, potentially changes the conformation of the antigen-binding
site and can increase antigen recognition by up to 1,000-fold (1, 2).
Mutations have been observed at all four bases, but two sequence
motifs, RGYW and WA (R, purine; Y, pyrimidine; W, A or T),
have been shown to be the mutation hotspots (3). Although the
mechanism of SHM and its target selection is incompletely un-
derstood, activation-induced cytidine deaminase (AID) (4, 5),
which converts cytosine into uracil, for example, in the RGYW
motif, initiates SHM by converting a C:G base pair to a U:G
mismatch. Removal of the U by uracil-DNA glycosylase (UNG)
generates an abasic site in the DNA, which may lead to a variety of
base substitutions (6-8). For the WA motif, it is suggested that
after AID-dependent deamination of a cytosine, recognition of the
U:G mismatch by mismatch repair protein MutSo (MSH2-MSH6
heterodimer, in which MSH stands for MutS Homolog) leads to the
recruitment of DNA polymerase n (Pol n), and with an incision
made by UNG the ensuing short-patch repair synthesis results in
mutations of A:T pairs to G:C (Fig. 14) (9-11).

Pol n is one of the highly conserved translesion synthesis (TLS)
DNA polymerases found in all eukaryotes and is specialized in
bypassing UV-induced cyclobutane pyrimidine dimers (CPDs) in
an error-free manner (12, 13). Deficiency of Pol n in humans
causes a variant form of the cancer predisposition syndrome
xeroderma pigmentosum (XP-V) (14). Patients are thousands
of times more likely to develop skin cancer from exposure to
sunlight. Like all Y-family DNA polymerases, human Pol n has
no proofreading 3'-5’ exonuclease activity (15). Purified Pol n is
highly mutagenic on normal DNA and prefers to misincorporate
dGTP opposite dT, thereby generating A-to-G transition on a
newly synthesized strand (13, 16). The base-substitution spectrum
of SHM from XP-V patients is altered with severely decreased
mutations at A:T pairs (11, 17, 18). Similar suppression of A:T to
G:C mutations was observed in the POLH-deficient mice (19—
21). Interestingly, the MSH2-MSH6 heterodimer interacts and
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stimulates Pol n activity in vitro (22), and mutations of A:T base
pairs were abolished in SHM when both POLH and MSH?2 genes
were knocked out (23).

Crystal structures of the polymerase domain of human Pol n
(1-432 aa) complexed with different lesion DNA substrates were
reported recently (24-27). These structures revealed a uniquely
enlarged active site that can readily accommodate two normal
template bases, a cis—syn thymine dimer (CPD), or to a certain
extent intrastrand cisplatin cross-linked guanines (Pt-GG). In
addition, the “molecular splint” of human Pol n stabilizes the
upstream DNA duplex in a normal B-form conformation, even
in the presence of cross-linked bases by forming numerous salt
bridges and hydrogen bonds with the phosphate backbones,
thus facilitating primer extension after CPD lesions (24-27).
Misincorporation by Pol 1, however, has not been investigated
in a sequence-dependent manner or at atomic resolution.

To elucidate the molecular mechanism of Pol n in SHM, we
set out to determine crystal structures of the polymerase domain
of human Pol n (1-432 aa) (24-27) in the process of misincor-
porating dGTP opposite T in the WA motif (TA or AA) and
non-WA sequences (CA or GA) as well as when extending the
primer after a T:G mispair. In addition, steady-state kinetic
parameters are measured to complement structural observations.

Results

Pol n Prefers to Mutate WA to WG. We first compare the efficiency
of human Pol 1 incorporating dATP vs. dGTP opposite a tem-
plate T following a perfectly paired T, A, G, or C at the primer 3’
end (Table S1). The four sequence contexts are labeled as TA,
AA, GA, and CA, respectively, where the second nucleotide, an
A, represents the correct nucleotide to be incorporated, but it
may become G due to misincorporation, for example, in the TA
and AA cases (WA motif). The measured Ky, and k., indicate
that human Pol n inserts the correct base (dATP) with a similar
efficiency (less than twofold difference), regardless of the se-
quence context. For misincorporation, the Ky for dGTP in-
creases by ~10-fold compared with dATP in all four sequence
variations, but the catalytic rates (k.,) differ with sequence
contexts (Table S1). The k., is reduced by 3.6- and 5.6-fold in
the TA and AA case, respectively, and is reduced by 8.0-fold in
the GA case. As for CA, dGTP misinsertion is severely inhibited,
and the k., is reduced 31-fold. Thus, the relative efficiencies
of misincorporation at TA, AA, GA, and CA are 1/40, 1/52, 1/
106, and 1/321, respectively, of the correct incorporation, mak-
ing the WA motif twofold to eightfold more susceptible to A-to-
G mutation.

Author contributions: Y.Z. and W.Y. designed research; Y.Z., M.T.G., and C.B. performed
research; Y.Z., Y.-J.H,, F.H., and W.Y. analyzed data; and Y.Z. and W.Y. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The atomic coordinates, structure factors, and diffraction data have
been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 4J9K-4J9S).

"Present address: Max Planck Institute of Biochemistry, 82152 Martinsried, Germany.

2To whom correspondence should be addressed. E-mail: wei.yang@nih.gov, 20070117@
gakushuin.ac.jp, or yjhua@zju.edu.cn.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1303126110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1303126110


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303126110/-/DCSupplemental/pnas.201303126SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303126110/-/DCSupplemental/pnas.201303126SI.pdf?targetid=nameddest=ST1
http://www.pdb.org
http://www.rcsb.org/pdb/explore/explore.do?structureId=4J9K
http://www.rcsb.org/pdb/explore/explore.do?structureId=4J9S
mailto:wei.yang@nih.gov
mailto:20070117@gakushuin.ac.jp
mailto:20070117@gakushuin.ac.jp
mailto:yjhua@zju.edu.cn
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303126110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1303126110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1303126110

L T

/

1\

=y

Structures of dGTP Misincorporation Opposite T. Crystal structures
of human Pol n incorporating dATP or its nonreactive analog
2’-deoxyadenosine-5'-[(a,f)-imido]triphosophate (1AMPNPP)
opposite T template have been reported (27, 28). Here we focus
on the structures of dGTP misincorporation. Human Pol n (1-
432 aa) complexed with DNA and nonhydrolyzable 2’-deoxy-
guanosine-5'-[(a,f)-imido]triphosophate (dGMPNPP) opposite
T after A, T, G, or C at the 3’ primer end were crystallized in
the P6, space group. These crystals contain one complex per
asymmetric unit and are isomorphous to the Pol n ternary
complexes with perfectly base-paired DNA and incoming nu-
cleotides (Materials and Methods and Fig. 1B). The structures
were refined to resolutions between 1.85 and 2.25 A (Table 1).
The overall protein structures in these misincorporation com-
plexes (AA/G, TA/G, CA/G, and GA/G) are similar to each other
and to that of the correct incorporation (T:dATP) complexes,

Fig. 1. SHM at the WA motif. (A) Model of SHM targeting
the WA motif through short-patch DNA synthesis. The ini-
tial incision targeting the variable region of Ig genes
depends on AID and UNG. Recruitment of Pol n is enhanced
by MutSa, which recognized the U:G mismatch. The tem-
plate strand is in orange, and the primer strand (subject to
mutation) is shown in yellow. The WA motif is highlighted
with A in red. (B) Structural determination of the four
stages of dGTP misincorporation in this study. The W of the
WA motif is highlighted in yellow and the A subject to re-
placement by G in red. The protein domains of Pol n in
contact with DNA and dNTP are outlined and labeled. The
two Mg?* ions in the active site are shown as purple spheres.

except for a slight closing of the finger and thumb domain as if to
squeeze the primer strand and dGMPNPP toward each other (Fig.
24 and Movie S1). Among the misincorporation complexes, there
are small but perceptible deviations of a loop (GIn-373-Ser-379) in
the little finger (LF) domain (25). The catalytic triad Asp-13, Asp-
115, and Glu-116 in the palm domain that chelate the two Mg™"
ions essential for catalysis overlay well with those in the ternary
complex of dATP incorporation (25). The 7-bp upstream duplex is
kept in the straight B form between the thumb and LF domain as
observed (27, 28) (Fig. 24).

A clear deviation in the four Pol n misincorporation complexes
is observed at the T:dGMPNPP mispair surrounded by the finger
and palm domains (Fig. 24). As typically observed for a T:G
wobble pair with two hydrogen bonds, the templating base
T shifts toward the major groove, and the dGMPNPP shifts to-
ward the minor groove (Fig. 2 B-D). Despite the shift of the

Table 1. Data collection and refinement statistics of Pol n ternary complex
TA/G CA/G AA/G GA/G Extension complex
Data collection
Space group P 64 P 64 P 6,4 P 6,4 P 6,4
Lattice constant
a b, cA 98.58 98.43 98.43 98.66 99.51
98.58 98.43 98.43 98.66 99.51
81.67 81.96 82.01 81.96 81.57
Wavelength, A 1.0000 1.0000 1.0000 1.0000 1.5418
Resolution, A 30.0-2.03 30.0-1.85 30.0-2.25 30.0-1.95 30.0-2.60
Rsym: % 10.2 (61.5) 8.7 (66.4) 9.8 (59.5) 9.3 (42.6) 13.0 (68.8)
I/l 12.2 (2.0) 14.6 (2.0) 14.5 (3.0) 19.2 (4.8) 12.4 2.4)
Completeness, % 96.3 (97.9) 98.6 (96.8) 99.7 (99.7) 98.6 (100.0) 99.5 (95.7)
Wilson B factor, A2 23.1 18.2 25.8 18.2 34.1
Redundancy 4.5 (3.9) 3.8 (3.1) 4.4 (4.4) 6.4 (6.3) 4.8 (4.7)
Refinement
Resolution, A 30.0-2.03 30-1.85 30.0-2.25 30.0-1.95 30-2.60
No. of reflections 28,419 38,030 21,434 32,381 14,145
Rwork/Rree 16.4/18.7 17.2/20.8 18.0/22.3 16.5/19.9 20.8/23.4
No. of atoms
Protein/DNA 3,366/386 3,366/366 3,359/368 3,366/363 3,279/383
Ligand/ion 81 57 46 45 42
Water 261 374 188 326 98
B factors, A2
Protein/DNA 28.0/30.2 18.7/23.6 24.1/28.6 21.4/23.9 37.4/48.5
Ligand/ion 30.9 18.6 16.4 12.7 35.6
Water 343 25.1 24.0 26.2 36.6
rms deviations
Bond length, A 0.006 0.011 0.005 0.010 0.007
Bond angle, ° 0.981 1.169 0.917 1.229 1.102

Data in the highest resolution shell are shown in parentheses.
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bases, the triphosphate of dGMPNPP remains coordinated by
the two active site Mg*" ions and situated nearly the same as that
of a correctly paired JAMPNPP (Fig. 2 4 and C). Two residues,
GIn-38 and Arg-61, are uniquely conserved among all Pol n
homologs, and both appear to contribute to the misincorporation.
GIn-38 interacts with both thymine and guanine bases in the minor
groove (Fig. 2B); Arg-61 adopts a rotamer conformation that
has not been observed in Pol n-DNA complexes before and
makes hydrogen bonds with O4 of dT and O6 and N7 of
dGMPNPP in the major groove (Fig. 2B).

The largest structural change in the T:dGMPNPP complexes
occurs at the 3’ primer end. Perhaps due to the molecular splint
effect of Pol n on the template strand, the 0.7-A shift of the
templating base T toward the major groove leads to a shift of its
immediate neighbor upstream (-1 position) in the same direc-
tion, which via base pairing induces a displacement of the 3’
primer end (Fig. 2 C and D). The last base of the primer
strand is no longer stacked with the incoming dGMPNPP and
instead is stacked with the guanidino group of Arg-61. As a result,
the 3’-OH shifts >4 A compared with all Pol n ternary structures
solved to date and is hydrogen bonded with a nonbridging oxygen
of the a-phosphate of dGMPNPP (Fig. 2C). Concomitantly, a

8148 | www.pnas.org/cgi/doi/10.1073/pnas.1303126110
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Fig. 2. Structures of dGTP misincorporation by Pol n. (A)
Structure superposition of Pol n complexed with DNA and
nonhydrolyzable dGMPNPP opposite dT in all four sequence
contexts. The protein is shown in ribbon diagrams with palm
domain in pink, thumb in green, finger in blue, and little
finger (LF) in magenta. DNA is shown as stick-and-ladder in
yellow (primer) and orange (template). Mg?* ions (purple
spheres) and incoming dGMPNPP (red sticks) are also shown.
(B) Correct (T:dATP) and incorrect (T:dGMPNPP) nascent base
pair in complex with Pol . The conserved residues GIn-38
and Arg-61 are shown in blue sticks. (C) Superposition of
the Pol n active site in dGTP misincorporation (colored) and
normal ternary complexes [gray; PDB ID code 3MR2]. Al-
terations of primer end and Lys-224 are indicated by red
arrows. The water molecule that participates in Mg>*
coordination is shown as a red sphere. A gray double arrow
indicates the cation-n stacking. (D) Superposition of the
nascent (0) and (—1) base pairs in normal productive (gray)
and mispaired nonproductive ternary complexes (colored).
The movement of each nucleotide is indicated by red
arrows.

water molecule replaces the 3'-OH as a ligand for the A-site Mg?*,
and Lys-224 also switches from interacting with the last phos-
phate group of the primer strand to interacting with the active-
site carboxylate Glu-116 and a water molecule (Fig. 2C). In all
four Pol 1 ternary complexes with the T:dGMPNPP mispair, the
dominant conformation is the misaligned primer and dGMPNPP
that are incompatible with the nucleophilic attack.

Unique Structural Features of the WA Motif. The four structures of
Pol n misincorporating dGTP do have differences. After close in-
spection of the electron density maps, we found that in the TA/G
and AA/G structures, which are of the WA motif, there is distinct
positive electron density in the F, — F. difference map that
indicates a second conformation of the 3’ primer end with ~30%
occupancy (Fig. 34). Although a minor species in the population,
the second conformation of the 3’-OH is highly similar to the
primer end in the normal ternary complex and is aligned with the
a-phosphate of dGMPNPP for the phosphoryltransfer reaction
(Fig. 3B). However, in the CA/G or GA/G complexes, the mis-
aligned 3’ end is the only conformational species observed (Fig.
3C). By serendipity, two slightly different DNA sequences were
used, one in the TA/G and GA/G and the other in the AA/G and

Fig. 3. The alternative DNA conformations observed in
TA/G and AA/G that is compatible with dGTP incorporation.
(A) The primer 3’ nucleotide (Thy) in the TA/G structure. The
major (yellow) and the minor conformation (green) of the
last nucleotide is superimposed with the 2F, — F. (silver;
contoured at 1.0c) and F, — F. omit map (green; contoured
at 2.5¢), which were calculated without the minor con-
formation species. (B) The minor conformation of TA/G is
compatible with the phosphoryltransfer reaction. Super-
position of the minor conformation of the TA/G structure
(colored) with the normal ternary complex (gray; PDB ID
code 3MR2). (C) Interactions between Arg-61 (blue) and
the —1 base pair (yellow, green primer, and orange tem-
plate) in TA/G, AA/G, CA/G, and GA/G complexes. The in-
coming dGMPNPP is shown as semitransparent pink sticks.
Hydrogen bonds and van der Waals contacts are indicated
by color-coded dashes and distances.
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CA/G structures (Table S2). The structural differences observed
between the WA and non-WA motif complexes are therefore
independent of DNA sequence.

Several factors appear to contribute to the minor but pro-
ductive conformational species found with the WA motif. The
first is likely the base-pair strength at the 3’ primer end. Based
on the electron density, when the 3’ primer end is aligned with
the incoming nucleotide in the productive conformation, its
base-pairing partner in the template strand does not appear to
have a second conformation to maintain the proper Watson—
Crick hydrogen bonds. Therefore, the primer end has to break the
hydrogen bonds with the template to assume the minor confor-
mational species. In the CA/G and GA/G cases, the G:C or C:G
pair at the 3’ primer end shares three hydrogen bonds despite the
base pair being severely buckled (Figs. 3C and 44). The reduced
number of hydrogen bonds in A:T pairs and the buckle between
the base pairs (Fig. 4B) may facilitate formation of the second
conformational species in the WA motif. Particularly in the TA/G
case, the T:A base pair retains only one hydrogen bond due to base
pair opening (Fig. 3C).

The second factor is the interaction of the base at the 3’ end
(—1) with the guanidino group of Arg-61 and with the sur-
rounding bases. It has often been observed that Arg interacts
well with the major groove side O6 and N7 of guanine (Fig. S1),
and such polar interactions between Arg-61 and the guanine
base at the 3’ end are apparent (Fig. 3C). As a result, the 3’
guanine in the GA/G structure maintains its base stacking with

Fig. 4. Unique interactions found in TA/G and AA/G complexes. (A) Ster-
eoview of the superposition of the four Pol n misincorporation and the
normal ternary complexes. Each complex is color-coded as indicated. The
upward shift of the DNA duplex in GA/G, CA/G, and AA/G complexes is ob-
vious after the entire protein is superimposed. (B) Distinct interactions be-
tween the LF domain and the DNA found in TA/G and GA/G. The van der
Waals contacts are indicated by lines formed by open circles. (C) Side-by-side
views of TA/G and GA/G with Pol n shown as gray molecular surface and
Ser-62 side chain in blue carbon and red oxygen. The shift of the DNA
substrate in GA/G is accommodated by the rotamer change of Ser-62.

Zhao et al.

the upstream neighbors and has the least buckle (Fig. 44). When
the 3’ primer end is a cytosine (CA/G), the base tilts by ~25° to
avoid electrostatic repulsion between Arg-61 and N4 of the base,
thus resulting in the cytosine stacking with the guanidinium of
Arg-61 instead of its neighboring bases (Fig. 3C and 44). In both
cases, the 3’ base is structurally stable and does not have an al-
ternative conformation. When a thymine is at the primer 3’ end
(TA/G), Arg-61 forms favorable polar interactions with O4 of
the base, particularly when the T assumes the second confor-
mation that is stacked with its neighboring bases (Fig. 3C). In
contrast, the electrostatic repulsion between Arg-61 and N4 most
likely prevents the cytosine adopting the second conformation.
When an adenine is at the 3’ primer end, the electrostatic re-
pulsion between its N6 and Arg-61 probably leads to the base
offset in both conformations compared with guanine (Fig. 3C).
The strong propensity of adenine to form base stacking (29)
likely leads to the productive conformation in the AA/G struc-
ture, where the 3’ primer end stacks with both dGMPNPP and
the upstream base (Fig. 4 A and B).

The third factor is likely the global position of the DNA sub-
strate relative to the polymerase. Among the four misincorpo-
ration complexes, the upstream DNA in the CA/G and GA/G
structures are shifted along the DNA helical axis toward the
incoming nucleotide and the finger domain (Fig. 44). However,
in the TA/G complex, it is more similar to the normal ternary
complex, and the DNA in the AA/G complex is in between.
Favorable van der Waals interactions between the template strand
bases and residues in the LF domain are observed in the WA cases
(Fig. 4B), which likely stabilize the DNA in a more native-like
conformation. The shift of the DNA substrate also affects the
interaction between the finger domain and the downstream
single-stranded DNA. In the TA case, the downstream DNA
conformation is most similar to the undamaged ternary com-
plexes (Fig. 4 A and B). In the other three cases, despite the
same template length as in the undamaged ternary complexes
(25, 27), the +1 nucleotide is flipped out and occupies the usual
binding site of the +2 nucleotide, and the hydroxyl group of S62
turns to occupy the void (Fig. 4C).

Arg-61 Plays a Key Role in Misincorporation. Arg-61 adopts a
rotamer conformation that forms extensive hydrogen bonds
with T:G mispair to favor the dGMPNPP binding. However,
Arg-61 also stabilizes the displaced 3’ primer end by cation—=
stacking interactions that prevent the polymerization reaction.
Only when A or T is at the primer end does the 3’ primer end
occasionally revert to the reactive conformation for polymeri-
zation, as is evident in the alternative conformations. The ar-
rangement of Arg-61 stabilizing the T:G mismatch and stacking
with the base preceding the G is also observed in the postreac-
tion Pol n-product DNA binary complex when a T:G mismatch
is at the DNA primer end, but not when it is T:A (Fig. 54 and
Table S3). To delineate the hydrogen bonding vs. the base
stacking roles of Arg-61 in SHM of the WA motif, we replaced
Arg-61 by Lys, which has an amino group to mimic electrostatic
interaction and hydrogen-bonding ability of Arg but has greatly
reduced potential to stack with DNA bases (30).

Ky and kc,; of the R61K mutant Pol ) in dATP and dGTP
incorporation in the TA, AA, and CA sequence contexts were
measured (Table S1). When incorporating the correct dATP, Ky
of R61K is increased by twofold to threefold, and the overall
efficiency is reduced by twofold to fourfold compared with wild-
type (WT) Pol n in the three sequence contexts tested. This reduc-
tion is not surprising because the guanidino group of Arg-61
forms bifurcated hydrogen bonds with the o and § phosphates of
the nucleotide (28), and Lys, being shorter than the Arg side
chain, is a poor substitute for such interactions. Interestingly,
the trend that the WA motifs are more susceptible to dGTP
misincorporation is the same with R61K as WT Pol 1, indicating
that the positive charge of Arg-61 may be the determinant in
influencing the mutability of the WA motif. Surprisingly, the
R61K mutant compared with WT Pol n has a threefold to
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Fig. 5. Translocation and extension of T:G mispair. (A) Structures of post-
insertion Pol n—-DNA binary complexes. The wobble nascent base pair of the
misincorporation is shown side by side with the normal incorporation
looking down the DNA helical axis. The template base is shown in orange
and the newly incorporated base in yellow (correct) or red (incorrect). Arg-61
interacts with the mispaired guanine base. (B) Structures of posttransloca-
tion binary complexes. In the T:G mismatch complex (Left), the DNA exhibits
two equal populations of translocated (multicolored) and untranslocated
(gray) conformations. The F, — F. omit map, which was calculated with 100%
translocated population and contoured at 2.5¢ in green, superimposes well
with the untranslocated conformation. (C) Structure of the T:G mismatch
extension complex. The 2F, — F. map (gray; contoured at 1.0c) correspond-
ing to the primer end and incoming nucleotide is superimposed with the
refined structure. (D) Superposition of the T:G mismatch extension (colored)
and normal ternary complex structure (gray; PDB ID code 3MR2). The 3'-OH
at the primer end and the a-phosphate of dJAMPNPP are aligned in the
mismatch extension complex, albeit slightly shifted relative to the active site
of Pol n.

sixfold higher propensity to make dGTP incorporation, suggest-
ing that stacking of Arg-61 with the primer end actually reduces
the misincoporation efficiency (Table 1). Previously, it was
shown that R61A mutation reduces dGTP misinsertion opposite
T (27) and increases nucleotide insertion fidelity in general at the
cost of reduced catalytic efficiency (31). We deduce that the
positive charge of Arg-61 (or R61K) must be required to stabilize
the T:dGTP mispair (Fig. 2B), thus promoting misincoporation.

Extension of a T:G Mispair by Pol n. For the A-to-G mutation to
persist in somatic cells, it is necessary that the DNA primer be
extended after the mismatch during the short-patch DNA syn-
thesis to prevent the misinserted G from being removed by the
editing function of a replicative polymerase. Most polymerases
are inefficient in mismatch extension (32). To extend a T:G
mismatch, both the translocation step and the primer extension
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step are examined (Fig. 1B). Human Pol n was cocrystallized
with a T:A pair or mismatched T:G at the DNA duplex end as
the posttranslocation binary complexes (Fig. 1B and Table S3).
These crystals diffracted X-rays to 1.95 A (T:A) and 2.35 A (T:G),
respectively. In these binary complexes, however, a subpop-
ulation of DNA duplex is observed to remain in the product
state rather than fully translocated (Fig. 5B). We suspect that
stacking of Arg-61 with the purines at the primer 3’ end may
cause the sluggish translocation because with a pyrimidine at
the 3’ end there is no sign of untranslocated species (26). The
incomplete translocation is more severe with an T:G mismatch
than T:A base pair (Fig. S2), which may contribute to the 12-fold
increase in Ky; when extending a T:G mismatch compared with
normal extension (Table S1).

We have also obtained ternary-complex crystals of Pol 1 in-
corporating JAMPNPP after a T:G mismatch, and the structure
was determined at 2.6 A (Table 1). In the presence of an in-
coming dAMPNPP, the 3’ primer end resumes the near-normal
position despite the wobble T:G pair. The reactants are more
or less superimposable with the perfectly matched substrates
(Fig. 4C). To validate the reaction-ready nature of this struc-
ture, we measured the extension efficiency of the T:G mispair
in solution by Pol n and showed that the catalytic efficiency
(kcat/Km) is reduced by 32-fold compared with normal DNA
synthesis (Table S1). Pol n is thus more efficient in primer ex-
tension after a mismatched base pair than replicative and B-
family TLS polymerases, whose catalytic efficiency is reduced
by 10,000 and 100 folds, respectively (32).

Discussion

Pol n binds dGTP tightly during misincorporation with a Ky, of
~10 pM regardless of sequence context (Table S1), indicating
there is no sequence context preference in the dGTP binding
step. The crystal structures of dGTP misincorporation in all four
sequence contexts show the common feature that the T:G
wobble pair fits well in the active site and interacts snugly with
the conserved GIn-38 and Arg-61 in the major and minor groove
(Fig. 2B). These interactions are rather different from other Y-
family DNA polymerases, for example, Pol 1 or Dpo4. The in-
coming dGTP is unable to stack with the primer 3’ end in the Dpo4
misincorporation ternary structure (33) (Fig. S34). In the Pol 1
case, the mismatched T and G maintains anti—anti conformation,
but the templating base is displaced from its normal position and is
not paired with the incoming dGTP (34) (Fig. S3B). GIn-59, which
is conserved among Pol 1 homologs and equivalent of GIn-38 in
human Pol n, forms a hydrogen bond with only the N2 atom of the
guanine base but not with the template T. Steady-state kinetic
measurement indicates that replacing either GIn-38 or Arg-61
by Ala in Pol  dramatically inhibits the misincorporation as well
as bypassing of CPDs (27). We find that replacing Arg-61 with
Lys also greatly increases the misincorporation frequency and
reduces the catalytic efficiency. The equivalent of Arg-61 in Pol1
is a Lys (35). Nature through evolution probably has selected
Arg-61 and GIn-38 in Pol 1 to maximize the efficiency and ac-
curacy for UV-lesion bypass. Pol n-dependent dGTP mis-
incorporation at the WA motif in SHM is likely a byproduct that
takes advantage of the conserved Arg-61 and GIn-38 late in the
evolutionary history.

The k.o of dGTP misincorporation is significantly reduced
compared with the correct incorporation and differs according to
the base-pair sequence at the primer end. The catalytic efficien-
cies of dGTP misincorporation in the TA and AA contexts are
higher than the GA and CA, and the relative efficiency is TA >
AA > GA >> CA (Table S1). These results correlate well with
the published SHM spectrum, which shows that the TA mutations
are strongly favored over AA mutations by Pol n (36). The re-
duced k., correlates with the displacement of the primer end due
to cation—r interaction mediated by Arg-61. For efficient cataly-
sis, it is essential that the 3'-OH group of the primer end and the
a-phosphate of the incoming dNTP be perfectly aligned. Mis-
alignment between primer end and incoming nucleotide, even
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slightly, will inhibit the nucleotidyl-transfer reaction (25). Arg-61
also provides another barrier in misincorporation by impeding
the translocation step as observed in our binary complexes after
misincorporation and before the next round of incorporation.
Misincorporation is much enhanced by the R61K mutant Pol 7.
Lys, which has a shorter side chain than Arg and reduced capa-
bility to form cation—r stacking with the primer end (Fig. 2C), is
more prone to misincorporate dGTP than WT Pol n (Table 1).
Besides the dominant misaligned conformation, the electron
density in our structures revealed that there is a second pop-
ulation of primer end in the TA/G and AA/G, but not CA/G or
GA/G, complexes that superimposes well with the normal ternary
complex and supports the chemistry.

Because the R61K mutant polymerase still favors dGTP mis-
incorporation in the WA motif, we suspect that the cation—n
stacking between Arg-61 and the primer end is not the main
reason for the WA motif to be an SHM hotspot. The different
stability of A:T and T:A vs. G:C and C:G base pairs most likely
underlies the high efficiency of dGTP misincorporation in the
WA motif. In addition, the stacking propensity of the 3’ base
with its neighbors and its electrostatic interactions with Arg-61
may influence whether the 3’-OH can revert to the reactive con-
formation and also the probability of such reversion. T and A at
the primer 3’ end are thus found to be more able than G and C
to align with the incoming dGTP and form a productive com-
plex for misincorporation to take place. Together, the strong
dGTP binding, even when it is a mismatch for the template T,
weaker hydrogen bonding between A and T at the 3’ primer
strand end, and efficient mispair extension by Pol n provide the
molecular rationale for the conversion of WA motifs to WG
during SHM.
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Materials and Methods

Crystallization and Structure Determination. Site-directed mutagenesis, pro-
tein expression, and purification of WT or R61K human Pol n (1-432 aa) were
performed as described (27). Purified Pol n was stored in 20 mM Tris-HCl,
(pH 7.5), 450 mM KCI, and 3 mM DTT. After mixing Pol n and DNA at a
1:1.05 molar ratio, the complex was transferred into 20 mM Tris-HCI (pH
7.5), 150 mM KCl, 3 mM DTT, and 5 mM MgCl, and concentrated to 3 mg/mL
Pol n. To make ternary complexes, an appropriate dNTP analog (purchased
from Jena Bioscience) was added. Crystals were grown by the hanging-drop
vapor-diffusion method with optimized reservoir buffer containing 0.1 M
Mes (pH 6.0), 5 mM MgCl,, 19-21% (wt/vol) MPEG2000 (polyethylene glycol
monomethyl ether 2000) (27). The oligos and incoming nucleotides used in
crystallization are summarized in Table S2. Crystals grew to maximal
dimensions with diffraction quality in 3-7 d. Diffraction data were collected
at beamline 22-BM at Advanced Photon Source, Argonne National Labora-
tory, processed with HKL2000 (37) or XDS (38), and converted to structure
factors by using TRUNCATE (39). Refinement and structure analyses
(Table 1 and Table S3) were performed by using COOT (40), PHENIX (41),
and PyMOL (www.pymol.org).

Kinetic Measurements. The primer extension assay and steady-state Ky and
kcat measurements were carried out by using a 5'-fluorescein labeled primer
and normal template oligonucleotides as described (25). The DNA sequences
and nucleotides used in these assays are shown in Table S1. Quantifica-
tion and curve fitting was also performed as described (32).
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ABSTRACT

Xeroderma pigmentosum variant (XP-V) is a human rare inherited recessive disease, predisposed to
sunlight-induced skin cancer, which is caused by deficiency in DNA polymerase m (Polr). Pol catalyzes
accurate translesion synthesis (TLS) past pyrimidine dimers, the most prominent UV-induced lesions.
DNA polymerase t (Polv) is a paralog of Polr that has been suggested to participate in TLS past UV-induced
lesions, but its function in vivo remains uncertain. We have previously reported that Polm-deficient and
Polm/Polu double-deficient mice showed increased susceptibility to UV-induced carcinogenesis. Here,
we investigated UV-induced mutation frequencies and spectra in the epidermal cells of Poln- and/or
Poli-deficient mice. While Polm-deficient mice showed significantly higher UV-induced mutation fre-
quencies than wild-type mice, Polu deficiency did not influence the frequencies in the presence of Poln.
Interestingly, the frequencies in Poln/Polt double-deficient mice were statistically lower than those in
Polm-deficient mice, although they were still higher than those of wild-type mice. Sequence analysis
revealed that most of the UV-induced mutations in Polm-deficient and Poln/Polv double-deficient mice
were base substitutions at dipyrimidine sites. An increase in UV-induced mutations at both G:C and A:T
pairs associated with Polr deficiency suggests that Poln contributes to accurate TLS past both thymine-
and cytosine-containing dimers in vivo. A significant decrease in G:C to A:T transition in Poln/Polt double-
deficient mice when compared with Polr-deficient mice suggests that Polu is involved in error-prone TLS
past cytosine-containing dimers when Poln is inactivated.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

cyclobutane pyrimidine dimers (CPDs) and (6-4) photoproducts.
The variant form (XP-V) is characterized by proficiency in NER but

Xeroderma pigmentosum (XP) is a genetic disorder character-
ized by ultraviolet light (UV) sensitivity and increased incidence
of skin cancers. XP has been classified into eight genetic comple-
mentation groups, XP-A-G and XP-V [1]. Cells derived from XP-A
through XP-G patients are deficient in nucleotide excision repair
(NER), which repairs a variety of DNA lesions including UV-induced
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deficiency in translesion synthesis (TLS). TLS is a mechanism that
prevents replication blockage at a DNA lesion by using specialized
DNA polymerases that incorporate nucleotides opposite the lesion
and continue DNA synthesis past the site of damage [1]. We have
identified human DNA polymerase m (Polm) as the product of the
gene associated with XP-V, POLH. Polr catalyzes accurate transle-
sion synthesis (TLS) past cis-syn thymine-thymine dimers [2-5],
an important mechanism to prevent UV-induced skin cancers in
human cells.

Mammalian cells are now known to have fifteen DNA template-
dependent DNA polymerases, and these are classified into five fam-
ilies, A, B, X, Y, and AEP (archaeo-eukaryotic primase superfamily)
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according to similarities in their primary structures [6-9]. The
Y-family, which was shown to carry out TLS past some lesions,
consists of Polm, Poli, Polk, and REV1 [10]. Pol, encoded by the
POLI gene, incorporates one or two nucleotides opposite (6-4)
photoproducts in vitro but cannot bypass these lesions by itself
[11,12], although limited Polv dependent bypass of CPD lesions
has been observed depending upon the local sequence context
and metal ion used as a cofactor [11,13-15]. Whereas Polu is a
paralog of Polm, no human disease related to Poli-deficiency has
been identified so far, and its physiological relevance has not been
clarified. Polk is the eukaryotic homologue of the Escherichia coli
DinB protein (DNA polymerase IV) and has been shown to be
involved in accurate TLS past N?-adducts of dG and also in both
spontaneous and induced mutagenesis [16,17]. Although Polk was
suggested to be involved in NER of UV-induced lesions [18,19], it
seems unlikely that Polk plays an important role in TLS past UV
lesions since the enzyme showed no activity to bypass past CPD
and (6-4) photoproduct in vitro [20]. REV1 has a dCMP transferase
activity, but the protein appears to exert its role in UV-induced
responses, as a scaffold protein interacting with Pol{, Polr, Pol,
and Polk [10]. Pol{ is a B-family polymerase containing REV3
and REV7 subunits and is believed to function as an “extender”
enzyme after a TLS DNA polymerase (for example, Poli) inserting
a nucleotide opposite a given DNA lesion [10].

To investigate the physiological roles of Polny and Polt, we have
previously generated mice mutated in Polh and/or Poli genes [21].
Polm-deficient mice were generated by inserting a G418 resis-
tance gene cassette into exon 8 of the Polh gene, resulting in
production of a truncated, nonfunctional Poln protein. Using the
129 mouse derived embryonic stem (ES) cell line, which carries a
spontaneous Polu nonsense mutation [22], we obtained Polr/Polu
double-deficient mice as well as Poli-deficient mice. We found
that the incidence of skin tumors was greatly increased in the
Polm- and Polm/Polv double-deficient mice after UV irradiation, that
Poln/Polv double-deficient mice started to develop skin tumors
earlier than Polm-deficient mice, and that the average number of
skin tumors was higher in the double-deficient mice than in the
Polm-deficient mice. In addition, we found that epithelial and mes-
enchymal tumors were formed in Polm- and Poli-deficient mice,
respectively [21]. These results suggest that, in addition to Poln,
Polv also participates in suppressing skin carcinogenesis. Other
groups had also shown the importance of Poln and Polu to sup-
press UV-induced skin tumors. Polm-deficient mice, generated by
disruption of exon 4 of the Polh gene, are highly susceptible to UV-
induced skin tumors [23]. Poln/Polt double-deficient mice, in turn,
develop UV-induced skin tumors earlier than Polm-deficient mice
[24].

To investigate the functions of Polr and Polu in suppressing UV-
induced carcinogenesis, we examined the mutation frequencies
and spectra in UV-irradiated and unirradiated epidermis in Polm-
deficient, Poli-deficient, and Polm/Polt double-deficient mice, using
the rpsL transgene as a mutation reporter sequence. Our results
show that Polr plays crucial roles in suppressing any types of UV-
induced base substitution at dipyrimidine sites in vivo and that Polv
participates in error-prone TLS past UV lesions in the absence of
Pol.

2. Materials and methods
2.1. Generation of transgenic mice

The rpsL transgenic mouse line (ssw2-14p) used in this study
was derived from C57BL/6] mice, but carries approximately 100

hemizygous copies of the pSSW plasmid; it has been described pre-
viously [25]. The pSSW plasmid carries a reporter gene, rpsL from

E. coli, with a dominant streptomycin-sensitive (Sm®) phenotype in
bacterial cells, and a kanamycin-resistant (Km") gene. Poln- and/or
Polw-deficient mice were established as previously described [21].
Polh*!/=, Poli*/~ mice were mated with the rpsL transgenic mice
to generate rpsL™8/* Polh*/~ Poli*/~ mice. By mating the rpsLTs/*
Polh*!= Poli*!= mice with Polh*/~ Poli*/~ mice, rpsL™8* Polh=/= Poli*I*,
rpsLT8* Polh*!* Poli~/=, and rpsL™8/* Polh~/~ Poli~/~ mice were gen-
erated. The handling and sacrifice of all animals were carried out
in accordance with nationally prescribed guidelines, and ethical
approval for the studies was granted by the Committee for Ani-
mal Experiments, Graduate School of Frontier Biosciences of Osaka
University.

2.2. Preparation of UVB irradiated and unirradiated epidermal
genomes

At 8 weeks of age, after shaving of dorsal hair, mice from each
respective genotype were irradiated with UVB (FL20SE-E; Toshiba,
Tokyo, Japan) at 400]/m2. One week after irradiation, these mice
were sacrificed, and the irradiated dorsal and unirradiated ventral
skins were collected. These skin samples were treated with 20 mM
EDTA in PBS at 37 °C, and the epidermis was peeled from the der-
mis using a spatula. The isolated epidermal samples were frozen
in liquid nitrogen and stored at —80°C. To prepare genomic DNA,
the epidermal samples were first incubated in lysis buffer (10 mM
Tris-HCI (pH 8.0), 100 mM EDTA, 200 mM NaCl, 0.5% SDS, 0.1 mg/ml
RNaseA) at 37 °C for 1h, followed by 1 mg/ml Proteinase K for 3 h.
After phenol/chloroform extraction, genomic DNA was obtained by
ethanol precipitation.

2.3. rpsL mutagenesis assay

Mutation analyses were performed as described [25] with minor
modifications. Briefly, 10 pg of isolated genomic DNA was digested
with 35U of Banll (TaKaRa, Shiga, Japan) at 37°C for 3 h, which
incises once the pSSW plasmid, in order to excise the integrated
shuttle vector at unit size. The Banll digested DNA was then
treated with 350U of T4 DNA ligase (TaKaRa, Shiga, Japan) for 2h
at 16°C for self-circularization. One microgram of the resulting
DNA was introduced into E. coli DH10B cells by electroporation
(1.8kV/mm). Then, a portion of the cells were plated onto LB
plates containing kanamycin (50 wg/ml), and the remainders were
plated onto plates containing both kanamycin and streptomycin
(200 pg/ml). These plates were incubated at 28°C for 48 h. Total
numbers of kanamycin-resistant colonies were calculated from
the number of colonies formed and the amount of DNA used.
Mutation frequency was calculated as the ratio of total colony
numbers on the plate containing kanamycin and streptomycin
to those on the plate containing kanamycin only. For mutation
spectrum analysis, DNA fragments containing the rpsL gene were
amplified by PCR from the kanamycin- and streptomycin-resistant
colonies. The primers F (5-CACCTGATTGCCCGACATTA-3’) and R
(5'-CAGGGTCGGAACAGGAGAGC-3’) were used for the PCR. The
amplified PCR products were directly sequenced with the forward
primer (5-GACGAATTCCCGGTTTGACTGGTC-3’) and the reverse
primer (5’-GGATTGTCCAAAACTCTACGAG-3'). Mutations found in
the rpsL coding region and surrounding sequences containing the
promoter and ribosomal recognition regions (from position —120
to position 375) were exhibited in the mutation spectrum.

2.4. Statistical analyses

Statistical analyses for mutation frequency included the Stu-
dent’s t-test and Fisher’s exact probability test. The CLUSTERM
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Fig. 1. Mutation frequencies of the rpsL transgene in UVB-irradiated and unirradi-
ated epidermis from Polh*/* Poli*l*, Polh~I~ Poli*!*, Polh*/* Poli~/~, and Polh~/~ Poli~/~
mice. Mean mutation frequencies of six mice are plotted with standard deviations.
Open and filled bars indicate data for unirradiated and irradiated epidermis, respec-
tively. All differences in mean mutation frequencies between UV-irradiated and
unirradiated mice are statistically significant (P=0.0006 for Polh*/* Poli*/* mice,
and P<0.0001 for Polh~/= Poli*/*, Polh** Poli~/~ and Polh~/~ Poli~/~ mice). Differ-
ences between irradiated Polh~/~ Poli*/* mice and irradiated Polh*/* Poli*/* mice, and
between irradiated Polh~/~ Poli~/~ mice and irradiated Polh*/* Poli*/* mice are both
statistically significant (P< 0.0001). The difference between irradiated Polh~/~ Poli~/~
mice and irradiated Polh~/~ Poli*/* mice is statistically significant (P=0.021).

program (http://www.itb.cnr.it/webmutation/) was employed to
predict mutation hotspots [26].

3. Results

3.1. Poln but not Polt suppresses UV-induced mutations in
epidermal cells

Polh*!* Poli**, Polh=I= Poli**, Polh*!* Poli~!= and Polh=/~ Poli~I~
mice carrying the rpsL transgene hemizygously were obtained by
crossing of Polh*/~ Poli*/~ mice with rpsL transgenic mice. Those
mice had its back shaved and irradiated with 400 ]/m? UVB once.
One week after irradiation, the mice were sacrificed, and irradiated
dorsal skin samples and unirradiated ventral skin samples were
collected and separated into epidermis and dermis. Genomic DNAs
were extracted from the epidermis and subjected to mutation anal-
ysis as described in Section 2. Six mice from each genotype were
examined. The number of screened and mutated colonies, together
with mutation frequencies of each individual mouse, is shown in
Table 1. The mean mutation frequencies for six mice are depicted in
Fig. 1. There was no significant difference in the mutation frequency
of the unirradiated epidermal cells among the four genotypes. The
increases in mutation frequency following UV-irradiation were
statistically significant in all genotypes. UV-induced mutation fre-
quencies for Polh~/~ Poli** (4.07 x 10~4) and Polh~/~ Poli~/~ mice
(3.36 x 10~*) were approximately 13- and 11-fold higher, respec-
tively, than that of Polh*/* Poli*/* mice (3.07 x 10~5), indicating
that Polm exerts a crucial role for suppressing mutations by UV-
irradiation. On the other hand, the UV-induced mutation frequency
in Polh** Poli~/~ mice (3.22 x 10~>) were not significantly differ-
ent from that in wild-type mice (P=0.82), suggesting that Pol.
does not influence UV-induced mutagenesis in the epidermis in the
presence of Polm. Interestingly, however, the UV-induced mutation
frequency in the genome from Polh~/~ Poli~/~ mice was signifi-
cantly lower than that of Polh~/~ Poli*/* mice (P=0.020), suggesting
that Polu contributes to increasing mutations in the absence of Pol.
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Table 1
Mutation frequencies in UVB irradiated and unirradiated epidermal genomes from
Polh*!* Poli*/*, Polh~I= Poli*/*, Polh*/* Poli~!-, and Polh~/~ Polh~/~ mice.

Genotype uv A (x10%) B> Mutation
irradiation frequency
(x107%)
Polh*l* Poli*/* - 3.44 5 1.45
4.81 1 0.21
5.25 3 0.57
9.22 3 0.33
7.73 1 0.13
6.56 2 0.30
+ 5.46 13 2.38
3.99 15 3.76
3.80 5 1.32
7.81 24 3.07
7.25 23 3.17
3.37 16 4.75
Polh~I- Poli*l* - 3.94 9 2.28
4.67 4 0.86
6.45 3 0.47
2.76 4 1.45
3.10 6 1.94
5.83 2 0.34
+ 3.55 158 44.5
2.73 102 374
2.96 124 419
3.02 140 46.4
3.16 127 40.2
2.55 87 341
Polh*!* Poli~I- - 6.75 6 0.89
3.43 1 0.29
3.06 1 0.33
3.15 1 0.32
4.62 1 0.22
3.36 4 1.19
+ 3.23 10 3.10
4.95 20 4.04
3.11 8 2.57
3.36 7 2.08
3.62 11 3.04
3.57 16 4.48
Polh~I= Poli~I~ - 3.65 2 0.55
5.36 4 0.75
3.51 2 0.57
4.59 4 0.87
3.91 10 2.56
4.24 10 2.36
+ 2.16 90 41.7
3.17 109 344
2.85 92 323
3.42 101 29.5
2.20 75 341
2.69 79 29.4

3 Total number of Km" colonies, as calculated from the number of Km" colonies
counted and the amount of DNA sample used for A and B.
b Total number of Km" and Sm" colonies counted.

3.2. Sequence analysis of mutations

To identify the types and locations of mutations, we sequenced
the rpsL coding region and its upstream region containing the pro-
moter and the ribosomal recognition sequences (from position
—120 to position 375) in the mutants. The identified muta-
tions are shown in Fig. 2A-D. As summarized in Table 2, base
substitutions were among the most common mutations induced by
UV-irradiation in all mouse genotypes. Statistical analysis revealed
that Polh=/= Poli*/* and Polh~/~ Poli~/~ mice had significantly
higher base substitutions, namely, 4.03 x 10~ and 3.22 x 104,
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Fig. 2. Site-distribution of UV-induced mutations observed in (A) Polh*/* Poli*/*, (B) Polh=!= Poli*/*, (C) Polh*/* Poli-/~ and (D) Polh~/= Poli~/~ mice. Base substitutions are
indicated above the wild-type rpsL sequence by the following symbols. A, T, C and G are indicated by circle, square, triangle and diamond, respectively. Deletions and
additions are indicated by an asterisk (*) and plus (+), respectively. Tandem mutations are indicated below the sequence in parentheses. The nucleotide positions, starting
from the first position of the initiation codon, for translation are shown at the right side of the sequence. The start codon and the termination codon are surrounded by boxes.
The promoter sequence and the ribosomal recognition sequence (Shine-Dalgarno sequence; SD) are underlined.

respectively, than Polh*/* Poli*/* (2.51 x 10~5) and Polh** Poli~/-
(2.78 x 10~°) mice (P<0.0001) (Table 3). On the other hand, there
were no statistically significant differences in the frequencies of
UV-induced frameshift mutations between the four genotypes. An

Table 2
Class-distribution of rpsL mutations.

important point to note is that most of the UV-induced muta-
tions were found at dipyrimidine sites (Fig. 2A-D and Table 3). The
frequencies of base substitutions at dipyrimidine sites in Polh—/~
Poli*I* and Polh~/~ Poli~/~ mice were significantly higher than those

Polh*I* Poli*!* Polh~I- Poli**

Polh*I* Poli~I~ Polh~!~ Poli~I~

+

+

+

uv - + _
Base substitutions 0.16 (6)* 2.62 (83)° 0.37 (10)¢
Transitions
G:C—A:T 0.08 (3) 1.58 (50)° 0.22 (6)
A:T-G:C 0.08 (3) 0.28(9) 0.04 (1)°
Transversions
G:.C—»T:A <0.03 (0) <0.03(0) 0.04 (1)
G:C—»C:G <0.03(0) 0.03(1) 0.04 (1)
AT-TA <0.03 (0) 0.41(13) 0.04 (1)
A:T-C:G <0.03 (0) 0.13(4) <0.04 (0)
Tandems <0.03 (0) 0.19(6) <0.04 (0)
Others 0.24(9) 0.60 (19)° 0.75 (20)°
1bp deletions 0.14 (5) 0.32 (10)° 0.49 (13)°
1bp insertions <0.03 (0) 0.10 (3)° <0.04 (0)
Large deletions 0.08 (3) 0.19 (6) 0.26 (7)
Large insertions® 0.03 (1) <0.03 (0) <0.04 (0)
Total 0.41 (15) 3.22(102) 1.22(30)

432 (777) 0.12(3) 3.11(68) 0.24(6) 33.2(547)
23.5 (422)° 0.12(3) 2.11 (46)° 0.16 (4) 16.4 (271)
3.95 (71)° <0.04 (0) 0.32 (7) <0.04 (0) 4.00 (66)°
5.45 (98)° <0.04 (0) 0.14(3) 0.04 (1) 3.94 (65)°
0.50 (9)° <0.04 (0) <0.05 (0) <0.04 (0) 0.43(7)
5.95 (107)° <0.04 (0) 0.32(7) 0.04 (1) 473 (78)°
0.56 (10)° <0.04 (0) 0.09 (2) <0.04 (0) 0.73 (12)¢
3.34 (60)° <0.04 (0) 0.14(3) <0.04 (0) 2.91 (48)°
0.61 (1) 0.45(11) 0.41 (9) 1.03 (26) 1.33(22)
0.11(2) 0.25 (6) 0.18 (4) 0.44(11) 0.30 (5)
0.28 (5)° 0.04(1) 0.05 (1) <0.04 (0) <0.06 (0)
0.22 (4)° 0.16 (4) 0.14(3) 0.55 (14) 0.97 (16)
<0.11 (0) <0.04 (0) 0.05 (1) 0.04 (1) 0.06 (1)
43.9(788) 0.58 (14) 3.53(77) 1.27(32) 34.5 (569)

Mutation frequencies (x10~%) were determined by total number of mutations identified from six mice for each of genotypes.

2 Numbers in parentheses are the number of independent mutations.

b Large deletion and large insertion include deletions and insertions of two or more base pairs.

¢ Mutants contained two or three mutations were found.
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Table 3
Mutation frequencies (x10~>) of UV-induced base substitutions at dipyrimidine sites and other sites, and other mutations, including deletions and insertions.
Polh*/* Poli** Polh~I= Poli*!* Polh*/* Poli~I~ Polh~I= Poli~I~
Base substitutions 2.51 + 1.06 40.3 + 4.01° 2.78 £ 1.03 322 +585
At dipyrimidine sites 231 +£095 40.1 4+ 4.19° 2.62 + 0.81 31.7 £5.73
At other sites 0.20 + 0.21 0.39 + 0.28 021 +0.23 0.67 + 0.72
Other mutations 0.69 + 0.33 0.68 + 0.47 0.44 + 0.53 1.34 £ 2.57

Mean mutation frequencies of six mice are shown, along with standard deviations.

2 Values are significantly different from those of non-irradiated Polh*/* Poli*/* and Polh~/~ Poli~/~ mice (P<0.0001 and P=0.029, respectively).
b Values are significantly different from those of non-irradiated Polh*/* Poli*/* and Polh~/~ Poli~/~ mice (P<0.0001 and P=0.025, respectively).

in Polh*/* Poli** and Polh** Poli~/= mice (P<0.0001). These results
indicate that Polm is predominantly responsible for suppressing
mutations upon UV-irradiation, by correctly bypassing UV-induced
pyrimidine dimers.

Interestingly, in Polh~/~ Poli~/~ mice, the frequency of UV-
induced total base substitutions was significantly lower than in
Polh~!~ Poli*/* mice (P=0.029, see Table 3). Similarly, the frequency
of base substitutions at dipyrimidine sites in Polhi~/~ Poli~/~ mice
was also significantly lower than in Polh~/~ Poli*/* mice (P=0.025,
see Table 3). In addition to this, several mutational hotspots
were observed at dipyrimidine sites in the UV-irradiated epider-
mal genomes of Polh~/~ Poli*/* mice, including —104C, —103T,
—104/-103CT, —-101G, —79A, —11G, —-10G, —11/-10GG, 3G, 16C,
28A, 40C, 73G, 83C, 82/83CC, 88A, 94G, 106C, 127-130A, 170T,
184G, 194C, 208G, 226G, 233C, 262A, 263A, and 272C (Fig. 2B).
Among these, —104C, 40C, 82/83CC, 94G, 106C, 170T, 184G, 194C,
226G, and 262A were no longer mutational hotspots in the UV-
irradiated Polh~/~ Poli~/~ mice (Fig. 2D). These results are consistent
with our interpretation that Polv participates in error-prone TLS
past UV-induced lesions in an error-prone manner, especially when
bypassing C within pyrimidine dimers under the Polr-deficient
background.

The frequencies for each type of base substitution are depicted
in Fig. 3. The G:C to A:T transition was the most prominent UV-
induced mutation in all genotypes. In the genomes of Polh—/~
Poli*/* and Polh~/= Poli~/~ mice, the UV-induced mutational fre-
quencies of all types of base substitutions were higher than in
Polh** Poli*!* and Polh*!* Poli~/~ mice, although G:C to C:G and
A:T to C:G transversions in Polh~/~ Poli*/* mice were not statisti-
cally significant compared with those in Polh*/* Poli*/* mice. These
observations strongly suggest that Poln suppresses UV-induced
mutations at both Cand Tresidues in the epidermis in vivo. Interest-
ingly, in Polh~/~ Poli~/~ mice, the frequency of G:C to A:T transitions
was statistically lower than that in Polh~/~ Poli*/* mice (P=0.0013),
suggesting that Polv contributes to UV-induced G:C to A:T tran-
sitions in the absence of Polv, probably by inserting A opposite
cytosine within pyrimidine dimers.

4. Discussion
4.1. Roles of Poln in suppressing UV-induced mutagenesis

In the present study, we analyzed the UVB-induced mutations
occurring in the rpsL transgene in epidermal cells of wild type,
Poln-deficient, Polu-deficient, and Poln/Polt double-deficient mice.
Although several studies have investigated the effects of Poln
and/or Polv deficiencies on UV-induced mutagenesis [24,27-33],
these studies were done using cultured cells in vitro. To the best of
our knowledge, this is the first report addressing the roles of Polm
and Poluv in UV-induced mutagenesis in vivo. When irradiated with
UVB, Poln-deficient mice showed significantly higher mutation fre-
quencies than control mice. Most of the UV-induced mutations
in the genomes of Polm-deficient mice were base substitutions at
dipyrimidine sites (both C and T residues). These findings clearly
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indicate that Poln is crucial for accurate TLS past UV-induced
pyrimidine dimers in the epidermal cells and in the absence of
Polr, other TLS polymerases carries out mutagenic bypass past
the lesions. These results account for previous findings that Polr-
deficient mice suffer from high incidences of UV-induced skin
tumors [21,23,24].

The most prominent UV-induced mutations were G:C to A:T
transitions in all genotypes. Hydrolytic deamination of the cytosine
in CPDs, which produces uracil-containing CPDs, is thought to play
a key role in the UV-induced mutations at G:C base pairs [34-36].
Pol) preferentially incorporates dAMP opposite uracil of T-U CPDs
[37], resulting in a G:C to A:T transition, if the CPD is repaired
after TLS. This may account for the frequent G:C to A:T transitions
observed in Polm-proficient mice. However, the large increase in the
frequency of UV-induced G:C to A:T transitions in Polm-deficient
mice indicates that Polm rather functions to suppress such transi-
tions. Similar results showing that the most prominent UV-induced
mutations caused by Polr) deficiency are G:Cto A:T transitions were
observed in two previous experiments. In the first of these, the supF
gene was introduced into XP-V cells and human kidney 293T cells
in which Polm expression was suppressed by siRNA. In the second,
the LacZ’ gene was introduced into Burkitt’s lymphoma BL2 cells in
which the POLH gene was inactivated by gene targeting [28,29,33].
Abundant G:C to A:T transitions were also observed following UV-
induced mutation analyses of the HPRT locus in XP-V cells and
primary fibroblasts obtained from Polr-deficient mice, although
equivalent levels of G:C to T:A transversions were also observed
in these studies [24,27,31]. These observations suggest that Polr is
critical for suppressing at C (some of them might be deaminated)
within UV-induced pyrimidine dimers. Although we do not know
which kind of nucleotides Polr incorporates opposite the cytosine
in CPDs, its preference for incorporating dAMP opposite uracil sug-
gests that Polm needs to cooperate with other TLS polymerases or
unknown factors to promote accurate bypass of the lesion. Polu
is a possible candidate for this role. It is capable of incorporating
dGMP opposite uracil in CPDs with half the efficiency of dAAMP [14].
Poln also interacts with Polv and UV-induced nuclear foci forma-
tion by Polu is largely dependent on Polr [38]. Polr interacts with
REV1 [39]. Supporting this, we have shown that the accumulation
of endogenous REV1 in UV-damaged sites in nuclei depends on
Polm, and that Polm-REV1 interaction is required to suppress spon-
taneous mutations in human cells [40]. These observations suggest
that coordinated TLS by multiple DNA polymerases may take place
in the presence of Polm, contributing to greater suppression of base
substitutions at dipyrimidine sites than by Polr) alone.

UVB exposure in mice may produce reactive oxygen species that
generate oxidative base damage, such as 8-0xoG [41]. Mammalian
Poln is efficient at incorporating dC opposite 8-0xoG to suppress
G:CtoT:Atransversionin vitro [42,43]. Furthermore, Lee and Pfeifer
reported that G:C to T:A transversions were predominant in XP-V
and Polm-knockdown human cells [44]. Hence, it is reasonable to
suggest that some, if not all, G:C to T:A transversions in UV-exposed
Polm-deficient mice are caused by UV-induced oxidative base dam-
age. On the other hand, there were no significant differences in
the spontaneous mutation frequencies in several tissues between
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Fig. 3. UV-induced base substitutions observed in Polh*/* Poli*l*, Polh~!- Poli*!*, Polh*I* Poli~/~ and Polh~/~ Poli~/~ mice. White, dotted, striped, and black bars indicate Polh*/*
Poli*l*, Polh~I= Poli*/*, Polh** Poli~/~ and Polh~/~ Poli~/~ mice, respectively. The mean mutation frequencies for the six mice are plotted along with their standard deviations.
Note that these mean values differ from the total mutation frequencies listed in Table 3. Values for G:C to A:T, A:T to G:C, G:C to T:A, and A:T to T:A mutations of Polh~/~
Poli*!* mice are significantly different from those of Polh*/* Poli*/* mice (P<0.0001, P=0.0006, P<0.0001, and P<0.0001, respectively). Values for G:C to A:T, A:T to G:C, G:C
to T:A, A:T to T:A, and A:T to C:G mutations of Polh~/~ Poli~/~ mice are significantly different from those of Polh*/* Poli*/* mice (P<0.0001, P=0.0068, 0.0005, P<0.0001, and
P=0.042, respectively). The value for the G:C to A:T transition of Polh~/~ Poli~/~ mice is significantly different from that of Polh~/~ Poli*/* mice (P=0.0013).

one-year-old Polrn-deficient and -proficient mice [32]. It remains
uncertain whether or not oxidative base damage is involved in the
enhancement of mutagenesis in UV-exposed Poln-deficient mice.

4.2. Roles of Polt in UV-induced mutagenesis

UV-induced mutation frequencies in epidermal genomes from
Poli-deficient mice were not significantly different from those of
wild-type mice, but the mutation frequency in Polm/Polv double-
deficient mice was statistically lower than in Polr-deficient mice.
These results imply that Polv would not cause mutations in the
UV-irradiated epidermal genome when Poln is present, but would
cause UV-induced mutations in its absence. This is especially true
for Polv and G:C to A:T transitions, in which the difference is sta-
tistically significant in Polm-deficient mice. This is consistent with
a previous report that Polv preferentially incorporates dAAMP oppo-
site T-U CPDs in vitro [14], which would give rise to G:C to A:T
transitions. Polv also preferentially incorporates dTMP opposite TT-
CPD in vitro [11], which would generate A:T to T:A transversion. In
the experiments described in this report, however, we have not yet
observed any statistical difference in the frequency of transversion
between Polr-deficient and Polm/Polt double-deficient mice.

Gueranger et al. [33] reported that Polv deficiency did not
affect UV-induced mutations in a shuttle vector in the presence of
Polm but did reduce some mutational hotspots observed in Poln-
targeted BL2 cells. Wang et al. [31] also reported that suppression
of Polv expression decreased UV-induced mutation frequencies in
Polm-deficient XP-V cells. These observations are consistent with
our findings that Polu acts as a mutator in the absence of Polr. How-
ever, Dumstorfet al. [24], investigating primary fibroblasts isolated
from Poln- and/or Polu-deficient mice, have reported that Polu defi-
ciency causes a decrease in UV-induced base substitutions not only
in the absence of Polrm but also in its presence. We cannot explain
the discrepancies between these observations, but it may be pos-
sible that the difference depends on the type of cells employed, i.e.

that there is an inherent difference between dermal fibroblasts and
epithelial cells. Dumstorf et al. also reported biases for UV-induced
base substitutions between nontranscribed and transcribed strands
of the Hprt locus in wild-type and Poln- deficient cells which were
lower in Polm/Polv double-deficient cells [24]. We did not, however,
observe this strand bias. This is probably due to the different tran-
scription status of the Hprt gene and the rpsL reporter gene, i.e. the
Hprt gene is an actively transcribed housekeeping gene but the rpsL
reporter gene has no eukaryotic promotor. So, UV-induced photo-
products could be selectively removed from the transcribed strand
of the Hprt gene [45] but not of the rpsL gene.

The lower UV-induced mutation frequency in Poln/Polt double-
deficient mice than in Polrn-deficient mice was unexpected, as it
is inconsistent with previous observations that Poln/Polv double-
deficient mice start to develop skin tumors earlier, and go on to
develop higher numbers of skin tumors than Poln-deficient mice
[21,24]. It should be noted that UV-irradiation procedures used for
tumor formation are different from those used for mutagenesis
analyses, i.e. mice were irradiated every day, with 2 kJ/m? of UVB,
for 20 weeks, in tumor formation assays, but were only irradiated
once, with 0.4kJ/m? of UVB, in mutagenesis assays. In addition,
we have reported that Polv and Poluv deficiencies induce epithelial
and mesenchymal tumors, respectively, suggesting that the con-
tributions of Polm and Polu to mutation avoidance in the epidermis
are different from those in the dermis. Petta et al. demonstrated that
Polu is involved in oxidative base damage tolerance independently
of Polm [46]. Our present study, however, did not show a greater
number of mutations in UV-irradiated epidermal cells from Polt-
deficient mice. These are issues that we hope to solve in the near
future.

4.3. UV-induced mutagenesis in the absence of Poln

Small numbers of UV-induced G:C to C:G and A:T to C:G
transversions may suggest that cells do not have DNA polymerases
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that efficiently incorporate dCMP opposite cytosine, uracil, or
thymine dimers. However, a clear increase in UV-induced tran-
sitions in the Polr-deficient mice indicates that an error-prone
TLS mechanism exists in the epidermis in vivo. We showed that
Polv partially causes mutations in the UV-irradiated genome in the
absence of Poln; however, the majority of these mutations could be
produced by other TLS polymerases. Pol{ and REV1 are likely candi-
dates for error-prone enzymes. Previous studies using both mouse
and human cells have shown that reduced expression or disrup-
tion of REV3 or REV7 genes, which encode Pol{, results in a decrease
in UV-induced mutation frequencies [33,39,47,48]. In human cells,
reduced REV1 gene expression has been reported to decrease the
frequency of UV-induced mutation [39,47,49]. Moreover, a targeted
deletion of the BRCT domain in mouse cells decreased UV-induced
mutation frequency [50]. In addition, Polk-deficient and Polk-
knockdown cells exhibit UV sensitivity [51-53], indicating that this
polymerase is also involved in UV-damage tolerance mechanisms.
Polk participates in nucleotide excision repair (NER) [18,19]. How-
ever, it also appears to play a role in TLS past UV-induced lesions,
as shown in Xenopus egg extracts and NER-deficient XP-A cells
[53-55]. Finally, it should be pointed out that replicative DNA poly-
merase(s) may add one or more nucleotides (mostly one dAMP) to
the primer terminus before dissociating from it, Pol{ extending fur-
ther [56]. If Ais inserted opposite to C in pyrimidine dimers in such
a way by a replicative DNA polymerase and extended by Pol(, it
should result in a G:C-to-A:T transition. Although disruption of the
Rev3 generesults in embryonic lethality in mice [47],Rev1, Rev7 and
Polk knockout and Rev3 conditional knockout animals have been
successfully generated [57-61]. To further understand the mech-
anisms that protect against and produce mutations and tumors
after UV-irradiation, it will be necessary to perform in vivo UV-
induced mutagenesis experiments with mice defective in multiple
TLS polymerases.

4.4. Conclusions

In this study, we show that Polr is important for suppressing
any types of UV-induced base substitution at dipyrimidine sites,
and that Polv acts as a mutator at UV lesions in the absence of Poln
in epidermal cells.

Conflict of interest statement

None declared.

Acknowledgements

We thank all of the members of the Hanaoka Laboratory at Osaka
University for critical discussions and helpful comments. We are
grateful to Dr. Haruo Ohmori (Gakushuin University) for his critical
reading of the manuscript and valuable suggestions. This study was
supported by KAKENHI (Grant-in Aid for Scientific Research) from
the Ministry of Education, Culture, Sports, Science, and Technology
of Japan (17013053 to F.H.) and by Solution Oriented Research for
Science and Technology from the Japan Science and Technology
Agency.

References

[1] E.C. Friedberg, G.C. Walker, W. Siede, R.D. Wood, R.A. Schulz, T. Ellenberger,
DNA Repair and Mutagenesis, ASM Press, 2006.

[2] C.Masutani, R. Kusumoto, A. Yamada, et al., The XPV (xeroderma pigmentosum
variant) gene encodes human DNA polymerase v, Nature 399 (1999) 700-704.

[3] C. Masutani, M. Araki, A. Yamada, et al., Xeroderma pigmentosum variant
(XP-V) correcting protein from HeLa cells has a thymine dimer bypass DNA
polymerase activity, EMBO J. 18 (1999) 3491-3501.

31

[4] C.Masutani, R. Kusumoto, S. Iwai, F. Hanaoka, Mechanisms of accurate transle-
sion synthesis by human DNA polymerase 1, EMBO ]. 19 (2000) 3100-3109.

[5] R.E. Johnson, M.T. Washington, S. Prakash, L. Prakash, Fidelity of human DNA
polymerase m, J. Biol. Chem. 275 (2000) 7447-7450.

[6] S.S.Lange, K. Takata, R.D. Wood, DNA polymerases and cancer, Nat. Rev. Cancer
11(2011) 96-110.

[7] S. Garcia-Gémez, A. Reyes, M.I. Martinez-Jiménez, E.S. Chocrén, S. Mourén, G.
Terrados, C. Powell, E. Salido, ]. Méndez, 1.]. Holt, L. Blanco, PrimPol, an archaic
primase/polymerase operating in human cells, Mol. Cell 52 (2013) 541-553.

[8] S. Mourdn, S. Rodriguez-Acebes, M.I. Martinez-Jiménez, S. Garcia-Gémez, S.
Chocrén, L. Blanco, . Méndez, Repriming of DNA synthesis at stalled replication
forks by human PrimPol, Nat. Struct. Mol. Biol. 20 (2013) 1383-1389.

[9] J. Bianchi, S.G. Rudd, S.K. Jozwiakowski, L.J. Bailey, V. Soura, E. Taylor, I. Ste-
vanovic, AJ. Green, T.H. Stracker, H.D. Lindsay, A.]. Doherty, PrimPol bypasses
UV photoproducts during eukaryotic chromosomal DNA replication, Mol. Cell
52(2013) 566-573.

[10] J.E. Sale, A.R. Lehmann, R. Woodgate, Y-family DNA polymerases and their role
in tolerance of cellular DNA damage, Nat. Rev. Mol. Cell Biol. 13 (2012) 141-152.

[11] A. Tissier, E.G. Frank, J.P. McDonald, S. Iwai, F. Hanaoka, R. Woodgate, Misin-
sertion and bypass of thymine-thymine dimers by human DNA polymerase t,
EMBO J. 19 (2000) 5259-5266.

[12] Y. Zhang, F. Yuan, X. Wu, ].S. Taylor, Z. Wang, Response of human DNA poly-
merase v to DNA lesions, Nucleic Acids Res. 29 (2001) 928-935.

[13] A.Vaisman, E.G. Frank, S. Iwai, E. Ohashi, H. Ohmori, F. Hanaoka, R. Woodgate,
Sequence context-dependent replication of DNA templates containing UV-
induced lesions by human DNA polymerase v, DNA Repair (Amst.) 2 (2003)
991-1006.

[14] A. Vaisman, K. Takasawa, S. Iwai, R. Woodgate, DNA polymerase v-dependent
translesion replication of uracil containing cyclobutane pyrimidine dimer, DNA
Repair (Amst.) 5 (2006) 210-218.

[15] E.G. G Frank, R. Woodgate, Increased catalytic activity and altered fidelity of
human DNA polymerase iota in the presence of manganese, J. Biol. Chem. 282
(2007) 24689-24696.

[16] E.Ohashi, T. Ogi, R. Kusumoto, et al., Error-prone bypass of certain DNA lesions
by the human DNA polymerase «, Genes Dev. 14 (2000) 1589-1594.

[17] J. O-Wang, K. Kawamura, Y. Tada, et al., DNA polymerase k, implicated in
spontaneous and DNA damage-induced mutagenesis, is overexpressed in lung
cancer, Cancer Res. 61 (2001) 5366-5369.

[18] T. Ogi, A.R. Lehmann, The Y-family DNA polymerase k (pol k) functions in
mammalian nucleotide-excision repair, Nat. Cell Biol. 8 (2006) 640-642.

[19] T. Ogi, S. Limsirichaikul, R.M. Overmeer, M. Volker, K. Takenaka, R. Cloney, Y.
Nakazawa, A. Niimi, Y. Miki, N.G. Jaspers, L.H. Mullenders, S. Yamashita, M.I.
Fousteri, A.R. Lehmann, Three DNA polymerases, recruited by different mech-
anisms, carry out NER repair synthesis in human cells, Mol. Cell 37 (2010)
714-727.

[20] Y. Zhang, F. Yuan, X. Wu, M. Wang, O. Rechkoblit, ].S. Taylor, N.E. Geacintov,
Z. Wang, Error-free and error-prone lesion bypass by human DNA polymerase
kappa in vitro, Nucleic Acids Res. 28 (2000) 4138-4146.

[21] T.Ohkumo, Y. Kondo, M. Yokoi, et al., UV-B radiation induces epithelial tumors
in mice lacking DNA polymerase m and mesenchymal tumors in mice deficient
for DNA polymerase v, Mol. Cell. Biol. 26 (2006) 7696-7706.

[22] J.P.McDonald, E.G. Frank, B.S. Plosky, et al., 129-derived strains of mice are defi-
cient in DNA polymerase v and have normal immunoglobulin hypermutation,
J. Exp. Med. 198 (2003) 635-643.

[23] Q. Lin, A.B. Clark, S.D. McCulloch, et al., Increased susceptibility to UV-induced
skin carcinogenesis in polymerase m-deficient mice, Cancer Res. 66 (2006)
87-94.

[24] C.A. Dumstorf, A.B. Clark, Q. Lin, et al., Participation of mouse DNA polymerase
v in strand-biased mutagenic bypass of UV photoproducts and suppression of
skin cancer, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 18083-18088.

[25] A. Egashira, K. Yamauchi, K. Yoshiyama, et al., Mutational specificity of mice
defective in the MTH1 and/or the MSH2 genes, DNA Repair (Amst.) 1 (2002)
881-893.

[26] L.G. Rogozin, F.A. Kondrashov, G.V. Glazko, Use of mutation spectra analysis
software, Human Mut. 17 (2001) 83-102.

[27] Y.C. Wang, V.M. Maher, D.L. Mitchell, J.J. McCormick, Evidence from mutation
spectra that the UV hypermutability of xeroderma pigmentosum variant cells
reflects abnormal, error-prone replication on a template containing photopro-
ducts, Mol. Cell. Biol. 13 (1993) 4276-4283.

[28] A. Stary, P. Kannouche, A.R. Lehmann, A. Sarasin, Role of DNA polymerase
m in the UV mutation spectrum in human cells, ]J. Biol. Chem. 278 (2003)
18767-18775.

[29] J.H. Choi, G.P. Pfeifer, The role of DNA polymerase m in UV mutational spectra,
DNA Repair (Amst.) 4 (2005) 211-220.

[30] J.H. Choi, A. Besaratinia, D.H. Lee, C.S. Lee, G.P. Pfeifer, The role of DNA poly-
merase v in UV mutational spectra, Mutat. Res. 599 (2006) 58-65.

[31] Y. Wang, R. Woodgate, T.P. McManus, S. Mead, J.J. McCormick, V.M. Maher,
Evidence that in xeroderma pigmentosum variant cells, which lack DNA poly-
merase 7, DNA polymerase v causes the very high frequency and unique
spectrum of UV-induced mutations, Cancer Res. 67 (2007) 3018-3026.

[32] R.A. Busuttil, Q. Lin, P.J. Stambrook, R. Kucherlapati, J. Vijg, Mutation frequen-
cies and spectra in DNA polymerase m-deficient mice, Cancer Res. 68 (2008)
2081-2084.

[33] Q. Gueranger, A. Stary, S. Aoufouchi, et al., Role of DNA polymerases m, v and {
in UV resistance and UV-induced mutagenesis in human cell line, DNA Repair
(Amst.) 9 (2008) 1551-1562.


http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0310
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0315
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0320
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0325
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0330
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0335
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0340
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0345
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0350
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0355
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0360
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0365
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0370
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0375
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0380
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0385
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0390
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0395
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0400
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0405
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0410
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0415
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0420
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0425
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0430
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0435
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0440
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0445
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0450
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0455
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0460
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0465
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0470

146 R. Kanao et al. /| DNA Repair 29 (2015) 139-146

[34] A. Burger, D. Fix, H. Liu, J. Hays, R. Bockrath, In vivo deamination of cytosine-
containing cyclobutane pyrimidine dimers in E. coli: a feasible part of
UV-mutagenesis, Mutat. Res. 522 (2003) 145-156.

[35] L. Tessman, S.K. Liu, M.A. Kennedy, Mechanism of SOS mutagenesis of UV-
irradiated DNA: mostly error-free processing of deaminated cytosine, Proc.
Natl. Acad. Sci. U. S. A. 89 (1992) 1159-1163.

[36] N. Jiang, ].S. Taylor, In vivo evidence that UV-induced C—T mutations at
dipyrimidine sites could result from the replicative bypass of cis—syn cyclobu-
tane dimers or their deamination products, Biochemistry 32 (1993) 472-481.

[37] T. Takasawa, C. Masutani, F. Hanaoka, S. Iwai, Chemical synthesis and transle-
sion replication of a cis-syn cyclobutane thymine-uracil dimer, Nucleic Acids
Res. 32 (2004) 1738-1745.

[38] P. Kannouche, A.R. Fernindez de Henestrosa, B. Coull, et al., Localization of
DNA polymerases v} and  to the replication machinery is tightly co-ordinated
in human cells, EMBO J. 22 (2003) 1223-1233.

[39] C. Guo, ].N. Kosarek-Stancel, T.-S. Tang, E.C. Friedberg, Y-family DNA poly-
merases in mammalian cells, Cell. Mol. Life Sci. 66 (2009) 2363-2381.

[40] J. Akagi, C. Masutani, Y. Kataoka, et al., Interaction with DNA polymerase 1 is
required for nuclear accumulation of REV1 and suppression of spontaneous
mutations in human cells, DNA Repair (Amst.) 8 (2009) 585-599.

[41] E. Pelle, X. Huang, T. Mammone, K. Marenus, D. Maes, K. Frenkel, Ultraviolet-
B-induced oxidative DNA base damage in primary normal human epidermal
keratinocytes and inhibition by a hydroxyl radical scavenger, J. Invest. Derma-
tol. 121 (2003) 177-183.

[42] L. Haracska, S.L. Yu, REE. Johnson, L. Prakash, S. Prakash, Efficient and accurate
replication in the presence of 7,8-dihydro-8-oxoguanine by DNA polymerase
M, Nat. Genet. 4 (2000) 458-461.

[43] S.D. McCulloch, RJ. Kokosaka, P. Garg, P. Burgers, T. Kunkel, The efficiency and
fidelity of 8-oxo-guanine bypass by DNA polymerase & and v, Nucleic Acids
Res. 37 (2009) 2830-2840.

[44] D.H. Lee, G.P. Pfeifer, Translesion synthesis of 7,8-dihydro-8-oxo-2'-
deoxyguanosine by DNA polymerase eta in vivo, Mutat. Res. 641 (2008) 19-26.

[45] E. Sonneveld, H. Vrieling, L.H.F. Mullenders, A. van Hoffen, Mouse mismatch
repair gene Msh2 is not essential for transcription-coupled repair of UV-
induced cyclobutane pyrimidine dimers, Oncogene 20 (2001) 538-541.

[46] T.B.Petta, S. Nakajima, A. Zlatanou, et al., Human DNA polymerase iota protects
cells against oxidative stress, EMBO ]. 27 (2008) 2883-2895.

[47] G.N.Gan,].P. Wittschieben, B.@. Wittschieben, R.D. Wood, DNA polymerase zeta
(pol ) in higher eukaryotes, Cell Res. 18 (2008) 174-183.

[48] K.Mcnally, J.A. Neal, T.P. McManus, ].J. McCormick, V.M. Maher, hRev7, putative
subunit of hPol{, plays a critical role in survival, induction of mutations, and
progression through S-phase, of UV(y544m)-irradiated human fibroblasts, DNA
Repair (Amst.) 7 (2008) 597-604.

[49] P.E.M. Gibbs, X.D. Wand, Z. Li, et al., The function of the human homolog of
Saccharomyces cerevisiae REV1 is required for mutagenesis induced by UV light,
Proc. Natl. Acad. Sci. U. S. A. 8 (2007) 4186-4191.

[50] J.G. Jansen, A. Tsaalbi-Shtylik, P. Langerak, et al., The BRCT domain of mam-
malian Rev1 is involved in regulating DNA translesion synthesis, Nucleic Acids
Res. 3 (2005) 356-365.

[51] T.Ogi, Y. Shinkai, K. Tanaka, H. Ohmori, Polk protects mammalian cells against
the lethal and mutagenic effects of benzo[a]pyrene, Proc. Natl. Acad. Sci. U. S.
A.99(2002) 15548-15553.

[52] D. Schenten, V.L. Gerlach, C. Guo, et al., DNA polymerase k deficiency does not
affect somatic hypermutation in mice, Eur. J. Immunol. 32 (2002) 3152-3160.

[53] Y.Yagi, D. Ogawara, S. Iwai, F. Hanaoka, M. Akiyama, H. Maki, DNA polymerases
7 and k are responsible for error-free translesion DNA synthesis activity over
a cis—syn thymine dimer in Xenopus laevis oocyte extracts, DNA Repair (Amst.)
4(2005) 1252-1269.

[54] 0. Zvi, N. Geacintov, S. Nakajima, A. Yasui, Z. Livneh, DNA polymerase { coop-
erates with polymerase k and v in translesion DNA synthesis across pyrimidine
photodimers in cells from XPV patients, Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
11552-11557.

[55] J.H. Yoon, L. Prakash, S. Prakash, High error-free role of DNA polymerase m in
the replicative bypass of UV-induced pyrimidine dimers in mouse and human
cells, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 18219-18224.

[56] T.Narita, T. Tsurimoto, ]. Yamamoto, K. Nishihara, K. Ogawa, E. Ohashi, T. Evans,
S. Iwai, S. Takeda, K. Hirota, Human replicative DNA polymerase 8 can bypass
T-T (6-4) ultraviolet photoproducts on template strands, Genes Cells 15 (2010)
1228-1239.

[57] J.G.Jansen, P. Langerak, A. Tsaalbi-Shtylik, P. van den Berk, H. Jacobs, N. de Wind,
Strand-biased defect in C/G transversions in hypermutating immunoglobulin
genes in Rev1-deficient mice, J. Exp. Med. 203 (2006) 319-323.

[58] T. Shimizu, Y. Shinkai, T. Ogi, H. Ohmori, T. Azuma, The absence of DNA poly-
merase k does not affect somatic hypermutation of the mouse immunoglobulin
heavy chain gene, Immunol. Lett. 86 (2003) 265-270.

[59] N. Watanabe, S. Mii, N. Asai, M. Asai, K. Niimi, K. Ushida, T. Kato, A. Enomoto,
H. Ishii, M. Takahashi, Y. Murakumo, The REV7 subunit of DNA polymerase { is
essential for primordial germ cell maintenance in the mouse, J. Biol. Chem. 288
(2013) 10459-10471.

[60] J.P. Wittschieben, V. Patil, V. Glushets, L. Robinson, D. Kusewitt, R.D. Wood,
Loss of DNA polymerase { enhances spontaneous tumorigenesis, Cancer Res.
70(2010) 2770-2778.

[61] S.S. Lange, E. Bedford, S. Reh, J.P. Wittschieben, S. Carbajal, D.F. Kusewitt, J.
DiGiovanni, R.D. Wood, Dual role for mammalian DNA polymerase { in main-
taining genome stability and proliferative responses, Proc. Natl. Acad. Sci. U. S.
A.110(2013) E687-E696.

32


http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0475
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0480
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0485
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0490
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0495
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0500
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0505
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0510
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0515
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0520
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0525
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0530
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0535
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0540
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0545
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0550
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0555
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0560
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0565
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0570
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0575
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0580
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0585
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0590
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0595
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0600
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0605
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610
http://refhub.elsevier.com/S1568-7864(15)00042-7/sbref0610

DNA X b L R Zx3 5 it sE D 2R

Hix ZEH H
h# BAH B

[B8Y]

AT, S - WEIERINC L 5 DNARE A b L RISk L CliftE 2 #1545 2 & T 72
BREEICHIS L CE T, L LARD, MERAS L EWICIES DNA 5 A N L A~DEE
X, EMORE & SRR B E MIZT L, B MCBW TN AR & BHACEE LT
%o SRIMNRCBHE AR IT DNA 5% 5| & i 2 T BN SO ETELRREERN TH Y. Th
5 OBEMEE SN WA IR E RCMISEDJRIR & 72 5, T, 4 VBRI L
O A FIR MR OHINOAE B R F U R 3 2 i ReiE Ye /e & HIERBIB Ol = 2 BRI
EIXAEM T AT DOHERFIZE > THEERD D BT, 2D OBRBEFEIC 2 B0 fil
FRIIE A EHHE L 7o CTE TV 5, DNA FHFEIFLEL 2 (EERME T, SRAMRIZ KX 5 DNA 52
& 23 DNA #HBRAFOMIEC., BEEKAMHRIC L D5 DNA ZASUIW (DNA
double-strand break: DSB) DI W T EERFE LR L TEBY, ZDH 1A=
ALE, N7 TV T b NETEREICRAFEINTND, AFETIE, EEMIZRF SN
7= DNA HH[FEIRE# 2 SRS O Yu fa (AR YE D22 EVEHERF IS B 1 DR B ZH LT 5720
W2 A O RGE R OCBEBRAEM O FRERZET VAR E LT FD 2 DO IZD
WCEEMZefifT 24T 572, 1) DNA ZARSOIBHEMRIZEI 59 5 KiGHE RecN # /37 BHD
FEREMENT, 2) 1BMERZREAMNRBE A b L XISk D MRS D55 -k,

[ 53 & BE]

1) DSB1EEIZES-3 2 KIGE ReeN & o /37 B O ReffT

DNA FH[FIRE#E 2 #6H51X . DSB Z IEfEICIEE T2 2 N TELME—DA D=L L LTA
MM CEEICRFEINTWS, KIBED RecA U 2> v —1Y 1L, DNA GIHRIEOH] D iA
IRV AECTE—AKEHDNA ETX 7 LAT 7 A2 FafERk L, MRS LT DNA
PEASHAS G EAT D, S HIZ, —AEH DNA IZFEAT 5 Z & TiEM b &4u7= RecA 1, SOS
FHELMEEN DS DNA EESCME D HZHOEILICED 2 BETFHOBAEZFET 5,
Structural maintenance of chromosome (SMC) 7 7 X U — & L /X7 Bi%, JFkE M OB A
MNZFBWTISAFE L, Qe fhgiE O mhREHIE & MR IC W HOE R 2 72 LTk h . DNA
BRI T Yt R B & DRk % 7o Yo RBERE DN B 5 L T\ 5, KA RecN #
VNZEITSMC 77 2 U—IZB L TR, DNA BIE5KGFRICHELL, T~ v X
VIR THDL~YA b~ C 7licksd DSB oEEIZEEG LTS, ZHETD
GFP-RecN % FIW /- CBEMEBEAENT 225 . ReeN 1[I~ A b~ A v > CARIERINCEARRIE 1T
GFP 74— N AZEKT 5 Z L #HLMC L D, ATk~ X, O DNA BIEKRFH 72
GFP-RecN 7 +— 71 AJAK 7S DNA HH R 2 AETE O % 3R T 5 RecA % K18 L7-Hl
JAIZRBWTBIE SN RN E 2 RS Lz, & 512, recA DERIKT AT 7V —%Hniz
27 V==, GFP-RecN 7 % — 1 AALEEE o T2 BT D recA 225 (recAQ300F)
ZIRIE LTz, BURIRNZ L1, recAPOREFIRIT, ~A <A 22 CITH L TEWIEsZME
B g — 05T, SRAMRITHRET DI K Y RecA {KTFI 72185 -3 BLF5E (SOS #%iE) 1k
FPATURE L RIRRE CTh o7z, T OFEERIZ, RecA & RecN & OMICHERER 22 M0 BAEH M TFAE
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THZEERBLTND, ZOFREIC—H LT, #i Flag Fiikz AW 72 b Z8Bmmn o |
ABEAIZHV T Flag-RecN & RecA WEAIERZEMR L TWDH I ENRENTZ, S HIZ, 1
fl L7 His-RecN & RecA Z FIWTZALFHIHT 6, 2 b D Z X7 BITEHREE LT
WAHZ EMNbhoTz, ZIHDOFEENSG, DSB KimlZ A U5 —AKE DNA FHIEIZ RecA 23
fE& % . RecN I RecA & OMFRRIM AAERIZ X » THREENI~Y 7 — &b Z L2
LTI o7z, RIZ, reeN KON recAQ300R 75 FRR D BAR RS 2DV oo BaMEE 2 H
TRELHR., WTNOZERKIZEWNTSH, v 1 FvA v C ORBEHZIT/N S A
MEBBE SN, ZDX I /NS RRIRD BT, BARM I W CEBlE I
W2 R, KIBE S/ A B —E T A e T 2 RGeS AT 2 a0 L e S Eis, /b S
IREARRI TR SN RN OREZBAFE LI Z L b, ZABHIEDSBIZ k- Tl
TR TH D Z ENRBENTZ, LLEDZ &5, RecN IZ RecA & OWFLH 72 +0 A
TER % U TEARIR~RTE L, DSB 234 U7 AR A& DMERFIZ & > TEHE/ZRER A2 Rz
LTWABZEPRHLMNI/oT=, ULEDFERS, RecN ¥ /X7 IR LT DSB 2
AU TAHEIZRE L, DSB ORI AE S Lz RecA EHEAREEKRT 25 Z LIck > T
FRERREYE D22 EME AR IE$ 5 & 222 RecA 12 X A AHFEIEHA 2 SOSOMREICRE S5 L TW\W5 &
Ezonb,

2) EBHRZRENIRE R N L AR A RS O 4y 7 HE

OB L > TAELDE Y 2V BRI DNA R E A LET 5720, AWiTe Y
IV CEBREBEE TE DX LAT REREEE (NER) #8015, DNA EHRIHE % 7
{H7 % DNA FHFREI X L OMEE N L 7 v A A R > T\ b, ZHVE TOMZEN S, i
V% ARER B CRIRE & 72 2 BRI E R O SRR IR ST (chronic low-dose UV: CLUV) FC
P RERIAE 2 5528 AT RE 720 250 2 /RS L, 18MEM) 72 DNA 15 A b U R ITHF7 D iAo fif i1
BT TE T, REFZREHWCIFED D, (EROERFHE OSSR T3k bR
A& 7 Uiz NER #2880 K82 CLUV BREE CIIHlE 25 & = X720 —F T,
DNA 15 b LT v AR DO KB DHIELE A SR T2 L 2B 6N LD, S HIT,
NER OX#EETIE CLUV B2 T (~24 KFfH) OFMMIEFHIZ > T CHT ALERZERE RO
BEPE DR B O SRS RF RIICBE IR T2 2 L 2B Lz 9, 4Bl NER KK
(rad14A) % F\ T, CLUV BREE N CRMUSERIC K 2 EBREH (~6 A (1T 25 28R4 5L
EOWEEIToT= L Z A, HRMBHE R X598 E BEE OB 72 ERVBBIE I —F
T, Ki#% 3 H HUBRIZZERA R E N 2RI T T2 &0 0 BIBREWLEERD G Oz, £
Z T, CLUV BE: CHERE - L7e rad 14Nl DYt (R DNA Z /5L A 7 ¢ — )L K7 VEER
KENZ K> THBEL 7=, ZOREE, A UMD 7 A DNA 27 re LTHERLTW
HIZH b BT, HERBMAERC, 3 A BUBEOYREKRD N RERE ] S 25
ZENDLY HIRHTZ D DNA GEOIMNEZ > T\ D Z AR SN, £ Z Tk
REFFERF DAL D DNA & &% FACS fETIC L V7= 2 A, 3 HHURRIC L L
AR OB A NIRRT D2 L2 RN Uiz, Lo T, 295K BAEE O A7 K
TiX, RO Z(EiR1{k CGEBlafx 2 ab—o2 L) MM L7ZbDOTHD EEZ BT,
EBHIT, —fEER O fEHE rad14A #fa0 CLUV BZMEA iR L= & 2 A, AR
A EIC CLUV IZx LTl Z " Z &b ho iz, £ 2 T FHao HE & CLUV itk
TESOBEME AR5 72912, DNA HEINEICB b 2815 7% K8 LTz radl4A {4
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BTz, TOREE, MRS ZEE I D RADSI % K8 L= radl4A rad5IANMRIE, —
AR AY 72 CLUV MHERER b TH Y, CLUV A b L AIC XD AR O B & #]
ganiginoiz, LLEORERND, —HHIRIZ LT AR CLUV A kL ABREE
W2kt UCiETdH 0. AEARERA 2 CLUV Mt O 45 S 13 [RIF# 2 #2388 5- L T
L EBRH BN o Tz, Box OLRTOMZED S, CLUV B CI3ERIBLE N HEICA T
TWAHZENRINTEY, A, Zf%EMIa CLUV IZx LTtz 3 1 IR & LT,
AL E ORI FA R G R T DR 2 OGBS L TWA Z BB X HD,

[£ & 9]

DNA FH[FE#A# 2 1%, BIER 7252 % K F 4 DSB OEE <> DNA EHRIHLEDMEH IV T
BEARREZ R L TR, Z ORI ORGE TSR B, YO ER, Qi
72 E DGR EMEDIRIK & 72 > T 5, ARl 2 13 KGR & OV 2REERE 2 VT DNA
FATRRRAR 2 O A 5 = X BB U CREMZRRIT 24T\, E i DSBEE K O RN &
DOFFEEIZIIT % DNA MR 2 OF 7= 72 &%E 2P 602 Lz, KIBEOFETiX, SMC
77 2 U —IZJ&T % RecN & > /37 73 RecA I AE L T DSBEMZIZ U 7 /b— | &4, DSB
JD ORAEE (Yefafh) fEZ2 e b5 2 & TR ZEEOMREICEE LT\ Z
EEWLINT LT, FEAMICITERAm O 2t — v D L 5 2% ok de ki %
KD SMC & v R EBRTFEEL RN E D, DSB 284 U284 0 DNA KR oo 22
H 72 B I Z DWW TIE R CTh o 72, A RIOFERIL. RecN 7 DSBEMHIZIS W TR
\ZHEEET D SMC # /X7 Th v, DSB J&L O Yo (KRB REHI S |2 B2 7o 558 2 R 7
LTCWAHZEEHONC LRI CTEEREL TH D, £/-. HEFERRZHW ML
MHIX, BYERZREARA N L AREICEW T, MlaiIraRkofEEs2bsts 2 &
TA MLV AMMMEZES L TWD E W) BEREWERAZH LI Lz, 5T, ZOMEE
51213 DNA FHIEREH 2 BREEDS M CTH D Z Db o Tz, BHIRILIE, B FEEHT-%<
DEBICBWTHE SN EEN 2R TH Y . LW E Ik OREE -2 OERN
RERIIER-STVWDILOO, HET IS E LT, BRI 2 AT RSN & 72
STWNWDHIENEBEZLND, Lo T, BENREINRA b L RT3 D5 LD B
SBix, AP VAMMEEIIBREEGCED —DLEZ DL ENTE D, 61T, #8581
BEDTYOARRNZERORKITE hORAFIIICB O CHEBICBE SN o — &
LTHBNTEY, #EAIHRTE S 72 DNA FREHE 2 O HIEIEAE OfRIIE, 2825 A
DT EEREDOMRBNC SRR D Z LD TE 5,

[2E 3]
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[OEEZR %]

1.

4.

EOREE], AREE), OARZHM, Z2H  H DNA _mHEHUIEERICE S35 SMC
77 U =237 E RecN OREREMMT, 55 10 [ 21 HACKIGEATTES (2013 4 6
H 20-21 H, i)

ERMEF., BN, ZH H HREYEGER O DNA FRRRES 2 GI# A 5 =X A
DFENT, %5 85 [0l H ABIRF4 (20134 9 H 19-21 H, BHULRBRKFEH H X v /3 R)
EAFEE], BrHER ZH & FERYEERM OB 28T % HEFEERE Srs2 ~ U
J1—EOE|, 55 22 7] DNA @8 - fHif 2 -(EE Y —27 v a2 v 7 (2013 4 11 H 20-22
A, &)

EOMEE, & ER, R, ZEH = DNA “RSUIMIERIZEI S5 3% RecN
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HHFRE, BAAEE, 2ZH 5 DNA#HER ML RSEICEET 5 A N AR
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11.

ONEEAIFENT, 56 86 [0l A AE{rn¥s (201449 A 17-19 A, #&)
ZMH 5 OEMERRENRBEE A N L AT A ESICRE ST A X7 LAY
— A, 5557 B H ARHEHR TS (2014 4F 10 A 1-3 H, ERE)

ERMEF.ZEN £ AR AR O/ X FIEE 3T 5 HEERERE Srs2 D& E,
%82 MYk T — 7 Vg v - B 13 B X A F X 7 ARFES (2014 4F 12 A 15-17
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WAWE., EOMER., APEF, 2H 5 BENRERREREIMRS Tick T
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(2015 45 10 A 19-21 H., #kH)
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RecA Protein Recruits Structural Maintenance of
Chromosomes (SMCQ)-like RecN Protein to DNA Double-strand

Breaks™

Received for publication, May 14, 2013, and in revised form, August 21, 2013 Published, JBC Papers in Press, August 25, 2013, DOI 10.1074/jbcM113.485474

Kenji Keyamura*', Chikako Sakaguchi®', Yoshino Kubota®, Hironori Niki", and Takashi Hishida***

From the *Department of Life Science, Graduate School of Science, Gakushuin University, Tokyo 171-8588, the SResearch Institute
for Microbial Diseases, Osaka University, Osaka 565-0871, and the IMicrobial Genetics Laboratory, Genetic Strains Research
Center, National Institute of Genetics, 1111 Yata, Mishima, Shizuoka 411-8540, Japan

Background: RecN is an SMC (structural maintenance of chromosomes) family protein that is required for DNA double-

strand breaks (DSBs) repair.

Results: We identified a RecA mutant that is deficient in interacting with RecN.
Conclusion: A functional interaction between RecN and RecA is required for assembly of RecN at the sites of DSBs.
Significance: RecN is critical for protecting the structural integrity of chromosomes during DSBs repair.

Escherichia coli RecN is an SMC (structural maintenance of
chromosomes) family protein that is required for DNA double-
strand break (DSB) repair. Previous studies show that GFP-
RecN forms nucleoid-associated foci in response to DNA dam-
age, but the mechanism by which RecN is recruited to the
nucleoid is unknown. Here, we show that the assembly of GFP-
RecN foci on the nucleoid in response to DNA damage involves
a functional interaction between RecN and RecA. A novel RecA
allele identified in this work, recA?3°°%, is proficient in SOS
induction and repair of UV-induced DNA damage, but is defi-
cient in repair of mitomycin C (MMC)-induced DNA damage.
Cells carrying recA?*?°F fail to recruit RecN to DSBs and accu-
mulate fragmented chromosomes after exposure to MMC. The
ATPase-deficient RecN**°* binds and forms foci at MMC-in-
duced DSBs, but is not released from the MMC-induced DNA
lesions, resulting in a defect in homologous recombination-de-
pendent DSB repair. These data suggest that RecN plays a cru-
cial role in homologous recombination-dependent DSB repair
and that it is required upstream of RecA-mediated strand
exchange.

DNA double-strand breaks (DSBs)® are serious genomic
lesions that are potentially lethal at the cellular level. DSBs are
caused by exogenous agents such as ionizing radiation, chemi-
cal mutagens, reactive oxygen species, and replicative stress (i.e.
collapsed replication forks) (1, 2). In bacteria, homologous
recombination (HR) plays a major role in repairing DSBs. HR
enzymes and pathways have been extensively characterized in
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Escherichia coli, and E. coli HR is a paradigm for understanding
HR-related processes in all organisms (3-5).

In E. coli, the repair of DSBs is initiated by RecBCD, which
generates 3’ single-stranded DNA (ssDNA) tails at DSB sites via
its helicase and nuclease activities; the ssDNA tails are then
substrates for homologous pairing by RecA protein (4, 6). The
RecF pathway is involved in the daughter strand gap repair in
wild-type cells (3). RecF also provides an alternative pathway
for HR-dependent DSB repair in recBC mutants when two
additional nucleases, Exol and SbcCD, are inactivated (7, 8).
However, recent studies suggest that the RecFOR pathway may
play a crucial role in DSB repair in bacterial species other than
E. coli (9-13). In both pathways, RecA is loaded onto the
ssDNA tail to form a nucleoprotein filament at the DSB sites.
The RecA strand exchange activity generates recombination
intermediates via its strand exchange activity (4, 14), which are
then processed either by the Holliday junction resolvase,
RuvABC, or by the RecG helicase to produce mature products
(15-17). In addition, RecA is essential for the induction of the
SOS response (18). RecA assembled on ssDNA stimulates self-
cleavage of the LexA repressor, which in turn induces down-
stream SOS genes (19-21).

Structural maintenance of chromosomes (SMC) proteins are
ubiquitous proteins that maintain and modulate chromosome
structure in prokaryotic and eukaryotic cells (22, 23). E. coli
RecN is a highly conserved, DNA damage-inducible SMC-like
protein in bacteria that has two SOS boxes in its promoter
region. Therefore, the expression of recN is tightly regulated by
the LexA repressor (24 -26). GFP-RecN forms nucleoid-asso-
ciated foci in response to DNA damage and forms aggregates in
the cytoplasm (27). RecN aggregates are then degraded by the
ClpXP protease (27, 28), which is required for efficient recovery
from DNA damage. E. coli recN mutants are highly sensitive to
ionizing radiation, bleomycin, and the DNA cross-linking agent
mitomycin C (MMC), but not to UV irradiation (29, 30).
Mutants of recN are defective in conjugational recombination
in recBC sbcBC strains (24), suggesting that RecN plays a role in
the RecF pathway. However, RecN is also required for RecBCD-
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Localization of RecN Protein to DNA Breaks

dependent repair of DSBs (31-33). Thus, RecN plays a specific
role in the repair of DNA DSBs, and its role is not limited to a
single branch or subpathway of HR.

In this study, we examine the mechanism by which RecN is
recruited to the nucleoid in response to DNA damage. We show
that a functional interaction between RecN and RecA is
required for assembly of RecN foci at MMC-induced DSBs;
conversely, conditions that abrogate or disrupt a stable RecN-
RecA interaction lead to chromosome fragmentation and loss
of cell viability in cells exposed to MMC. The RecN ATPase is
notrequired for formation of RecN-DSB foci, but is required for
release of RecN from DSBs and completion of RecA/HR-de-
pendent DSB repair. These data demonstrate that the SMC-like
protein RecN plays a crucial role in promoting RecA-depen-
dent DSB repair.

EXPERIMENTAL PROCEDURES

Media and General Methods—Standard methods for E. coli
genetics and recombinant DNA techniques were as described
by Miller (34) and Sambrook et al. (35). Ampicillin (50 pg/ml),
tetracycline (10 ug/ml), chloramphenicol (100 wg/ml), and
kanamycin (30 ug/ml) were used where indicated. Mitomycin
C (2.5 mg/ml) was dissolved in 10 mm Tris-HCl (pH 8.5) buffer.
Sensitivity to UV damage was measured as described previously
(36). To measure sensitivity to MMC, cultures were grown in
LB broth to an A4, of ~0.4, serially diluted, spotted onto LB
medium containing the indicated concentration of MMC, and
incubated at 37 °C.

Bacterial Strains and Plasmids—Strains used in this study
were isogenic with BW25141 (37) except for strains with P, -
I-Scel. Wild-type strains and deletion mutants were provided
by the National BioResource Project (NBRP) (38). The strains
carrying the P, ,-I-Scel were a gift from S. M. Rosenberg (39).
The strains carrying the inducible fluorescent repressor gene
(araC PBAD-lacl-ecfp) and the lacO array were described pre-
viously (40). A fragment containing the SOS promoter and
open reading frame of recN was cloned into the low copy plas-
mid pSCH19, generating pRecN (27). RecN was tagged with an
enhanced GFP cassette at its NH, terminus to generate
pSG101. Arabinose-inducible pPBAD GFP-recN (pTF271) was
constructed as described previously (27). recN“*** was gener-
ated from pUC19-recN by site-directed PCR mutagenesis, and
it was substituted for wild-type recN in pSG101 to generate
pSG105. The structures of recombinant plasmids were con-
firmed by DNA sequencing.

Isolation of recA Mutant—A library of recA mutants was gen-
erated by carrying out PCR-mediated random mutagenesis, as
described previously (36). The resultant recA mutant clones
were transformed into a recA strain. The transformants were
resuspended in M9 salts, plated on LB plates containing ampi-
cillin, and then irradiated with UV (20 J/m?). After overnight
incubation, UV-resistant colonies were replica-plated on LB
plates containing MMC (1 ug/ml). Clones that grew very poorly
or did not grow at all on the MMC plates were selected.

SOS Induction—SOS induction was assessed by measuring
the degradation of LexA as described previously (36). Log phase
cultures were treated with MMC (0.5 wg/ml), and aliquots were
taken at multiple time points for immunoblot analysis with
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anti-LexA (BioAcademia), anti-RecA (BioAcademia), or anti-
RecN (26). LexA resynthesis was inhibited by adding chloram-
phenicol (100 ug/ml) to the cultures 10 min before adding
MMC.

Fluorescence Microscopy and Localization Analysis of
GFP-RecN—Exponentially growing cultures were treated with
0.5 ug/ml MMC at 37 °C. Cells were fixed with methanol,
stained with 1 pug/ml DAPI (4', 6'-diamidino-2-phenylindole),
and spread (1-2 pl) on a cover glass. GFP fluorescence was not
affected by prior fixation of the sample. Fluorescence micros-
copy was performed on a Zeiss Axioplan2 (41). Scale bars of 5 or
10 wm are shown in the figures. Images of both nucleoids (blue
as a color signal) and GFP-RecN foci (green as a color signal)
were merged on identical cells. In the merged image, GFP-
RecN foci localized on the nucleoid appeared as a light blue
color, whereas GFP-RecN foci in the cytoplasm appeared as a
green color. The localization of GFP-RecN foci was determined
based on these visual criteria, and more than 150 individual
cells were scored for each strain.

To observe the oril loci (15 kbp distance from oriC) on chro-
mosomes, we constructed wild-type and ArecN strains carrying
both a lacO array inserted into the oril locus and an inducible
fluorescent repressor gene (araC PBAD-lacl-ecfp) (40, 42, 43).
Cells were grown at 37 °C for 90 min in LB medium containing
0.2% arabinose and 1 pug/ml MMC and then analyzed by fluo-
rescence microscopy.

Effect of I-Scel-induced DSBs on the Localization of ReeN—To
detect DSB-induced RecN foci, ArecA strains carrying the
Pyapl-Scel cassette in the chromosome and a single I-Scel rec-
ognition site at the codA21 locus in the F’ episome (39) were
transformed with pSG101 (gfp-recN) and with pRecA or
pRecA?%°R When cultures had reached early log phase, I-Scel
was induced by the addition of 0.2% arabinose (w/v). One hour
after the addition of arabinose, aliquots were taken and exam-
ined under the microscope.

RESULTS

RecA Is Required for the Formation of Nucleoid-associated
GFP-RecN Foci in MMC-treated Cells—When DNA is dam-
aged or replication is inhibited, ssDNA-bound RecA becomes
conformationally active and promotes cleavage of the LexA
repressor, which results in the induction of SOS genes includ-
ing recN (21, 44). Previously, we showed that GFP-RecN formed
foci on nucleoids after DNA damage (27). This implied that
RecN could be recruited to the nucleoid at a step after RecA is
loaded onto damaged DNA. To specifically examine this
sequence of events, we measured GFP-RecN foci in a ArecA
strain. Wild-type recN is a part of the SOS regulon, and its
expression is completely dependent on activated RecA. There-
fore, this experiment was performed in cells that expressed
GFP-recN under control of the inducible PBAD promoter. Fig.
1A shows that arabinose-inducible GFP-recN fully comple-
ments the MMC sensitivity of ArecN, when cells are grown in
the presence of arabinose, but not when cells are grown in the
presence of glucose. Furthermore, GFP-RecN foci form in the
cytoplasm of both MMC-treated and untreated wild-type cells
and ArecA cells, whereas nucleoid-associated GFP-RecN foci
form in wild-type MMC-treated cells but are absent in ArecA
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FIGURE 1. RecN foci in wild-type and ArecA cells with or without DNA
damage. A, ArecN cells carrying either an arabinose-inducible GFP-recN gene
(pTF271) or a pBAD vector (pTF200) were diluted and spotted onto LB plates
with or without MMC (0.5 ng/ml) in the presence of either glucose or arabi-
nose. B, the subcellular localization of GFP-RecN foci in response to MMC-
induced damage. Wild-type or ArecA cells carrying pTF271 were exposed to
MMC (0.5 wg/ml) followed by the addition of arabinose (0.05%, w/v) to induce
GFP-RecN. The panels show GFP/DAPI-merged images of cells 30 min after
the addition of arabinose. Scale bar indicates 2.5 um. C, quantitative analysis
of GFP-RecN foci. For cells incubated with or without MMC, ~150 cells were
examined. The results represent the average of at least three independent
measurements. Error bars indicate S.D.

MMC-treated cells (Fig. 1, B and C). These results suggest that
RecA is required to recruit GFP-RecN to DNA damage sites in
MMC-treated cells.

Isolation of a recA Mutant That Mimics the Phenotype of
ArecN—Although RecA plays the central role in recombina-
tional repair and is the master inducer of the SOS pathway, it is
unclear what functions of RecA are required to recruit RecN to
the nucleoid in MMC-treated cells. The phenotype of ArecA or
SOS-deficient lexA3 cells (45) differs from the phenotype of
ArecN cells; the former are hypersensitive to MMC and UV,
whereas the latter are hypersensitive to MMC but insensitive to
UV (Fig. 2A). Therefore, a library of recA mutants was gener-
ated and screened for mutants that provide resistance to UV
but confer sensitivity to MMC. Three candidate mutants were
isolated from ~2,000 clones. All three mutants carry an argi-
nine substitution at the highly conserved C-terminal Gln-300 of
RecA (Fig. 2B). Fig. 2C shows that this allele, recA?°°%, fully
complements the UV sensitivity of ArecA cells, but does not
complement their MMC sensitivity. In the wild-type strain,
MMC-induced DNA damage leads to proteolytic cleavage of
LexA, the repressor of the SOS regulon, and induces the SOS
response (Fig. 2D). Similarly, recA?*°°® is capable of inducing
expression of the SOS regulon and specific proteolytic cleavage
of LexA in MMC-treated cells (Fig. 2D). Thus, recA?*°% is
proficient in the DNA damage-induced SOS response, and its
phenotype is similar to the phenotype of ArecN.

Nucleoid Fragmentation in MMC-treated ArecN and
recA%R Cells—To explore these results further, ArecA,
recA3%R ArecN, and AruvB cells were stained with DAPI and
examined by fluorescence and phase-contrast microscopy for
genome integrity and cell morphology. Under conditions of
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FIGURE 2. Effect of recA%3°°F on DNA repair and SOS response. A, sensitiv-
ity of cells to MMC and UV irradiation. 10-fold serial dilutions of the indicated
strains were spotted on LB plates. DNA damage was induced by either MMC
or UV irradiation. B, Q300 is conserved in bacterial RecA orthologs. A map of
the E. coli RecA region between amino acids 290 and 305 is shown. Ec, E. coli;
Hi, H. influenzae; Bs, B.subtilis; Tt, Thermus thermophilus; Dr, D. radiodurans. C,

sensitivity of recA%%°F cells to MMC and UV irradiation was examined as in A.

D, RecA®3%R s proficient in SOS induction. Protein extracts from cells treated
with MMC for the indicated times were prepared and analyzed by Western
blot using anti-RecA, anti-RecN, or anti-LexA antibodies. For the LexA degra-
dation assay, chloramphenicol (100 ug/ml) was added at time 0 to inhibit
resynthesis of LexA protein.

exponential growth in the absence of MMC, all cells had a nor-
mal morphology, with two centrally located nucleoids per cell
(Fig. 3A). Wild-type cells treated with MMC for 90 min became
highly filamented with elongated, evenly spaced nucleoids (Fig.
3A). This morphology is typical of SOS-activated cells (46). By
contrast, a large fraction of MMC-treated SOS-defective ArecA
were anucleate, and filamentous cells were hardly detected (Fig.
3A). RuvABC resolvasome branch-migrates and resolves Hol-
liday junctions, and inactivation of any of the three Ruv func-
tions blocks resolution of recombinational repair intermediates
(3). Therefore, RuvB plays a role in the later steps of HR. MMC-
treated ruvB mutants formed both filamentous and anucleate
cells. As reported previously (47), the nucleoids of filamentous
ruvB cells were centrally located and little to no DNA migrated
to cell poles, which is in contrast to the morphology of filamen-
tous wild-type cells (i.e. well partitioned nucleoids). This indi-
cates that the accumulation of intermediates of HR-mediated
DSB repair results in chromosome nondisjunction and the pro-
duction of anucleate cells. MMC-treated ArecN and recA?*°°R
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FIGURE 3. Morphological changes in MMC-treated wild-type, ArecN, and recA cells. Exponentially growing cells were fixed and stained with DAPI and
analyzed by fluorescence microscopy. A, the panels show DAPIimages of cells incubated for 90 min in the presence or absence of MMC (1 wg/ml). Nucleoids
are visualized as a light blue color. B, quantitative analysis of nucleoids. For cells with or without MMC-induced DNA damage, >200 cells were examined. The
results represent the average of at least three independent measurements. Error bars indicate S.D. C, localization of a Lacl-ECFP to the nucleoid. The wild-type
and ArecN strains carry an ectopic tandem array of lacO at ori1 (15 kb counterclockwise of oriC). The panels show merged images of Lacl-ECFP (light blue) and
nucleoids (dark blue). White arrows indicate nucleoids that fail to bind Lacl-ECFP, and by implication, oriC-lacking nucleoids. D, quantification of cells lacking ori1
foci. Wild-type and ArecN cells were treated with MMC for 90 min and examined by fluorescence microscopy. For cells with or without MMC-induced damage,

>200 cells were examined.

cells were as filamentous as wild-type cells, but had an abnor-
mal morphology characterized by multiple, short, diffuse
nucleoids (Fig. 3A4). In wild-type cells, the number of nucleoids
per cell was largely unaffected by exposure to MMC, whereas
the number of nucleoids per cell increased when ArecN and
recA9*?°R cells were exposed to MMC (Fig. 3B). Furthermore,
abnormal nucleoid morphology was not generally observed in
UV-irradiated ArecN and recA?*?°% cells (supplemental Fig.
S1). These results support the conclusion that recA?*?°% is a
phenocopy of ArecN. Our interpretation of this result is that
RecN is dysfunctional in the recA?*°°% mutant.

We hypothesized that the abnormal nucleoid morphology of
MMC-treated ArecN cells might reflect the presence of unre-
paired DSBs and chromosome fragmentation. Therefore, a
fluorescence-based method was used to visualize chromosome
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fragments. For this purpose, oriC was labeled indirectly, via
LacI-ECFP (enhanced cyan fluorescent protein) bound to an
ectopic tandem array of Lac repressor-binding sites (240 X
lacO) at the oril locus (15 kb counterclockwise of oriC) (40).
LacI-ECFP was expressed from the chromosomally integrated
gene under the control of the PBAD promoter. Wild-type and
ArecN cells were treated or not with MMC and visualized using
fluorescence microscopy. The results revealed 2—4 ori1 foci per
cell in the majority of wild-type and ArecN cells in the absence
of MMC. In these cells, all nucleoids contained at least one oril
focus (Fig. 3C). When treated with MMC, the number of oril
foci per nucleoid increased significantly in wild-type and ArecN
cells, and the foci were distributed throughout the elongated
nucleoid (Fig. 3C). Notably, >15% of ArecN cells carried nucle-
oids lacking oril foci, whereas such nucleoids were infrequent
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FIGURE 4. Nucleoid-associated RecN foci in response to MMC-induced
DNA damage. A, MMC damage-induced RecN foci in recA?3%° cells. Cells
carrying the SOS-inducible GFP-recN (pSG101) were exposed to MMC for 60
min. The panels show GFP/DAPI-merged images of cells. Scale bar indicates
2.5 um. B, quantitative analysis of GFP-RecN foci. For cells with MMC damage,
>150 cells were examined. The results represent the average of at least three
independent measurements. Error bars indicate S.D.

in wild-type cells (<1.4%) (Fig. 3D). These results demonstrate
the presence of aberrant nucleoids lacking oriC in MMC-
treated ArecN cells, which likely represent subchromosomal
fragments.

RecAPR [s Defective in Recruiting RecN to Nucleoids in
MMC-treated Cells—The results described above suggest that
RecAR does not recruit RecN to the nucleoid, under condi-
tions where wild-type RecA does so (ie. in MMC-treated
wild-type cells). To explore this further, GFP-RecN foci were
quantified in MMC-treated ArecA ArecN cells expressing SOS-
inducible GFP-recN and either wild-type recA or recA?3%°%,
After exposure to MMC for 60 min, >90% of wild-type cells
contained nucleoid-associated GFP-RecN foci (Fig. 4, A and B).
By contrast, <5% of cells expressing recA?*°°% had nucleoid-
associated GFP-RecN foci, whereas the number and fraction of
cells with cytoplasmic GFP-RecN foci was higher in cells
expressing recA?*°°® than that in cells expressing wild-type
recA (Fig. 4, A and B). These results indicate that RecA is
required for the formation of MMC-induced, nucleoid-associ-
ated RecN foci and that RecA°R has a specific defect in this
function/role.

RecA Is Required to Recruit RecN to sites of DSBs—To exam-
ine the recruitment of RecN to a unique DSB site in RecA-
proficient cells, I-Scel was used to introduce a site-specific DSB
into a strain that carries the Py , pI-Scel cassette on the chromo-
some and a single I-Scel recognition site on the F’ episome (39).
Appropriately engineered cells were transformed with a plas-
mid expressing GFP-recN from its native SOS-inducible pro-
moter, grown to early log phase and exposed to arabinose to
induce I-Scel. Control cells were grown in medium lacking
arabinose. Vspl endonuclease digestion resulted in a 1.8-kb
fragment containing the I-Scel cleavage site. I-Scel digestion
produced two fragments, one of which with a size of 1.2 kb
hybridized to the site 1 probe (Fig. 54). The kinetics of DSB
formation was monitored by Southern blot analysis of VspI-
digested DNA isolated from samples taken at different times
after the addition of 0.2% arabinose or glucose to the culture. A
1.2-kb fragment was not detected when cells were maintained
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in glucose-containing medium, whereas it was detected within
30 min in wild-type cells proficient for RecBCD after the addi-
tion of arabinose (Fig. 5, A and B). The intensity of the 1.2-kb
fragments increased with time, reaching a maximum intensity
~1 h after the addition of arabinose. Similar results were
obtained when the site 2 probe was used to detect the I-Scel
cleavage site (Fig. 54 and supplemental Fig. S2). One possible
explanation for the kinetics of DSB formation is that I-Scel
digestion is not synchronous in the entire population, and the
breaks may be repaired very efficiently. Thus, the only breaks
generated just before samples were taken might be detected by
Southern blotting. This is consistent with previous studies
using chromosomally integrated I-Scel site, where DSB prod-
ucts are readily detected in wild-type cells even after 1 h of
I-Scel induction (48).

Fig. 5C shows that nucleoid-associated GFP-RecN foci were
detected in cells that expressed I-Scel and carried an F’ episome
with an I-Scel cleavage site. By contrast, GFP-RecN foci were
not observed when the same cells were grown in glucose-con-
taining medium (to repress [-Scel) or if the cells did not carry an
I[-Scel-sensitive F’ episome (Fig. 5C). Furthermore, the number
of nucleoid-associated GFP-RecN foci was much lower in
recA%°R mutant cells (<1%) than in cells expressing wild-type
recA (18%) (Fig. 5D). These results indicate that, in wild-type
cells, a single I-Scel-induced DSB induces an SOS response and
promotes the formation of nucleoid-associated GFP-RecN foci
in a RecA-dependent manner.

RecN ATPase Activity Is Required for Release from Growth
Arrest in Cells with DNA Damage—RecN has a typical SMC
family protein domain structure, including an extensive, cen-
trally located coiled-coil domain and globular N- and C-termi-
nal domains with Walker A and Walker B nucleotide-binding
motifs, respectively (49). A previous study showed that substi-
tution of Lys-35 with alanine in the Walker A motif resulted in
a complete loss of RecN DNA repair activity in vivo (50). Bio-
chemical characterization of Deinococcus radiodurans RecN
showed that RecN*®’# (an lysine-to-alanine substitution at
position 67, which corresponds to E. coli RecN Lys-35) abol-
ished ATPase activity, but did not impair ATP binding in vitro
(49). Fig. 6A shows that expression of recN“*** in a ArecN back-
ground conferred sensitivity to MMC that was equivalent to
that of ArecN. The overproduction of RecN**** rendered wild-
type cells sensitive to MMC (Fig. 6A), demonstrating that
recN®3*# is a dominant-negative allele of recN. GFP-RecN**>#
formed nucleoid-associated foci in >80% of MMC-treated
cells, and these foci failed to form in cells expressing recA ?*?°%
(Fig. 6B). This result indicates that the ATPase activity of RecN
is not required for formation of nucleoid-associated RecN foci.
However, ArecN cells expressing wild-type GFP-recN resumed
normal cell growth, and nucleoid-associated GFP-RecN foci
dissociated after exposure to MMC was terminated (Fig. 6C).
By contrast, ArecN cells expressing GFP-recN**** became
highly filamented, acquired fragmented nucleoid structures,
and retained GFP-RecN"*>* foci for 2 h after exposure to MMC
was terminated (Fig. 6C). These results demonstrate that
ATPase-defective RecN**** is recruited to sites of DNA dam-
age, but may not be properly released because of the defects in
HR-mediated repair of MMC-induced DSBs.
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FIGURE 5. RecA is required for the assembly of RecN at the sites of DSBs. A, Southern blot of the flanking region of the I-Scel site before and after induction
of I-Scel. Exponentially growing cells were cultured, and either arabinose (Ara) was added to induce I-Scel or glucose (Glu) was added as a control. Cells were
taken at the indicated times. The DNA digested with Vspl was analyzed on a 1% agarose gel and detected by Southern analysis using site 1 probe. The top panel
illustrates the DNA sequences flanking the |-Scel cleavage site in the codA27:miniTn7Kan locus on the F’ episome. The location of Vspl cut sites and the sizes of
the DNA fragments after Vspl digestion are shown. Site 1 and site 2 regions were used for Southern blot analysis. B, quantitation of Southern blot analysis. -Scel
break refers to the levels of the 1.2-kb fragment resulting from DSB formation. C, GFP-RecN foci at a unique I-Scel-induced nascent DSB. The panels show
GFP/DAPI-merged images of cells with or without a single I-Scel recognition site. recAA cells expressing SOS-inducible GFP-recN and either wild-type recA or

reCAQ_?DOR

were incubated for 1 h in the presence of arabinose to induce I-Scel. Scale bar indicates 2.5 um. D, quantitative analysis of GFP-RecN foci. The results

represent the average of at least three independent measurements. Error bars indicate S.D.

DISCUSSION

Previous studies demonstrate that RecN protein forms both
nucleoid-associated and cytoplasmic foci in cells exposed to
DSB-inducing agents and that cytoplasmic RecN aggregates are
degraded by the ClpXP protease (27). Here, we demonstrate
that RecN is recruited to nucleoids in a RecA-dependent man-
ner. We characterize a novel recA allele, recA?*°°%, which pro-
motes expression of SOS-inducible genes but does not promote
formation of nucleoid-associated RecN foci. RecN accumulates
at a unique I-Scel-induced DSB in wild-type recA cells but not
in recA?3?°F cells. Thus, we conclude that RecA plays an essen-
tial role in DNA damage-induced expression of recN and the
assembly of RecN foci at the sites of DSBs. ATPase-deficient
recN“*** mutants are proficient in forming nucleoid-associ-
ated foci at DSBs, but fail to resume growth after release from
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MMC-induced cell-cycle arrest. This results in highly fila-
mented cells with nucleoid-associated GFP-RecN**** foci and
fragmented nucleoid structures. One possible explanation for
the presence of persistent foci associated with damaged DNA in
recN“?>>4 cells is that RecN"*** is recruited to DSBs, but is not
released from DSB sites because it lacks ATPase activity; under
such conditions, mutant RecN¥**4 DNA damage foci persist
and accumulate, which interferes with RecA-mediated synaptic
steps in the HR pathway.

This study also reveals that ArecN and recA?*°°% cells are
hypersensitive to MMC but not to UV. A previous study
showed that cells expressing recAAC17 (a deletion mutant lack-
ing residues 336 —352) are hypersensitive to MMC but not to
UV (51). Here, we confirm that recAAC17 cells are sensitive to
MMC, although they are less sensitive than ArecN and
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FIGURE 6. RecN*35# is deficient in HR-mediated recovery after exposure to MMC. A, sensitivity of cells to MMC. The indicated strains were grown in LB. Cells
were diluted and spotted onto LB with or without MMC (0.5 wg/ml). B, subcellular localization of GFP-RecN¥**A, The panels show GFP/DAPI images of ArecN
cells containing SOS-inducible GFP-recN®** after 30 min of incubation in the presence of MMC. Quantitative analysis of GFP-RecN"3*# foci is shown to the right.
The results represent the average of at least three independent measurements. C, wild-type and recN>** cells were treated with MMC for 10 min and then
transferred to MMC-free medium (t = 0). At the indicated time points, cells were analyzed for the presence of RecN foci. The right panels show the GFP/DAPI

images of cells at the indicated time after transfer to MMC-free media. Scale bar indicates 2.5 um. Error bars indicate S.D.

recA3%R cells (supplemental Fig. S3). We found that nucleoid-

associated GFP-RecN foci form normally in MMC-treated
recAACI7 cells (supplemental Fig. S3), indicating that the
defects in the response to MMC in recA?3%°R cells are not a
result of a dysfunctional RecA C-terminal domain. However, it
still remains possible that the C-terminal region of RecA plays a
role in modulating RecN function at a later step in the repair/
response to MMC-induced DSBs.

Previous studies suggest that the SOS response plays a criti-
cal role in DSB repair in E. coli but not in Bacillus subtilis (52).
Indeed, unlike in E. coli, the expression of B. subtilis RecN
appears to be SOS-independent (53), and GFP-B. subtilis RecN
foci associate with DSBs before RecA is recruited to the DNA
lesion (10). By contrast, E. coli recN is typical of SOS-regulated
genes in that its expression is tightly repressed in unstressed
cells. This suggests that E. coli RecN participates in HR repair of
DSBs after RecA senses DNA damage. Consistent with this, the
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present study indicates that RecA actively recruits RecN to
DSBs. These results may reflect species-specific attributes of
E. coli and B. subtilis HR pathways. The purified B. subtilis
RecN (and also D. radiodurans RecN) binds to DNA and has
DNA-stimulated ATPase activity in vitro (54, 55). Unfortu-
nately, it has been difficult to purify E. coli RecN because it is
relatively insoluble and highly susceptible to degradation (data
not shown). A recent study showed that Haemophilus influen-
zae RecN can be purified to near homogeneity and is fully func-
tional in E. coli (50). Purified Haemophilus influenzae RecN
does not bind DNA, and DNA had no significant effect on Hae-
mophilus influenzae RecN ATPase activity in vitro, which con-
trasts with the activity of B. subtilis RecN. This observation
supports our conclusion that E. coli RecN is recruited to DSBs
through its interaction with RecA. Thus, the difference in the
DNA binding specificities of RecN orthologs may explain their
different affinities for their respective bacterial nucleoids. How-
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ever, our data do not exclude the possibility that E. coli RecN
has DNA binding activity. It is also conceivable that RecA facil-
itates the binding and/or retention of RecN on damaged DNA.

SMC proteins are highly conserved ATPases whose role in
higher order chromosome organization and dynamics is con-
served from bacteria to humans. DSBs are one of the most cyto-
toxic forms of DNA damage, and therefore, the repair of DSBs is
crucial for cell survival and for maintaining the integrity of the
genome. In this study, we provide evidence that the recruitment
of RecN to DSBs requires interaction with RecA. Any defect in
the interaction results in chromosomal fragmentation, such as
that observed in cells exposed to the DSB-inducing agent
MMC. Based on these results and implications, we propose a
mechanism by which RecN promotes RecA-dependent DSB
repair. The initial presynaptic step of the DNA strand exchange
reaction is formation of a RecA-ssDNA nucleoprotein filament.
RecA-dependent recruitment of SMC-like RecN to DSBs fol-
lows, serving a scaffolding function to facilitate subsequent
search by RecA for homologous templates in the segregated
sister chromatids. Lastly, RecA mediates strand exchange. This
model might be compatible with the recN studies in B. subtilis;
here, we allow for the fact that RecN plays a role in an early step
of DSB repair and that the mechanism by which RecN is
recruited to DSBs differs.

In future studies, it will be interesting to investigate how
RecN SMC complexes actually promote RecA-dependent DSB
repair. Therefore, novel integrated biochemical and structural
approaches to examine this and other questions concerning the
roles of RecN and RecA will be required. The results of such
studies should advance our understanding of the mechanism of
DSB repair in prokaryotic and eukaryotic cells.
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Figure S1. Morphological changes in UV-treated cells. Exponentially growing cells were
irradiated with UV (20 J/m?) and samples were taken at 90 min after UV irradiation. Cells
were fixed and stained with DAPI, and analyzed by fluorescence microscopy.
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Figure S2. Southern blot analysis of DNA extracted at different times after DSB induction.
(4) Exponentially growing cells were cultured with addition of arabinose (for induction of I-Scel)
or glucose (as a control). Cells were taken at the indicated times. The DNA was digested with Vspl
and probed with a site2 fragment. (B) Quantitation of Southern blot analysis. “I-Scel break™ refers
to the levels of the 0.6-kb fragment resulting from DSB formation.

49



A Control MMC (0.5 pg/ml) UV (20 J/m2)

ArecA Ivector
ArecA [pRecA(WT)
ArecA /[pRecAQ300R
ArecA [pRecAAC17

B C Nucleoid

asmi
recAAC17 100, ECytoplasmic

8

250

o

X

0

MM (1 ug/ml, 60 min) recAAC17

Figure S3. Assembly of RecN at the sites of DSBs in recAACI7 mutants. (4) Sensitivity of cells to MMC
and UV irradiation. Ten-fold serial dilutions of the indicated strains were spotted onto LB plates containing
the 0.5 ! g/ml MMC. For UV irradiation, the indicated strains were spotted onto LB plates, DNA damage was
induced by UV. (B) MMC damage-induced RecN foci in recAAC17 cells. Cells carrying the SOS inducible
GFP-recN were exposed to MMC for 60 min. The panels show GFP/DAPI-merged images of cells. (C)
Quantitative analysis of GFP-RecN foci. For cells with MMC damage, >150 cells were examined. The results
represent the average of at least three independent measurements.
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Abstract

Background: In standard cell division, the cells undergo karyokinesis and then cytokinesis. Some cells, however,
such as cardiomyocytes and hepatocytes, can produce binucleate cells by going through mitosis without
cytokinesis. This cytokinesis skipping is thought to be due to the inhibition of cytokinesis machinery such as the
central spindle or the contractile ring, but the mechanisms regulating it are unclear. We investigated them by
characterizing the binucleation event during development of the Drosophila male accessory gland, in which all cells
are binucleate.

Results: The accessory gland cells arrested the cell cycle at 50 hours after puparium formation (APF) and in the middle
of the pupal stage stopped proliferating for 5 hours. They then restarted the cell cycle and at 55 hours APF entered the
M-phase synchronously. At this stage, accessory gland cells binucleated by mitosis without cytokinesis. Binucleating
cells displayed the standard karyokinesis progression but also showed unusual features such as a non-round shape,
spindle orientation along the apico-basal axis, and poor assembly of the central spindle. Mud, a Drosophila homolog of
NUMA, regulated the processes responsible for these three features, the classical isoform Mud™® and the two newly
characterized isoforms Mud" and Mud® regulated them differently: Mud" repressed cell rounding, Mud™® and Mud®
oriented the spindle along the apico-basal axis, and Mud® and Mud" repressed central spindle assembly. Importantly,
overexpression of Mud® induced binucleation even in standard proliferating cells such as those in imaginal discs.

Conclusions: We characterized the binucleation in the Drosophila male accessory gland and examined mechanisms
that regulated unusual morphologies of binucleating cells. We demonstrated that Mud, a microtubule binding protein
regulating spindle orientation, was involved in this binucleation. We suggest that atypical functions exerted by three
structurally different isoforms of Mud regulate cell rounding, spindle orientation and central spindle assembly in
binucleation. We also propose that Mud® is a key regulator triggering cytokinesis skipping in binucleation processes.
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Background

Most eukaryotic cells contain only a single nucleus because
the karyokinesis in the M phase of the cell cycle is followed
by cytokinesis. In certain cells, however, such as cardio-
myocytes and hepatocytes, cytokinesis does not always
occur, which results in cells containing two nuclei [1,2].
Sarcomere assembly is a possible factor repressing cytokin-
esis in cardiomyocytes [1,3], and insulin signaling plays a
part in the generation of binucleate hepatocytes [2].

The production of binucleate cells is thought to result
from the repression of certain phases of cytokinesis,
such as formation of the contractile ring and ingression
of the cleavage furrow. Cytokinesis occurs only when
there is sufficient activation of Rho GTPase at the div-
ision plane. After chromosome segregation, a prominent
bundle of microtubules, called the central spindle, forms
between the spindle poles [4-6]. The centralspindlin
complex, consisting of kinesin-6 and RhoGAP, moves to-
ward the plus ends of the microtubules, corresponding
to the cell equator, and associates with RhoGEF [7]. The
RhoGEF thus specifically activates Rho GTPase at the
division plane. Rho signaling activates effector proteins,
such as diaphanous and Rho kinase, that in turn activate
the formation of the actin contractile ring that completes
cell division by pinching the daughter cells apart [8].
Loss of this cytokinesis machinery results in incomplete
cytokinesis and produces binucleate cells [7,9,10]. There
is, however, no solid evidence that normal binucleation
events are regulated by inhibiting the functions of
cytokinesis components, and little is known about the
key regulators repressing the formation of cytokinesis
machinery during binucleation. On the other hand,
recent studies have shown a link between binucleation
and inhibition of the cytokinesis machinery in cancer
cells [11,12].

To investigate the mechanism by which cytokinesis is
skipped during binucleation, we used as a model system
the Drosophila male accessory gland, which produces
seminal fluid proteins promoting reproductive success,
such as the sex peptide Acp70A [13,14]. The exocrine
epithelial cells in the male accessory gland, both the
main cells and the secondary cells, are obviously bi-
nucleate (Figure 1A) [15]. We previously showed that
binucleation increases the plasticity of the cell shape,
thereby enabling the volume of the accessory gland cav-
ity to change [16], but the mechanisms of binucleation
have remained unclear.

In the work reported here, we investigated the binuclea-
tion event in the accessory gland primordia, which was
characterized by synchronous entry into the M phase after
a cell-cycle-arrested interval during the mid-pupal devel-
opmental stage following standard cell proliferation in the
early stage. We found that the binucleation results not
from cell fusion but from mitosis without cytokinesis. We
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examined the mechanisms of binucleation by focusing on
various morphological features different from those of
standard dividing cells. We propose that isoform-specific
functions of the microtubule binding protein Mud, a Dros-
ophila homolog of NuMA, are the key regulators in binu-
cleation of the Drosophila male accessory gland cells.

Results

Accessory gland epithelial cells are binucleated
synchronously in the mid-pupal stage by mitosis without
cytokinesis

We first determined whether binucleation of the ac-
cessory gland epithelial cells is a result of skipping cy-
tokinesis (as in cardiomyocytes). We observed the
developmental stages and M-phase entry by using an
antibody against phospho-histone H3 (P-H3), a marker
for M-phase chromatin. Until 50 hours after puparium
formation (APF), the accessory gland epithelial cells ran-
domly entered the M phase but did not produce bi-
nucleate cells (Additional file 1: Figure SIA-E, A—E’ and
J) (Figure 1D). That is, standard cell division occurred.
Subsequently, the cells arrested their cell cycle and de-
layed their M-phase entry for about 5 hours (50-55APF)
(Additional file 1: Figure SI1F and F’) (Figure 1D). The
secondary cells then entered the M phase at 55 hours
APF (Figure 1B and D) (Additional file 1: Figure S1G
and G’), and the main cells entered the M phase at
60 hours APF (Figure 1C and D) (Additional file 1: Fig-
ure SIH and H’). We also found that the mitotic wave
for binucleation in the main cell population initiated at
the middle zone of the accessory gland lobe and propa-
gated to the proximal and distal parts (Additional file 1:
Figure S2). These results indicate a unique cell cycle
regulation in this organ development. Importantly, the
synchronous entries into the M phase accompanied
the production of binucleate cells (Additional file 1:
Figure S1K and Figure S2). No cytokinesis was evident
in this M phase (Figure 2F—] and F'-J’). After binuclea-
tion, the accessory gland epithelial cells did not enter a
subsequent M phase (Additional file 1: Figure S1I and I’,
Figure S3) but showed a single round of the S phase,
indicated by PCNA-GFP labeling (Additional file 1:
Figure S3), indicating that endoreplication occurred
(Figure 1D). Thus the accessory gland epithelial cells,
both secondary and main cells, became octaploid cells
with two tetraploid nuclei. In the following section, we
describe our examination of binucleation in the main
cells. The secondary cells probably binucleated in the
same way the main cells did.

Central spindle assembly and actin-contractile ring
formation are inhibited during binucleation

We next identified the cytological differences between
standard cell division and binucleation in order to obtain



Taniguchi et al. BVIC Developmental Biology (2014) 14:46

Page 3 of 18

78

Figure 1 Synchronous binucleation of Drosophila male
accessory gland cells occurs in the pupal stage. (A) Adult
accessory gland epithelium labeled as indicated at the bottom left.
Main cells (nuclei stained both green and magenta) and secondary
cells (nuclei stained only magenta) are shown. The inset at the
bottom right depicts an adult male abdomen (gray) and the
reproductive systems around the hindgut. Posterior is to the right.
Scale bar, 10 pm. (B and C) Synchronous entry into M phase in
secondary (B) and main (C) cells in the accessory glands during
mid-pupal binucleation stages. Labels as indicated at the bottom
right. Scale bars, 50 um. (D) Schematic diagram showing cell cycle
transition of epithelial cells in accessory gland during the

pupal stage.

clues to the mechanisms of cytokinesis skipping. For
this purpose, we compared cell division in the early
pupal accessory gland primordium and binucleation in
the mid-pupal one (Figure 1D). We focused on the fol-
lowing three differences. First, during the standard cell
division in the early stage of accessory gland develop-
ment, the M-phase cells were apically extruded and
rounded (Figure 2A—C and A'-C’), as is widely found in
the standard epithelia [17]. During binucleation, how-
ever, cells were retained in the epithelial monolayer and
did not show rounding (Figure 2F-H and F'-H’ com-
pared with A—C and A'-C’). Second, the spindle orien-
tation in standard mitosis was parallel to the epithelial
plate (Figure 2A—C and A’-C’) [17]. The spindle formed
during binucleation, in contrast, was always oriented per-
pendicular to the epithelial plate (Figure 2F-H and F-H).
Third, in standard cell division, the central spindles be-
tween segregated chromatids arose from anaphase to telo-
phase, and then an actin contractile ring formed at the
division plane (Figure 2D,E,D’ and E’) [4-6,8]. During
binucleation, in contrast, the central spindle was not prop-
erly assembled (Figure 2LJ,I' and J). Consequently, the
subsequent formation of the contractile ring was also in-
complete at telophase (Figure 2] and J'), although the
cleavage furrow was slightly formed at late anaphase
(Figure 2I and I'). On the other hand, other compo-
nents of the mitotic spindle of binucleating cells looked
normal, including the metaphase spindle (Figure 2G
and G’ compared with B and B’) [6] and kinetochore
microtubules (Figure 3C compared with A) [6,18]. Also
apparently normal in the binucleating cells was the M
phase progression indicated by the relationship between
chromatid segregation (Figure 2G,H,G’ and H com-
pared with B,C,B’ and C’) [18] and the decay of cyclin B
(Figure 3D and D’ compared with B and B’) [19]).

Forced activation of Rho GTPase in binucleation stage
produces actin contractile ring

Looking at the above three differences for clues to the
mechanism of binucleation in the experiments intended
to produce artificially rounded cells, we saw that cell



Taniguchi et al. BVIC Developmental Biology (2014) 14:46

Page 4 of 18

Figure 2 Central spindle and contractile ring are not formed during binucleation. Photomicrographs showing cross-sectional views of cells (A-O)
and their schematic diagrams (A’-Q’) are arrayed from left to right according to the M phase progression. (A-E) Main cells during cell division stage in
early pupa (30-35 hours APF). (F-J) Main cells during binucleation stage in mid-pupa (60-65 hours APF). (K-0) Binucleation-stage main cells in which
pebble was overexpressed just before binucleation. Arrowheads in (D, E, I, J, N and O) indicate equatorial planes in late anaphase and telophase during
cell division and binucleation. Cells are labeled as indicated at the bottom of (E). Scale bar in (A), 5 um, is applicable to (A-O).

extrusion and rounding did not seem to affect binuclea-
tion. In the binucleation stage neither overexpression of
Sterile20-like kinase, which is related to cortical rigidity
and cell rounding in standard cell division [20,21], nor
knockdown of the adherens junction protein DE-cad-
herin encoded by shotgun [22], which maintains epithe-
lial stability, led to cytokinesis (Additional file 1: Figure
S4A-D) (Table 1). Binucleation also seemed to not be
affected by the orientation of the mitotic spindle. This is
because disruption of vertical spindle orientation in the
binucleation stage by using a mutant for the centrosome
protein Centrosomin or Sas-4 did not cause ectopic
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cytokinesis progression (Additional file 1: Figure S4E—H)
(Table 1) [23-25]. On the other hand, in centrosomin and
Sas-4 mutants, weak assembly of the central spindle and
an abnormal contractile ring could be observed at low fre-
quencies (6% in centrosomin™*' and 9% in Sas-45%%'%).
However, we found that these induction-of-cytokinesis
features were observed even in the cells showing normal
(vertical) spindle orientation. Thus these results mean that
contribution of the centrosome to the cytokinesis skipping
during binucleation may be nonessential or even trivial.
Mis-assembly of the central spindle and incomplete for-
mation of the contractile ring strongly induced skipping of
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Figure 3 Metaphase spindle formation and metaphase-anaphase transition are normal during binucleation. (A and C) Localization of polo to
kinetochores in main cells in metaphase during cell division in early pupa (A) and during binucleation in mid-pupa (C). Cells are labeled as indicated at
the bottom of (A). £n face views (A) and cross-sectional views (C). Scale bar, 5 um, is applicable to (A and C). (B, B’, D and D’) Levels of cyclin B. En
face images of the wing disc epithelium in third-instar larva as an example of proliferating tissue (B and B’) and the accessory gland epithelium in
mid-pupa as an example of binucleating tissue (D and D). Cells in (B and D) are labeled as indicated at the bottom right of (B). Intensities of cyclin B:
GFP in (B) and (D) are represented by a rainbow-color scale, with red meaning high intensity and blue meaning low intensity. Magenta dashed lines
indicate outlines of mitotic cells in various M-phase subphases. Scale bar in (B), 10 um, is applicable to (B, B’, D and D).

cytokinesis during binucleation. The formation of the
actin-contractile ring requires sufficient activation of Rho
GTPase at the division plane [8]. To activate Rho GTPase
encoded by Rhol, we temporarily elevated the level of the
RhoGEF pebble around the binucleation stage. Pebble ac-
tivates a Rhol signaling cascade that phosphorylates
MRLC (a regulatory light chain of non-muscle myosin II)
encoded by spaghetti squash (sqh) to form the contractile
ring [5,7,8]. Overexpression of pebble resulted in F-actin
accumulation at the cleavage furrow, a sign of contractile
ring formation, and in furrow ingression during the binu-
cleation stage (Figure 2K-O and K'-O’) (Table 1). We also
found that overexpression of the activated form of sgh
(sgh®?*P?1) induced the formation of the contractile
ring (Additional file 1: Figure S4I) (Table 1). Further-
more, we tested a moderate overexpression of wild-type
sqh or Septin-2 to see whether cells in the binucleation
stage have a latent ability to create a contractile ring.
Since the septin proteins are contractile ring com-
ponents that act together with actomyosin and micro-
tubules [26], we could easily see contractile ring
formation in the telophase cells (Additional file 1:
Figure S4J—M) (Table 1). These results indicate that the
level of central spindle assembly in accessory gland
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cells in telophase was too low to sufficiently activate
Rhol signaling for cytokinesis.

Mud regulates central spindle assembly, spindle
orientation and cell rounding during binucleation

The insufficient activity of Rhol signaling in binucleation
is thought to be due to the insufficient assembly of the
central spindle from anaphase to telophase, so we hypoth-
esized that factors that repressed the central spindle as-
sembly would be key regulators in skipping cytokinesis.
Moreover, as stated above, the reduced central spindle as-
sembly during binucleation should be accompanied by a
non-round cell shape and orientation of the mitotic spin-
dle along the apico-basal axis. Thus we examined candi-
date factors — such as mitotic kinesins (kinesin-like protein
at 10A, kinesin-like protein at 61 F Pavarotti and no dis-
tributive disjunction) [4], microtubule-associated proteins
(chromosome bows and EbI) [4], microtubule-severing
proteins (katanin 60, spastin) [27], Par proteins (bazooka,
par-1) [28] and spindle orientation proteins (rapsynoid, G
protein ai subunit and mushroom body defect (mud))
[29-31], with regard to their effects on cellular phenotypes
of accessory gland cell binucleation. We found that loss of
mud disrupted normal binucleation phenotypes, including
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Table 1 Effect of various genetic manipulations on central spindle assembly and contractile ring formation during

binucleation

Manipulation Genotype Frequencies of phenotypes in mitotic behavior
Central spindle assembly  Contractile ring formation
None (wild-type) Canton-S 0% (N=42,7) 0% (N=42,7)

Induction of cell rounding

fng-Gal4 (Tub-Gal80™) > shotgun.IR

Disruption of centrosome*** centrosomin'™?" homozygote

Sas-4572"* homozygote

Activation of contractile ring formation

fng-Gal4 (Tub-Galgo™) > sqhP20P?!

sqh-GFP

Septin-2-GFP

fng-Gal4 (Tub-Gal80"™) > sterile 20-like kinase

fng-Gal4 (Tub-Gal80™) > pebble

(5%, partial®)
0% (N=34,7)
(12%, partial®)
0% (N=37,6)
(8%, partial®)
6% (N =36, 6)
(11%, partial®)
9% (N=34,7)
(18%, partial®)
0% (N =34, 6)
(56%, partial*)
6% (N =33, 6)
(64%, partial®)
11% (N =36, 6)
(47%, partial*)
3% (N=36, 7)
(22%, partial*)

(5%, partial**)
0% (N=34,7)
(18%, partial**)
0% (N=37,6)
(14%, partial**)
6% (N =36, 6)
(8%, partial**)
9% (N=34, 7)
(29%, partial**)
44% (N =34, 6)
(41%, partial**)
39% (N =33, 6)
(48%, partial**)
14% (N =36, 6)
(53%, partial**)
14% (N =36, 7)
(42%, partial**)

Numbers of cells and tissues (pairs of lobes) observed are shown as (N = cells, tissues).

*A phenotype class with partial assembly of central spindle-like structure.

**A phenotype class with partial accumulation of F-actin accompanied by furrow progression.

***\/ery low frequency of cells shows obvious misorientation of spindle axis.

reduced central spindle assembly and other features of cell
morphology during binucleation (Figure 4) (Tables 2 and
3). mud encodes the Drosophila homolog of NuMA,
which is associated with microtubules and plays a role in
microtubule polymerization and determination of the
spindle orientation [29-31]. In mud® hemizygotes and
mud-knockdown cells, abnormally clear central spindle
assembly and contractile ring formation were seen even in
the binucleation stage (Figure 4B—E and B'-E’ compared
with Figure 21, J, I’ and J') (Table 2 and Table 3). Loss of
mud was also associated with other morphological defects,
such as abnormal spindle orientation and cell rounding
(Figure 4H-] and H'-J' compared with Figure 2H and H’)
(Table 2 and Table 3). We thus confirmed that one copy
of a chromosomal duplication encompassing the mud
gene region (Figure 4A) rescued these defects (Figure 4F,
G, F and @) (Table 2). These results suggest that Mud
contributes to various cell morphologies during binuclea-
tion. We considered its repression of the central spindle
assembly to be a major cause of binucleation because in
mud® hemizygotes, we frequently observed cytokinesis
progression even when neither horizontal spindle orienta-
tion nor cell rounding was observed (Figure 4B-E and B'-
E’) (Additional file 2: Table S1).
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Mud represses development of central spindle during
binucleation

We showed that Mud repressed central spindle assembly
and led to cytokinesis skipping. We made further obser-
vations of the central spindle assembly in wild-type and
mud-knockdown cells in the binucleation stage. In par-
ticular, we used Pav:GFP (GFP-fusion of Pavarotti, a
centralspindlin component) as a marker for the plus
ends of the microtubules in the mitotic spindle [32,33].
Regarding the control results, during the standard cell
division at the early pupal stage, Pav:GFP was localized
to the midzone of the central spindle at telophase, as re-
ported previously (Figure 4K). During binucleation, in
contrast, we never observed Pav:GFP-accumulated mi-
crotubules around the cell equator region (Figure 4L).
Detailed observation of Pav:GFP accumulation revealed
that the impairment of central spindle assembly during
binucleation was not due to impaired initiation of
microtubule assembly. That is because the Pav::GFP ac-
cumulation around cell equator at anaphase was simi-
larly observed in the case of dividing cells, implying
that the central spindle precursor could develop at early
anaphase (Additional file 1: Figure S5F and F’ compared
with A and A’). But during binucleation, impaired
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Figure 4 Loss-of-function for mud erases various characteristics of binucleation. (A) Schematic diagram of the mud transcriptional unit and three
representative splicing variants of mud (coding regions are in magenta). Regions corresponding to mud®.R (green) and chromosomal duplication in Dp
(1;3)DC281 (yellow) are also shown. (B-G) Cross-sectional views of main cells in late anaphase (B, D and F) and telophase (C, E and G) during the
binucleation stage in mutants hemizygous for mud® (B and C), in knockdown for mud (D and E) and in mutants hemizygous for mud?
rescued by one copy of Dp(1,;3)DC281 (F and G). Cells are labeled with phalloidin (magenta), anti-a-Tub antibody (green), and anti-P-H3
antibody (blue). Arrowheads in (C, E and G) indicate equatorial planes. Scale bar in (B), 5 um, is applicable to (B-G). (B'-G’) Schematic diagrams
of (B and G). (H-J) Three representative types of spindle orientation and cell shapes (bottom). Cross-sectional views of main cells in late anaphase
during the binucleation stage in mutants hemizygous for mud” are shown. Cells are labeled with phalloidin (magenta) and anti-P-H3 antibody (blue).
Scale bar in (H), 5 um, is applicable to (H-J). (H'-J’) Schematic diagrams of (H-J). (K-N) Main cells expressing Pav:GFP plus ends marker in telophase
in wild-type (K,L) and mud-knockdown (M,N) cells. Cell division stage in early pupa (K, en face view) and binucleation stage in mid-pupa (L-N, cross
sectional views) are shown. Cells are labeled with anti-a-Tub antibody (magenta), Pav:GFP fluorescence with anti-GFP antibody (green) and anti-P-H3
antibody (blue). Arrowheads in (K and N) and curly brackets in (L and M) indicate the localization of Pav:GFP on microtubules. Scale bar in (K),
5 um, is applicable to (K-N).
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Table 2 Ability of Mud variants to rescue binucleation defects in mud mutants

Genotype

Frequencies of phenotypes in mitotic behavior during binucleation

Central spindle
assembly

Contractile ring
formation

Cell rounding Abnormal spindle

orientation***

0% (N=42,7)
(5%, partial®)

Wild-type (control)

mud” hemizygote (mud®/Y) + No RC 82% (N =40, 9)
rescue construct (RC) (15%, partial®)
RC=DC281 0% (N =30, 4)
(40%, partial®)

RC =mud™® 63% (N =30, 4)
(33%, partial®)

RC =mud" 30% (N=43,9)
(51%, partial*)

RC=mud® 13% (N =40, 8)

(45%, partial®)

0% (N=42,7)
(5%, partial**)
87% (N=40, 9)
(13%, partial**)
0% (N =30, 4)
(57%, partial**)
67% (N =30, 4)
(33%, partial®)
30% (N=43,9)
(56%, partial**)
18% (N =40, 8)
(33%, partial*®)

0% (N=49, 5) 6% (N=49, 5)

30% (N =40, 8) 40% (N =40, 8)
8% (N =38, 4) 5% (N =38, 4)
37% (N =30, 4) 17% (N=30, 4)
12% (N=41,7) 44% (N=41,7)

34% (N =44, 7) 20% (N=44, 7)

Numbers of cells and tissues (pairs of lobes) observed are shown as (N = cells, tissues).

*A phenotype class with partial assembly of central spindle-like structure.

**A phenotype class with partial accumulation of F-actin accompanied by furrow progression.

***Spindle orientated horizontally (0° + 45°) rather than vertically in metaphase.
DC281: Chromosomal duplication encompassing the mud gene region.

microtubule bundling or destabilization of the microtu-
bules was apparent at late anaphase (Additional file 1:
Figure S5G-J and G’-J' compared with C-E and C’-E’).
As a result, during binucleation the development of mi-
crotubules was insufficient for their interdigitation at the
spindle midzone. We also observed that the contractile
ring component Peanut (Pnut), a Septin family protein,
was localized around the cleavage furrow at anaphase but
diffused during telophase (Additional file 1: Figure SOD—F
and D’-F compared with A—C and A'—=C’). These results
imply that the contractile ring begins to form during ana-
phase and is degraded during telophase.

We also checked whether the loss of mud affected the
localization of Pav:GFP during binucleation. In mud-
knockdown cells, the localization of Pav::GFP was restricted

to the midzone of the central spindle (Figure 4N). We also
found that this localization was correlated with the central
spindle formation. Cells with partially assembled central
spindles showed a partial localization of Pav:GFP at the
midzone (Figure 4M), whereas cells with strongly assem-
bled central spindles showed a clear localization (Figure 4N).
These results suggest that Mud represses microtubule
polymerization so much that microtubule filaments are not
targeted around the cell equator.

Isoform-specific functions of Mud regulate various traits
in binucleation

Although Mud is known to promote polymerization of
microtubules [34], our results showed that Mud may be
a negative regulator of spindle formation during the

Table 3 Effects of knockdown for mud on binucleation and asymmetric cell division (asym. cell div.)

RNAi target

Frequencies of phenotypes in mitotic behaviors during

binucleation

asym. cell div.

Central spindle assembly Contractile ring formation

Cell rounding Abnormal spindle orientation***  Multi-bristle

None (fng-Gal4) 0% (N = 35, 6)

(0%, partial®)

0% (N=35, 6)
(3%, partial**)

mud.IR 80% (N =35, 7) 86% (N =35, 7)
(20%, partial®) (14%, partial**)
mud®R+Dcr2  27% (N=37,5) 29% (N =37, 5)

(51%, partial®) (41%, partial**)

5% (N=40,6) 8% (N=40, 6) 0% (N = 60)

28% (N=40,5) 35% (N=40, 5) 85% (N = 40)

5% (N=42,5)  31% (N=42,5) 0% (N = 40)

Numbers of cells and tissues (pairs of lobes) observed are shown as (N = cells, tissues).

Numbers of adult wings observed are shown as (N = wings).
*A phenotype class with partial assembly of central spindle-like structure.

**A phenotype class with partial accumulation of F-actin accompanied by furrow progression.

***Spindle orientated horizontally (0° + 45°) rather than vertically in metaphase.
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binucleation process. The above results also indicate that
unknown functions of Mud regulate central spindle as-
sembly, spindle orientation, and cell rounding. Interest-
ingly, mud generates various splicing variants that have
different C-termini (Additional file 1: Figure S3A and
referred to in http://flybase.org). To understand the
relationship between these unknown functions of Mud
and its structural isoforms that had not fully been ana-
lyzed, we compared the functions of three different spli-
cing variants (Figure 4A) (Additional file 1: Figure S7): a
Pins binding domain (PBD)-containing isoform
(Mud™P), a PBD-lacking longer isoform (Mud") and a
PBD-lacking shorter isoform (Mud®). Mud®®P is well-
known major variant that regulates spindle polarity in a
Pins/LGN-dependent manner and promotes micro-
tubule polymerization [29-31,34]. Mud“ and Mud®,
both of which lack the Pins/LGN-binding domain
(Figure 4A) (Additional file 1: Figure S7), have not yet
been examined and their functions are unclear. We
thus expected that mud” or mud® would exhibit novel
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functions that regulate central spindle assembly and
spindle orientation during binucleation.

To identify isoform-dependent functions of Mud, we
tested the ability of Mud"®”, Mud" and Mud® to rescue
the various defects in binucleation in mud hemizygotes.
Overexpression of mud™®” (Additional file 1: Figure S7
and Figure S8) rescued only their abnormal spindle orien-
tation (Figure 6A—C and A'-C’), reducing the frequency of
abnormal spindle orientation from 40% in mud®/Y to 17%
in mud®!Y + mud”®P (Table 2). Overexpression of mud®
(Additional file 1: Figure S7 and Figure S8) rescued
their abnormally enhanced central spindle assembly
(Figure 6H-] and H'-J’), reducing the frequency of cen-
tral spindle assembly from 82% in mud®/Y to 13% in
mud?!Y + mud® (Table 2). mud® also partially rescued the
abnormal spindle orientation (Figure 6G and G’), reducing
the frequency of abnormal spindle orientation from 40%
in mud*/Y to 20% in mud®/Y + mud® (Table 2). In con-
trast, the overexpression of mud" (Additional file 1: Figure
S7 and Figure S8) effectively rescued the cell rounding

indicate multi-bristle phenotypes.

Figure 5 mud"® is not required for the spindle orientation during asymmetric cell division. (A) Schematic diagram of molecular structures of
human NuMAT1 and Drosophila Mud. Shared domains are as indicated at the bottom. (B) Amino acid sequence alignment of the C-terminal regions of
NUuMAT-s and Mud®. The blue box indicates short isoform- specific regions in NuMA1-s (@amino acids 1701-1763) and Mud® (@mino acids 1880-1933).
Red, orange and yellow overlays indicate similarities as indicated at the bottom. (C) Schematic diagram of SOP lineage in Drosophila wing margin. Cells
indicated at the bottom right are produced in this lineage. Mud forms a complex with Ga and Pins that is localized asymmetrically (red crescent). (D-F)
Bristles on adult anterior wing margin in wild-type (D), in knockdown of all mud isoforms (E), and in knockdown specific to mud® (F). Arrowheads in (E)
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mud®-knockdown cells (K-M) are listed under each set of diagrams.

Figure 6 Three types of mud splicing isoforms differently regulate morphologies of binucleating cells. (A-J) Rescue of mud mutant phenotypes
by each mud isoform. Cross-sectional views of main cells in metaphase (A, D and G), late anaphase (B, E and H) and telophase (C, F, | and J) during
the binucleation stage in mutants hemizygous for mud® with overexpression of FLAG:mud"®® (A-C), FLAG:mud" (D-F) or FLAG:mud® (G-J).
Cells are labeled with phalloidin (magenta), anti-a-Tub antibody (green) and anti-P-H3 antibody (blue). The cell in (1) shows neither a central
spindle assembly nor furrow progression. The cell in (J) shows furrow progression but no central spindle assembly. Arrowheads in (C, F, I and
J) indicate equatorial planes. Scale bar in (A), 5 um, is applicable to (A-J). (A’-J’) Schematic diagrams of (A-J). Cross-sectional views of

mud®- knockdown main cells in metaphase (K), late anaphase (L) and telophase (M) during the binucleation stage. Cells are labeled with
phalloidin (magenta), anti-a-Tub antibody (green) and anti-P-H3 antibody (blue). Arrowhead in (M) indicates an equatorial plane. Scale bar in
(A), 5 um, is applicable to (K-M). (K'-M’) Schematic diagrams of (K-M). Effects on cell morphologies in each of the three rescued genotypes
((A-C): mud” hemizygotes rescued by mud™®?, (D-F): mud* hemizygotes rescued by mud", (G-J): mud* hemizygote rescued by mud”) and in

phenotype found in mud hemizygotes (Figure 6D and D’),
reducing the frequency of cell rounding from 30% in
mud®lY to 12% in mud®/Y + mud® (Table 2). mud® also
partially rescued the abnormally enhanced assembly of
central spindle (Figure 6E, E’, F and F’), reducing the fre-
quency of central spindle assembly from 82% in mud*/Y
to 30% in mud®/Y + mud® (Table 2), but its ability was ob-
viously less than that of mud® (compare the reduction to
30% by mud®/Y + mud” with the reduction to 13% by
mud®|Y + mud®). These results imply that Mud has the
following isoform-dependent functions during binuclea-
tion: Mud" represses cell rounding and weakly represses

central spindle assembly, Mud"®” and Mud® each play a

role in orienting the spindle axis along the apico-basal
axis, and Mud® also strongly represses central spindle
assembly.

Mud?® orients mitotic spindle along the apico-basal
polarity and inhibits cytokinesis

The above overexpression results suggest that Mud®
contributes to cytokinesis skipping during binucleation
more than Mud" does, but the functions of Mud® during
Drosophila development have not yet been reported. We
therefore tried to determine whether endogenously
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the assembly of the central spindle.

Figure 7 Model for binucleation and isoform-specific functions of Mud. Schematic diagrams of cell division and binucleation are shown.
In binucleation, Mud® changes mitosis from cell division to binucleation by (1) reorienting the mitotic spindle from horizontal to vertical along
the apico-basal axis and (2) repressing assembly of the central spindle. Mu
apico-basal axis. Mud", in contrast, (3) represses mitotic cell rounding and may assist in the process of cytokinesis skipping by (4) partially repressing

dPBD

is also required at this time for orienting the spindle along the

expressed mud® actually regulates binucleation in the
accessory gland. To do so, we performed a mud"°-specific
knockdown (Figure 4A and Figure 6H-K and I'-K’)
(Additional file 1: Figure S7 and Figure S8) and found
that the mud®-knockdown cells showed abnormally en-
hanced assembly of the central spindle (Figure 6L, L', M
and M’) and abnormal orientation of the mitotic spindle
(Figure 6K and K’) (Table 3). These results strongly sug-
gest that Mud® represses central spindle assembly and
orients the spindle axis vertically but does not regulate
cell rounding.

Mud”PP is known to regulate spindle orientation dur-
ing asymmetric cell division, so we tried to determine
whether the spindle orientation-regulating function of
Mud® during binucleation is independent of that of
Mud”®P. We tried to do that by determining whether a
knockdown of Mud® affected asymmetric cell division in
the sensory organ precursor cells (SOPs) on the adult
wing margins (Figure 5C). The spindle orientation of
this asymmetric cell division is known to be regulated by
Mud”P® in a Pins- and Gai-dependent manner, and loss
of this function results in a multi-bristle phenotype on
the adult wing (Figure 5C). In fact, the knockdown of all

Mud isoforms caused abnormal spindle orientation and
the multi-bristle phenotype (arrowheads in Figure 5E
compared with D) (Table 3) [29,35,36]. The knockdown of
mud® alone, in contrast, did not induce the multi-bristle
phenotype (Figure 5F) (Table 3), although it effectively
caused spindle orientation changes during binucleation
(Figure 61 and I') (Table 3). These results suggest that even
though Mud® regulates spindle orientation during binu-
cleation, it is not involved in the spindle orientation dur-
ing asymmetric cell division of SOPs.

As shown above, Mud® seems to convert the mitotic
morphologies from the cell-division type (horizontal
spindle orientation and cytokinesis progression) to the
binucleation type (vertical spindle orientation and cyto-
kinesis skipping) (Figure 6) (Table 2 and Table 3). To
examine this hypothesis, we tested the ability of Mud®
to convert the mitotic morphologies of cells in the early
pupal accessory gland primordia, in which standard cell
division occurs. The results showed that the spindle orien-
tation changed from horizontal to vertical (Figure 8E com-
pared with Figure 2D). Furthermore, binucleate cells
appeared with some frequency (arrowhead in Figure 8F).
This effect of overexpression of mud® on cell morphologies
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Figure 8 Overexpression of mud® is sufficient for converting dividing cells into binucleating ones. (A-F) Cross-sectional views of main cells in
early pupal proliferating stage in which mud™” (A and B), mud" (C and D) or mud’ (E and F) are overexpressed. Cells in telophase (A, C and
E) or interphase (B, D and F) are shown. Cells are labeled with phalloidin (magenta), anti-a-Tub antibody (green in A, C and E), anti-LamDmg
antibody (green in B, D and F) and anti-P-H3 antibody (blue). Arrowheads in (A, C and E) indicate equatorial planes. The arrowhead in (F) indicates a
binucleate cell. Scale bar in (A), 5 um, is applicable to (A, C and E). Scale bar in (B), 5 um, is applicable to (B, D and F). (G, G, |, I', K and K’)
Wing imaginal discs in which FLAG:mud™ (G), FLAGzmud" (I) or FLAGzmud"® (K) is induced in their dorsal compartment (labeled with GFP).
Cells are labeled with phalloidin (magenta), GFP (green) and anti-FLAG antibody (blue). Gray-scale images in (G, I’ and K’) are of the blue
channels in (G, I and K). Scale bar in (G), 100 um, is applicable to (G, G', I, I, Kand K’). (H, J and L) Magnified views of (G, I and K) around
the dorso-ventral boundaries. Magenta and green channels are shown. Cells with expression of mud® were enlarged in volume (L), possibly as
a result of cytokinesis defects. (H’, )’ and L’) Cross-sectional images reconstructed by using a stack of confocal sections at cyan lines in (H, |
and L). The epithelium with expression of mud® has an abnormally folded or layered structure (arrowhead in L’). Scale bar in (H), 10 um, is

applicable to (H, H’, J, J', L and L’).

can be seen not only in the accessory gland but also in the
wing imaginal disc (Figure 8K, K’, L and L). Overexpres-
sion of mud ®" or mud", in contrast, affected neither spin-
dle orientation nor cytokinesis (Figure 8A-D, G-J and G-
J'). These results suggest that Mud® can convert mitotic
morphologies from the cell-division type to the binuclea-

tion type.

Discussion

Regulation of M-phase entry in binucleation of Drosophila
male accessory gland

We characterized the final M-phase entry that contrib-
uted to binucleation of cells in the Drosophila male
accessory gland (Figure 1D) (Additional file 1: Figure
S1). We showed that the entry into the binucleation
stage took place with a two-step cell cycle transition: cell
cycle arrest for 5 hours and subsequent synchronous
entry into the M phase (Figure 1D) (Additional file 1:
Figure S1). Thus, standard cell division and binucleation
are separated by a 5-hour interval of cell cycle arrest
(Additional file 1: Figure 1D) (Additional file 1: Figure

S1). This may indicate that standard mitosis and binu-
cleation have very different regulations of the cell cycle
and cytokinesis. In fact, although in most tissues in
Drosophila standard mitosis can occur normally without
the spindle checkpoint [37], we previously demonstrated
that the knockdown of mad?2, a spindle checkpoint com-
ponent, frequently causes a defect in chromosomal seg-
regation in accessory gland cells [16]. This is consistent
with our proposal that binucleation is regulated by a sys-
tem different from the one regulating standard mitosis.

Morphological features of mitotic cells during
binucleation

We identified three morphological features characteristic
of binucleation: the non-round shape of mitotic cells,
the apico-basal orientation of the mitotic spindle and
the poor assembly of the central spindle (Figure 2F-]
and F'-J' compared with A—E and A'-E’). The reduction
of central spindle assembly could directly repress cyto-
kinesis, but we did not find the significance of the verti-
cal orientation of the spindle or the non-round shape of
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the cell. We can explain it as follows. If most cells of the
epithelium synchronously enter the M phase with the
cell rounding phenotype, the stability of the monolayer
epithelium may be severely disrupted. In fact, we ob-
served a severe defect in epithelial stability after the
binucleation stage in a mud mutant in which the cells
were rounded during the binucleation stage (data not
shown). In addition, if the spindles in columnar cells are
horizontally oriented, they will be less stable than they
would be if they were vertically oriented because a spin-
dle is aligned more stably along a longer axis than a
shorter one [38]. Vertical orientation of the spindle and
lack of cell rounding may thus be appropriate for syn-
chronous binucleation of columnar cells, but these mor-
phological features do not directly regulate cytokinesis

skipping.

Mechanisms by which Mud regulates central spindle
assembly, spindle orientation, and cell rounding during
binucleation

We propose that Mud is a key factor in regulating
binucleation. We demonstrated that Mud functions in a
way that represses central spindle assembly, orients the
mitotic spindle along the apico-basal axis and inhibits
mitotic cell rounding during mitosis (Figure 7). We
found a clue as to how Mud represses the central spin-
dle assembly. In standard cell division, during late ana-
phase the microtubules of the central spindle are
polymerized in order to target their plus ends at the
cell equator [32,33], and we confirmed this in our ex-
periments in which the plus ends were labeled with
Pav::GFP (Figure 4K). During binucleation, in contrast,
the Pav:GFP marker did not sufficiently target the cell
equator (Figure 4L). This implies that the polymerization
of the microtubules of the central spindle is insufficient to
target them at the cell equator, and the central spindle
therefore does not develop completely. We also showed
that the Mud is needed in order to repress the growth
of microtubules. In fact, the knockdown of mud pro-
moted the growth of microtubules that targeted their
plus ends at the cell equator even in the binucleation
stage (Figure 4M and N). However, the underlying mo-
lecular mechanisms of Mud in repressing polymerization
of microtubules remain unclear. Moreover, the question
of how Mud regulates the mitotic spindle orientation
along the apico-basal axis and how it inhibits mitotic cell
rounding are also unclear. The logical next step will be to
relate the isoform of each Mud to various effector mole-
cules regulating the orientation and the rounding.

Alternative splicing of mud/NuMA produces three types
of structurally different proteins

We showed that the three types of alternative splicing
products Mud”®P, Mud" and Mud® have distinct functions
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from one another (Figure 6, Figure 5, Figure 8 and
Figure 7). It is known that the mud gene produces four iso-
forms (RH, RI, RJ and RL) that contain the Pins/LGN bind-
ing domain (PBD) and three isoforms (RF, RG and RK)
that do not contain it (Figure 5A) (Additional file 1: Figure
S7) (http://flybase.org). Moreover, the three PBD-lacking
isoforms are structurally classified into the following two
types: a longer isoform (RF) that simply skips the PBD-
encoding exons by alternative splicing, and two shorter
isoforms (RG and RK) that contain a shorter isoform-
specific exon instead of the PBD-encoding exons
(Figure 5A) (Additional file 1: Figure S7).

At least one of the PBD-containing isoforms (RL) is
functional and known to regulate the spindle orientation
in a Pins/LGN-dependent manner in asymmetric cell
division [29-31]. In contrast, although mud" and mud®
are actually transcribed [34] there is no evidence that
Mud" and Mud® are functional and have Pins/LGN-in-
dependent functions. As in the Drosophila gene mud,
splicing variants also occur in human NuMA1I, and these
variants encode a longer isoform (NuMA1-l), a shorter
isoform (NuMA1-s) and a medium isoform (NuMA1-m)
[39]. Although the functions of NuMA1-m and NuMA1-s
are unclear, NuMA1-1 has an LGN-binding domain in the
C-terminal region and determines the spindle polarity in
an LGN-dependent manner, the same as in the case of
Drosophila Mud"®P (Figure 5A) [40]. NuMAl-m and
NuMA1-s, in contrast, like Drosophila Mud"“ and Mud®
do not have an LGN-binding domain in the C-terminal
region (Figure 5A). Interestingly, we found sequence
similarities between human NuMA1-s and Drosophila
Mud® in their C-terminal domains, including the shorter
isoform-specific regions (Figure 5B). These similarities
suggest that Mud® in Drosophila functions similarly to
NuMA1-s in humans.

Isoform-dependent functions of Mud mediate various
morphological changes of binucleating cells

We showed that the functions of mud™®”, mud" and
mud® are independent during binucleation. The repres-
sion of mitotic cell rounding was a Mud"-specific func-
tion. In contrast, changing the orientation of the mitotic
spindle along the apico-basal axis was controlled by both
Mud®®P and Mud® (Figure 6 and Figure 7) (Table 2 and
Table 3). Mud™®® was previously reported to be required
for the spindle orientation during asymmetric cell div-
ision [29,35,36]. We showed, however, that Mud® is not
associated with the spindle orientation during asym-
metric cell division (Figure 5F). On the other hand, the
overexpression of mud® but not mud”® reoriented the
spindle along the apico-basal axis in dividing cells
(Figure 8A and E). These results suggest that Mud"®" and
Mud® regulate the spindle orientation independently.
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The function repressing central spindle assembly dur-
ing binucleation was also shared by Mud" and Mud®,
but we showed that Mud® contributed the most to
repressing spindle assembly. In fact, the overexpression
of mud® effectively rescued the mud* mutant phenotype,
the abnormally enhanced assembly of the central spindle
(Figure 61 and J) (Table 2). In addition, like the mud*
mutant, a mud®-specific knockdown abnormally en-
hanced central spindle assembly in the binucleation
stage (Figure 6L and M) (Table 3). Mud", in contrast,
only partially repressed the central spindle assembly dur-
ing binucleation (Figure 6F) (Table 2). Moreover, overex-
pression of mud®, but not mud", inhibited cytokinesis to
produce binucleate cells in dividing cells such as the
early pupal accessory gland cells (Figure 8D and F) and
the larval wing disc cells (Figure 8] and L). This also sug-
gests that #ud® mainly contributes to the repression of
central spindle assembly (Figure 7).

Conclusions

We described the binucleation event of the Drosophila
male accessory gland during pupal development and
analyzed the cellular mechanisms regulating this binu-
cleation. We characterized a unique cell cycle regula-
tion in the developing accessory gland: the M-phase
entry for binucleation occurred synchronously at 55
APF after a cell cycle arrest for 5 hours. We also found
that Mud, the Drosophila homolog of mammalian
NuMA, regulated various features of the binucleating
cells, such as a non-round shape, spindle orientation
along the apico-basal axis, poor assembly of the central
spindle and cytokinesis skipping. It is known that Mud
binds Pins to determine the mitotic spindle orientation
during the standard cell division or asymmetric cell div-
ision [29-31,41,42]. Interestingly, we found atypical
functions of Mud that depended on three types of spli-
cing isoforms, each differently regulating the above
various features of binucleating cells. We concluded
that Mud”®P, which is a well-known isoform having a
PBD (Figure 5A) (Additional file 1: Figure S7), oriented
the spindle along the apico-basal axis. Mud", one of the
newly characterized isoforms and simply lacking a PBD,
inhibited the mitotic cell rounding and weakly impaired
the central spindle assembly (Figure 7). Mud®, another
newly characterized isoform, containing a shorter
isoform-specific domain instead of a PBD-containing do-
main (Figure 5A) (Additional file 1: Figure S7), oriented
the spindle along the apico-basal axis and strongly im-
paired the central spindle assembly (Figure 7). Import-
antly, overexpression of Mud® induced an ectopic
binucleation even in the cell division stage, whereas over-
expression of Mud”®” or Mud" did not (Figure 8). These
results suggest that Mud® is an important regulator trig-
gering cytokinesis skipping in binucleation. Abnormal
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expression of NuMA is known to be correlated with the
production of cancer cells in mammals [43]. Our finding
of atypical functions of Mud may contribute to the under-
standing of the relationship between NuMA and tumor
progression.

Methods

Drosophila strains

Canton-S and w''*® were used as wild-type strains and
the following mutant alleles were used: a functional null
allele centrosomin'™?! [25], a strong loss-of-function al-
lele Sas-452%'* [23], and a strong loss-of-function allele
mud® [34]. Dp(1:3)DC281 is a chromosome with a dupli-
cation of the mud gene region [44]. fugd"\"***° (fug-Gal4,
Gal4 Enhancer Trap Insertion Database, http://kyotofly.
kit.jp/stocks/GETDB/getdb.html) expresses Gal4 in the
pupal accessory gland epithelial cells and larval-pupal
wing disc (data not shown). AyGal4, apterous™™*** (ap-
Gal4), and Act5C-Gal4 have been described previously
[45,46]. hs-FLP was used as the source of the FLP re-
combinase [47]. Tub-Gal80™5 was used for the TARGET
system [48]. UAS-Sterile20-like kinase, UAS-pebble and
UAS-sqh™?*P?! express the wild type of Sterile20-like
kinase [49], the wild type of pebble [50] and a constitu-
tively active forms of sqh [51]. The strains 103962 (UAS-
shotgun.IR, VDRC), mudT?! (UAS-mud. IR, Transgenic
RNAi project) [52] and VALIUM20-mCherry (UAS-
mCherry.IR, Transgenic RNAIi project at Harvard Med-
ical School) [52] express inverted repeat RNAs (which
form hairpin loop double-stranded RNAs) for shotgun,
mud, and mCherry. The strains mus209.ANhe::GFP
(PCNA-GFEP) [53], Ubi-Cyclin B:GFP [54], sqh::GFP
[55] and Septin2:GFP [56] have been described previ-
ously. polo““?'3%% (polo:GFP) is a protein trap line of
polo (FlyTrap, http://cooley.medicine.yale.edu/flytrap/
index.aspx#page2) [57].

Immunostaining and microscopic analysis

The dissected accessory glands were fixed with 4% for-
maldehyde (Wako) and stained using standard immuno-
staining protocols. For the DNA staining, the fixed
samples were pretreated with RNase (Wako, 0.025 mg/
ml) for 15 minutes at 37°C and then stained with propi-
dium iodide (Invitrogen, 1:500). Rhodamine-phalloidin
(Invitrogen, 1:40) was used to stain the filamentous actin
(F-actin). The following primary antibodies were used:
rabbit anti-phospho-histone H3 (P-H3) polyclonal anti-
body (Millipore, 1:200), mouse anti-a-tubulin (a-Tub)
monoclonal antibody (Sigma, 1:50), rat anti-a-tubulin
(a-Tub) monoclonal antibody (Millipore, 1:25), rabbit
anti-PKC{ (C-20) polyclonal antibody cross-reacting
with Drosophila aPKC (Santa Cruz, 1:200), mouse anti-
coracle (Cora) monoclonal antibody (Developmental
Studies Hybridoma Bank, 1:20), mouse anti-lamin Dm,
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(LamDmg) monoclonal antibody (Developmental Studies
Hybridoma Bank, 1:40), mouse anti-peanut (Pnut)
monoclonal antibody (Developmental Studies Hybrid-
oma Bank, 1:5) and mouse anti-FLAG M2 (FLAG)
monoclonal antibody (Sigma, 1:200). The following sec-
ondary antibodies were used: Cy3-conjugated donkey
anti-mouse IgG (Jackson ImmunoResearch, 1:200), Cy2-
conjugated donkey anti-mouse IgG (Jackson ImmunoRe-
search, 1:200), Cy5-conjugated donkey anti-mouse IgG
(Jackson ImmunoResearch, 1:200), Alexa Fluor 488-
conjugated donkey anti-rat IgG (Millipore, 1:200) and
Cy5-conjugated donkey anti-rabbit IgG (Jackson Immu-
noResearch, 1:200). Stained samples were mounted in
50% glycerol/PBS containing 0.25% n-propyl gallate
(Wako) and observed with an ECLIPSE TE2000-U with
a Digital ECLIPSE C1 and C1Si confocal system (Nikon).
Images were processed using EZ-C1 Gold Version 3.70
(Nikon), Adobe Photoshop CS3 Extended (Adobe Sys-
tems), and Adobe Illustrator CS3 (Adobe Systems).

Detection of formation of central spindle and contractile
ring

We used microtubule bundles and actin filaments as
markers for the central spindle and contractile ring, re-
spectively. In central spindle assembly, microtubule fila-
ments bundle together, forming a large structure that
crosses the cell equator. We regarded microtubule-
related structures having these features (i.e, bundling
and equator-crossing) with fewer microtubule filaments
as partially assembled central spindles. However, if the
filaments neither associated with each other nor crossed
the cell equator, we did not regard the structures as cen-
tral spindles.

The accumulation of actin filaments in the equatorial
region of the cell membrane is usually associated with
formation of a cleavage furrow, and we considered a
contractile ring to have partially formed if either of these
two features was observed.

Temporal expression of genes using the TARGET system
The TARGET system [48] was used for the temporal ex-
pression of genes in the pupal accessory gland epithe-
lium. To restrict the expression of the target genes by
activation of Gal80™®, flies were reared at a permissive
temperature (19°C). To permit moderate expression of
the target genes by weak activation of Gal80™, flies were
reared at a semi-permissive temperature (26°C).

To fully express Sterile20-like kinase, pebble and
sqh”?*P?! in the accessory gland primordia just before
binucleation (Figure 2K-O) (Table 1), pupae reared at
19°C for 110 hours after puparium formation (APF) were
incubated at 29°C for 5 hours (genotypes: w/Y;
Tub-Gal80™|UAS-Sterile20-like kinase; fug-Gald/+, w/Y:
Tub-Gal80™ |UAS-shotgun.IR; fug-Gald/+, w/Y; Tub-
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Gal80™S/UAS-pebble; fug-Gald/+, w/Y: Tub-Gal80™/
UAS-sqh™?*P?!; fug-Gal4/+). To knockdown shotgun by
expressing shorgun.IR in the accessory gland primordia
just before binucleation (Additional file 1: Figure S4A
and B) (Table 1), pupae reared at 19°C for 80 hours APF
were incubated at 29°C for 20 hours (genotypes: w/Y;
Tub-Gal80™|UAS-shotgun.IR; fug-Gal4/+). To moder-
ately express mud”® in the accessory gland primordia just
before binucleation (Figure 6D—@G), pupae reared at 19°C
for 110 hours APF were incubated at 26°C for 5 hours
(genotype: mud®|Y; Tub-Gal80™5|+; fug-Gald/UAS-
FLAG:mud®). To express mud”®", mud" and mud® in
the accessory gland primordia in the cell-division stage
(Figure 5G-J), pupae reared at 19°C for 40 hours APF
were incubated at 29°C for 5 hours (genotypes: w/Y;
Tub-Gal80™|+;  fug-Gald/UAS-FLAG:mud™®", w/Y;
Tub-Gal80™/+; fnug-Gal4/UAS-FLAG::mud", w/Y; Tub-
Gal80™5/+; fug-Gald/UAS-FLAG:mud®). Pupae were
dissected immediately after the target gene inductions
described above.

Construction of plasmids
pP-Acp70A-Stinger:

The upstream enhancer of Acp70A (-477 to -34) was
amplified from the genome DNA of Canton-S with a
PCR (primer set #1 in Additional file 2: TableS2) and
subcloned into T vector pMD20 (TaKaRa) by using TA
cloning. The fragment for the Acp70A enhancer was
digested with Bg/Il and Notl and subcloned into pH-
Stinger (Drosophila Genomics Resource Center (DGRC))
to construct pP-Acp70A-Stinger.

pLMS—FLAG::mudP BD_q1tB (see Additional file 1: Figure S7,
Figure S8 and Additional file 2: Table S1):

The genomic fragment encompassing three subiso-
forms of mud”BP (mud-RH, mud-RI, and mud-RL in
Additional file 1: Figure S7) (from just after the start
codon to the stop codon) was amplified with a PCR (pri-
mer set #2 in Additional file 2: Table S2) from the BAC
clone CH322-147E14 (P[acman] Resources) [58] and
subcloned into T vector pMD20 (TaKaRa) by using TA
cloning. The forward primer also included the Kozak se-
quence, start codon and FLAG tag sequence. The sev-
enth intron (eighth intron in the case of mud-RJ), which
included the muds—speciﬁc exon, was removed from
the fragment with an inverse PCR (primer set #3 in
Additional file 2: Table S2) and ligated to generate a
FLAG-tagged protein-coding region including mud-RH,
mud-RI and mud-RL. This fragment was digested with
Notl and Kpnl and subcloned into pUASattB (FlyC31,
http://www.flyc31.org/) [59] to generate pUAS-FLAG::
mud”PP-attB.

PUAS-FLAG:mud"-attB (see Additional file 1: Figure S7,
Figure S8 and Additional file 2: Table S1):
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The genomic fragment encompassing a mud” (mud-
RF in Additional file 1: Figure S7) (from just after the
start codon to the stop codon) was amplified with PCR
(primer set #2 in Additional file 2: Table S2) from the
BAC clone CH322-147E14 (P[acman] Resources) [58]
and subcloned into T vector pMD20 (TaKaRa) by using
TA cloning. The forward primer also included the Kozak
sequence, start codon and FLAG tag sequence. The seventh
intron, which included the PBD-encoding exons and mud®-
specific exon, was removed from the fragment with an in-
verse PCR (primer set #4 in Additional file 2: Table S2) and
ligated to generate a FLAG-tagged Mud-RF-coding frag-
ment. This fragment was digested with NotI and Kpnl and
subcloned into pUASattB (FlyC31, http://www.flyc31.org/)
[59] to generate pUAS-FLAG::mud"-attB.

pUAS-FLAG:mud®-attB (see Additional file 1: Figure S7,
Figure S8 and Additional file 2: Table S2):

The genomic fragment encompassing two subisoforms of
mud® (mud-RG and mud-RK in Additional file 1: Figure S7)
(from just after the start codon to the stop codon) was
amplified with a PCR (primer set #5 in Additional files 2:
Table S2) from the BAC clone CH322-147E14 (P[acman]
Resources) [58] and subcloned into T vector pMD20
(TaKaRa) by using TA cloning. The forward primer also
included the Kozak sequence, start codon and FLAG tag
sequence. The FLAG-tagged fragment, which included
both mud-RG and mud-RK, was digested with NotI and
Kpnl and subcloned into pUASattB (FlyC31, http://www.
flyc31.0org/) [59] to generate plUAS-FLAG:mud*-attB.

pUAS-mud®.IR-attB (see Additional file 1: Figure S7,
Figure S8 and Additional file 2: Table S2):

The genomic fragment including the mud®-specific
exon and upstream intron with a splice donor and ac-
ceptor (Additional file 1: Figure S7) was amplified with a
PCR (primer set #6 in Additional file 2: Table S2) from
the genome DNA of Canton-S and subcloned into T
vector pMD20 (TaKaRa) by using TA cloning (#1). The
mud®-specific exon without the upstream intron was
also amplified with a PCR (primer set #7 in Additional
file 2: Table S2) from the genome DNA of Canton-S and
subcloned into T vector pMD20 (TaKaRa) by using TA
cloning (#2). The plasmid #1 was digested with NotI and
Xhol, and the plasmid #2 was digested with EcoRI and
Notl. Both of the digested fragments were combined in a
single plasmid pUASattB (FlyC31, http://www.flyc31.
org/) [59] to generate pUAS-mud® IR.

Generation of transgenic fly lines

The pP-Acp70A-Stinger vector was injected into y, w fly
lines with standard protocols to generate transgenic
lines. The pUAS-FLAG:mud™®P-attB, plUAS-FLAG:
mud"“-attB, pUAS-FLAG::mud’-attB and pUAS-mud°.IR-
attB vectors were injected into y', M{vas-int.Dm}ZH-2A,
w¥; M{3xP3-RFP.attP}ZH-86Fb or yj, M{vas-int.Dm}ZH-
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2A, w¥ M{3xP3-RFP.attP}ZH-51C with ®C31-mediated
site-specific integration to generate transgenic lines.

RT-PCR to verify the expression of UAS-mud isoforms
Total RNA was extracted from third-instar larvae of
the following four genotypes: w/Y; hs-Gal4/UAS-
FLAG:mud™", wiY; hs-Gal4/UAS-FLAG:mud", wiY;
hs-Gal4/UAS-FLAG:mud®, and w/Y;; hs-Gald/+ (nega-
tive control). Before the extraction of RNA, larvae were
heat-shocked twice at 37°C for 45 minutes and subse-
quently incubated at 25°C for 2 hours to reach the high
level expression of UAS targeted genes. The cDNA of
each genotype was synthesized using the oligo-dT pri-
mer with PrimeScript RT-PCR kit (TaKaRa). Two pri-
mer sets (#8 and #9 listed in Additional file 2: Table S2
of the supplementary material) that specifically amplify
FLAG:mud transgenes but not endogenous mud genes
(Additional file 1: Figure S8) were used for the PCR.

Semi-quantitative RT-PCR to verify isoform-specific
knockdown by UAS-mud®.IR

Total RNA was extracted from third-instar larvae of the
following two genotypes: w/Y; Act5C-Gald/UAS-mCherry.
IR (control) and w/Y; ActSC-Gal4/+; +/UAS-mud®.IR
(knockdown for mud®). The cDNA of each genotype was
synthesized using the oligo-dT primer with PrimeScript
RT-PCR kit (TaKaRa). Expressions of genes were normal-
ized by using Rpl32 as a reference gene. The three sets of
primers #10, #11 and #12 listed in Additional file 2:
Table S2 of the supplementary material (Additional file
1: Figure S7) were used for the PCR.

Animal ethics

All animals used in above genetic experiments were
anesthetized with carbon dioxide before each mating. All
procedures complied with guidelines of the Animal Ethics
Committee of Gakushuin University.

Additional files

Additional file 1: Figures S1, S2, S3, S4, S5, S6, S7 and S8 are
included.

Additional file 2: Tables S1 and S2 are included.
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Adult intestinal tissues, exposed to the external environment, play important roles including barrier and
nutrient-absorption functions. These functions are ensured by adequately controlled rapid-cell meta-
bolism. GATA transcription factors play essential roles in the development and maintenance of adult
intestinal tissues both in vertebrates and invertebrates. We investigated the roles of GATAe, the Droso-
phila intestinal GATA factor, in adult midgut homeostasis with its first-generated knock-out mutant as
well as cell type-specific RNAi and overexpression experiments. Our results indicate that GATAe is es-

I(eyword;: sential for proliferation and maintenance of intestinal stem cells (ISCs). Also, GATAe is involved in the
Zgosl‘t’ph’_’g . differentiation of enterocyte (EC) and enteroendocrine (ee) cells in both Notch (N)-dependent and -in-
ult midgu

dependent manner. The results also indicate that GATAe has pivotal roles in maintaining normal epi-
thelial homeostasis of the Drosophila adult midgut through interaction of N signaling. Since recent re-
ports showed that mammalian GATA-6 regulates normal and cancer stem cells in the adult intestinal
tract, our data also provide information on the evolutionally conserved roles of GATA factors in stem-cell

Intestinal stem cell
GATA transcription factor
GATAe

regulation.

© 2015 Published by Elsevier Inc.

1. Introduction

The adult gastrointestinal tract is continually exposed to exo-
genous stress and damage. Under this condition, gastrointestinal
tissues have barrier, digestive, and absorptive functions, which are
supported by a high cellular metabolic rate. Therefore, intestinal
stem cell (ISC) maintenance is important for preserving intestinal
physiological functions to constantly provide mature gastro-
intestinal epithelial cells including enterocytes (ECs) and en-
teroendocrine cells (ees) throughout an organism's life. Also, this
mechanism has been reported to be conserved among mammals
and Drosophila (Crosnier et al., 2006; Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006; Simons and Clevers, 2011; Weissman,
2000). Between both animals, similar genetic regulation of ISCs
including their proliferation and differentiation has also been re-
ported (Jiang and Edgar, 2012; Takashima and Hartenstein, 2012).

GATA transcription factors are evolutionarily conserved and play
important roles in cell proliferation, differentiation, and survival of
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multiple developing and adult tissues/organs (Ayanbule et al,, 2011;
Molkentin, 2000; Murakami et al., 2005). Those in hematopoiesis and
developing heart and endodermal tissues have been extensively stu-
died and in various multicellular organisms (Ayanbule et al., 2011). In
vertebrates, GATA-4, GATA-5, and GATA-6 of the six GATA factors show
distinct expression patterns in adult gastrointestinal tissues (Fang
et al, 2006). GATA-4 and GATA-5 tend to be highly expressed in
proximal tracts, such as the stomach, jejunum and/or ileum, while
GATA-6 is expressed throughout the gastrointestinal tract in mice and
humans (Fang et al., 2006; Haveri et al., 2008). Consistently, GATA-4 is
essential for region-specific identities (Bosse et al., 2006) and show
lineage-specific expression. Briefly, GATA-4 shows high- and low-level
expression in EC/proliferating crypt and Paneth cells, respectively
(Bosse et al., 2006; Dusing and Wiginton, 2005). With regard to GATA-
5, it is expressed in secretory lineages such as ee, Paneth, and goblet
cells (Dusing and Wiginton, 2005). On the other hand, GATA-6 is
mainly expressed in mature ee and immature proliferating cells in the
crypt (Dusing and Wiginton, 2005). Accordingly, each of these GATA
members are at least in part involved in the proliferation or differ-
entiation of immature cells in the intestinal crypt, and gene expression
in differentiated cells (Beuling et al., 2012; Beuling et al., 2011; Bosse
et al., 2006; Divine et al., 2004; Haveri et al., 2008). Furthermore, GATA
factors are involved in gastrointestinal diseases, including cancer, with
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interaction of signal transduction such as Wnt and BMP signaling (Lin
et al,, 2012; Tsuji et al,, 2014; Whissell et al., 2014; Zheng and Blobel,
2010). However, in invertebrates including the Drosophila, few studies
of GATA factors have been reported regarding the maintenance of the
adult digestive tract. Therefore, essential evolutionally conserved fea-
tures in GATA functions in gut maintenance have remained elusive.

In Drosophila, five GATA transcription factor genes, pannier (pnr,
also known as GATAa), serpent (srp, also known as GATAD), grain (grn,
also known as GATAc), GATAd, and GATAe, are known (Abel et al.,
1993; Lin et al, 1995; Okumura et al., 2005; Ramain et al.,, 1993;
Rehorn et al., 1996; Winick et al., 1993). Of them, srp, grn, GATAd, and
GATAe are expressed in embryonic, larval, and/or adult midguts, a
counterpart of the mammalian small intestine, whose epithelium is
derived from the endoderm (Murakami et al., 2005; Okumura et al.,
2005; Senger et al., 2006). The srp and GATAe are required for spe-
cification and differentiation of the endoderm forming larval midgut
epithelium (Okumura et al., 2005; Rehorn et al., 1996; Reuter, 1994).
In addition, srp expression in the endoderm disappears at embryonic
stages, while GATAe continues to be expressed from embryonic to
adult stages (Okumura et al., 2005). In adult midgut homeostasis,
GATAe has recently been reported to be required for maintenance of
the EC morphological structure, digestive function, and intestinal
gene expression (Buchon et al,, 2013). On the other hand, the func-
tion of grn and GATAd in the midgut has remained unknown.

In this study, to determine whether GATA factors are involved
in regulation of Drosophila adult midgut homeostasis, we con-
ducted RNAI treatment for the five Drosophila GATA factor genes in
ISCs and their daughter cells enteroblasts (EBs). We found that
GATAe RNAI only induced some defective phenotypes including a
decrease in ISCs/EBs. We also confirmed similar defects with the
first-generated knock-out mutant of GATAe. Furthermore, GATAe-
knocked out cells indicated the possibility that GATAe is essential
for EC and ee differentiation in an N-dependent and independent
manner. Based on observations of the new GATAe knock-out mu-
tation, we found that GATAe is required for normal adult midgut
development. Combined with previous reports, our results in-
dicate that GATAe contributes to the development and main-
tenance of Drosophila midgut epithelia throughout life.

2. Materials and methods

2.1. Fly stocks

Canton-S and w'"® were used as wild-type strains. The following
RNAI lines obtained from the Vienna Drosophila RNAi Center (VDRC)
were used for knock-down of GATA family genes and N; pnr
(#101522), srp (#112327), grn (#105192), GATAd (#50364), GATAe
(#10420), and N (#100002). We also obtained the other GATAe RNAi
lines (#33748 and #34641) from the Bloomington Drosophila Stock
Center (BDSC). The Df(3R)sbd45 is a deficiency line uncovering the
GATAe locus. The reporter lines for the Delta (DI) transcription,
N-signaling activity, JAK-STAT-signaling activity, and c-Jun N-terminal
kinase (JNK)-signaling activity were DI°™! (DI-lacZ), Gbe+Su(H)m$-
lacZ, 10 x STAT92E-GFP, and puct® (puc-lacZ), respectively (Bach et al.,
2007; Biteau et al., 2008; Furriols and Bray, 2001; Martin-Blanco
et al,, 1998). The GAL4 lines used were NP6267 (esg-GAL4) (Hayashi
et al, 2002) and Ay-GAL4 (Ito et al., 1997). The following upstream
activating sequence (UAS) strains were used: UAS-FLAG::GATAe pro-
ducing a functional tagged form of the GATAe protein (gift from
Murakami), UAS-GATAe::V5-6 x His producing a functional fusion
protein tagged with V5 epitope and 6 x His and its effect is weaker
than FLAG::GATAe (personal communication) (gift from Murakami),
UAS-N'P (Go et al., 1998), UAS-p35 (BDSC), UAS-DIAP-myc (gift from
Hay) (Umemori et al., 2007), and UAS-rpr (DGRC #108447). The fol-
lowing UAS lines were also obtained from BDSC; UAS-Apoliner

(Bardet et al., 2008) and UAS-GFP’%°T, The hs-FLP provided FLP re-
combinase under heat-shocked temperature, tub-GAL80" ubiqui-
tously overexpressing the temperature-sensitive GALS80 protein
(McGuire et al., 2003), and FRT82B, FRT82B,tub-GAL80, FRT19A, and
tub-GAL80,hs-FLPw* FRT19A used for mosaic analysis with repressible
cell marker (MARCM), were also obtained from BDSC.

Flies were cultured in standard medium at appropriate tem-
perature and females were used in all experiments in this study.

2.2. Generation of GATAe knock-out fly

Knock-out of the GATAe locus was conducted by ends-out gene
targeting, as previously reported (Rong and Golic, 2000). To construct
the pW25-GATAe-KO vector, the 5 and 3" homologous fragments were
amplified by polymerase chain reaction (PCR) from w''® genomic
DNA with the following primers; 5-CACCGCGGCCGCATGGTCTG-
CAAAACTATCTCAC-3’, 5'-CACCGGTACCTGCGTTGTCTGCTGTTCCAT-3',
5'-CACCGGCGCGCCGGCGCTCCAAGTTTAC-3', and 5'-CACCCGTACGCT-
GCAAGTGCATTAGTGTG-3', then the amplified fragments were sub-
cloned into the Notl-Acc651 and Ascl-BsiWI sites of the pW25 vector
(Drosophila Genomics Resource Center). The transgenic donor lines
transformed with the pW25-GATAe-KO construct were generated by
BestGene Inc. Male donor flies were crossed with w;;hsp70-FLP, hsp70-
I-Scel females and the progeny were heat-shocked at 37 °C for an hour
three times at day 2 and 3 after egg laying. The F1 females with mosaic
or white eyes were collected and crossed with w;hsp70-FLP males, and
F2 males and females with red eyes were screened and five lines, in
which the pW25-GATAe-KO construct was replaced with GATAe
genomic locus, were obtained. The replacement was investigated by
genomic PCR with the following primers; 5R 5-GAATTGAATT-
GACGCTCCGT-3, 3R 5'-GTCCGGTTGTTTTCGTGCTC3', 1 5'-GGTGTGGG-
TAGCTAATTGG-3', 2 5-GATCGTGATCATGATACGAC-3', 3 5-TCGCAGG-
GAGTCAACCTGA-3', 4 5'-AGCAGCTTCAACTGCTGG-3/, and 5 5'-ATT-
GACTCTGTGGCGTTGAT-3'. The resulting deletion covered almost all
the coding region of GATAe, as shown in Fig. 2A, and this line was used
as a loss of the function allele of GATAe (termed GATAe') in this study.

To select the 1st instar larvae of GATAe! homozygotes, the green
balancer TM3,twi-GAL4,UAS-2 x GFP was used.

2.3. Immunostaining and in situ hybridization

Larval, pupal, and adult midguts dissected at appropriate stages
were fixed with 4% paraformaldehyde. After being washed with
phosphate buffered saline (PBS) containing TritonX-100 (PBT), im-
munostaining was done with the following primary antibodies; rat
anit-GFP (Nacalai Tesque, 1:200), chick anti-p-galactosidase (f-gal)
(abcam, 1;200), rabbit anti-phospho histone H3 (pH3) (Upstate Biotech,
1:200), mouse anti-Prospero (Pros) (DSHB, 1:100), mouse anti-Arma-
dillo (Arm) (DSHB, 1:50), mouse anti-Delta (DI) (DSHB, 1:50), mouse
anti-dual-phosphorylated ERK (dpERK) (Sigma-Aldrich, 1:200), and
rabbit anti-Pdm1 (provided by Xiaohang, 1:200). Secondary antibodies
used were Cy3- and DyLight649-conjugated anti-mouse IgG (Jackson
ImmunoResearch, 1:200), Alexa Fluor® 488-conjugated anti-rat IgG
(Jackson Immuno Research, 1:200), Alexa Fluor® 555-conjugated and
DyLight649-conjugated anti-rabbit IgG (Jackson ImmunoResearch,
1:200), and DyLight649-conjugated anti-chick IgY (Jackson Im-
munoResearch, 1:200). Rhodamine-conjugated and Alexa Fluor® 647-
conjugated phalloidin (Molecular Probe, 1:100) were used to stain fi-
lamentous actin (F-actin). Nuclei were stained with DAPI (SIGMA).

For in situ hybridization, the adult midgut fixed with 4% par-
aformaldehyde was washed with PBS containing 0.1% Tween 20.
After they were treated with 10 pg/ml proteinase K and refixed
with 4% paraformaldehyde, hybridization with digoxygenin-la-
beled RNA probes was done at 60 °C overnight. After washing, they
were treated with a 0.1% blocking regent (Roche) and reacted with
an anti-Digoxygenin antibody labeled with alkaline-phosphatase
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Fig. 1. GATAe RNAI in ISC/EBs caused a decrease of their cell number and morphological defects. (A-G) Frequency and morphology of the esg-positive cells in the esgGFP* (A, D, and
F) and esgGFP* > GATAe® (B, E, and G) PMG. Green is esg-positive cells. Magenta in A and B, D and E, and F and G were stained with anti-Arm antibody, anti-Arm and anti-Pros
antibodies, and phalloidin, respectively. Insets in F and G are magnifications. (C) Frequency of esg-positive cells in FOV of esgGFP* (24.04 + 1.23 at 2 days old, 30.35 + 0.77 at 7 days
old, and 26.33 + 0.39 at 14 days old) and esgGFP* > GATAe'® (23.93 + 1.73 at 2 days old, 22.17 + 1.64 at 7 days old, and 18.16 + 1.06 14 days old) midguts. The esg-positive cells in FOV
of 5 or 6 midguts were counted. Error bars indicate standard error of means (S.EM). P-values were calculated using Student's t test. (H and I) PMG of esgGFP* > N'® (H) and
esgGFP* > GATAe™® + NI® (I). Green and magenta are esg-positive and Pros-positive cells. (J-L) GATAe mRNA in the PMG of wild-type (J and K) and esgGFP* > N'® (L) was detected with
antisense (J and L) but not sense (K) probes (magenta). Green indicates Pros- (J, J”, K’ and K”) and esg-positive (L' and L") cells. Blue and white indicate nuclei stained with DAPL
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Fig. 2. Novel knock-out mutation of GATAe (GATAe') inhibited normal epithelial regeneration. (A) Replacement of GATAe locus induced by targeted homologous
recombination. Green arrows indicate primers used in confirming the replacement. The results of genomic PCR with several pairs of primers showed precise re-
placement. (B-K) MARCM clones of control (B-E), GATAe! (F-I), and GATAe! expressing FLAG::GATAe (] and K) in the PMGs at 4 (B, F, and ]), 7 (C, G, and K), 11 (D and H),
and 14 (E and I) days after clone induction (ACI). Insets are magnification of the boxes. The MARCM clones and nuclei were marked with GFP (green) and stained with
DAPI (blue). (L) Graph showing average cell number in each genotype of MARCM clones at 4 and 7 days ACI. Average cell numbers are 4.78 +0.78 (day 4) and
5.71 + 0.57 (day 7) in control clones, 1.67 + 0.07 (day 4) and 1.70 + 0.08 (day 7) in GATAe’ clones, 1.86 + 0.20 (day 4) and 2.39 + 0.14 (day 7) in GATAe' expressing FLAG::
GATAe clones, and 1.92 + 0.09 (day 4) and 2.05 + 0.11 (day 7) in GATAe! expressing p35 clones. Error bars indicate S.E.M. P-values were calculated using Student's t test.
The number of counted clones is in parentheses.

(Roche, 1:7000). Then, the anti-Digoxygenin antibody was de- The stained adult midgut was mounted in 80% glycerol and
tected using FastRed (Roche). The cDNAs of GATAe and int-v were analyzed with Nikon Digital Eclipse C1 and C1Si confocal micro-
used as templates for antisense and sense RNA probes prepared scopes (Nikon). The images were processed with EZ-C1 3.90 Free
using a DIG RNA labeling kit (Roche). Viewer (Nikon).
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Fig. 3. GATAe! disrupted ISC proliferation and maintenance. (A-E) MARCM clones of control (A and C), GATAe! (B and D), and GATAe! expressing FLAG::GATAe (E) immnostained
with anti-pH3 (magenta in A and B) and anti-DI (magenta in C-E) antibodies. A’, B’, C-C”, D’-D™, and E’-E™ are magnifications of the boxes in A, B, C, D, and E, respectively. The
yellow dotted lines indicate the outline of the MARCM clones. The yellow arrows in A and B indicate mitotic (pH3-positive) cells. The magenta arrows in C-E indicate examples
of DI-positive cells. The MARCM clones and nuclei in A-E were marked with GFP (green) and stained with DAPI (blue). (F) Frequency of MARCM clones containing DI-positive
cells in each genotype at 7 days ACI. The number of counted clones is in parentheses. (G) Clone size and ratio of clones containing no, one, and two DI-positive cells at 7 days ACL
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2.4. TUNEL assay

The dissected adult midguts were fixed with 4% paraformalde-
hyde in PBS and cell death was detected with the Apoptag kit
(Millipore Corporation, Billerica, MA, USA).

2.5. Temperature shift assay

In the RNAi and overexpression experiments with the TARGET
system (McGuire et al., 2003), adult flies carrying tub-GAL80" com-
bined with esg-GAL4 were raised at a permissive temperature (18 °C).
One-day-old flies were placed and cultured at a non-permissive
temperature (29 °C) until dissection at the appropriate day old. In
GATAe knock-down experiments by RNAi during larval and pupa
stages, the given genotypes of the 1st larvae or white pupa raised at
18 °C were placed and cultured at 29 °C to the adult stages. Each
genotype used in this assay is described in the Figure legends.

2.6. Mosaic analysis

To generate MARCM clones (Lee and Luo, 1999), given genotypes
flies were raised and cultured at 25°C until 7 days old, heat-
shocked at 37 °C for 2 h 4 times, and additionally cultured for an
appropriate number of days. The MARCM and twin-spot clones
were also induced at the 3 rd instar larval stages and examined at
the adult stages.

When the GATAe RNAI experiment with Ay-GAL4 (Ito et al., 1997;
Struhl and Basler, 1993) was conducted, adult flies were raised and
cultured at 18 °C until 7 days old, heat-shocked at 37 °C for 20 min,
and cultured at 25 °C for an appropriate number of days.

2.7. Quantification and statistical analysis

To examine the frequency of esg-positive cells in the GATAe RNAi
experiment (Fig. 1C), the images of the posterior midgut of control
(w;esg-GAL4,UAS-GFPS%°T| + :tub-GAL80"/+) and GATAe RNAi (w;
esg-GAL4,UAS-GFPS®*T|UAS-GATAe RNAi; tub-GAL80™/+ ) flies stained
with anti-GFP and anti-Pros antibodies were obtained using a
confocal microscope. Then the total numbers of cells and esg-po-
sitive cells in the field of view (FOV) were manually counted in the
posterior midgut using EZ-C1 3.90 Free Viewer (Nikon). Examples of
FOV (636.5 pm x 636.5 pm) images are shown in Fig.1A and B.

To count the cell number per clone of controls (hs-flp/+ ;Act5C-
GAL4,UAS-GFPS>T| 4 :FRT82B,tub-GALS0/FRT82B), GATAe' (hs-flp/+;
Act5C-GAL4,UAS-GFPS%°T| + ;FRTS82B, tub-GALSO/FRTS2B,GATAe'),
GATAe' + UAS-FLAG::GATAe (hs-flp|+ ;Act5C-GAL4,UAS-GFP*®T|UAS-
FLAG::GATAe;FRTS2B,tub-GAL8O/FRTS2B,GATAe'), ~and  GATAe’
+UAS-p35 (hs-flp]+ ;Act5C-GAL4,UAS-GFPS®°T|UAS-p35; FRT82B, tub-
GAL80|FRT82B,GATAe') generated in the posterior midgut with
MARCM, we stained the adult midguts with DAPI and anti-GFP
antibody, obtained images with the confocal microscope, and
counted the cells in each MARCM clone (Fig. 2L and Fig. 4D). The
frequencies of DI-, Pdm1- and Pros-positive cells in each genotype
clone were also counted after staining with anti-DI, anti-Pdm1,
and anti-Pros antibodies (Fig. 3F, and G, Fig. 6I, and ] and Sup-
plemental Fig. 4B).

In FLAG::GATAe and GATAe::V5-6 x His overexpression with MARCM,
the frequency of each clone size was counted (Supplemental Fig. 3E).
The genotypes used were hs-flp/+ ; Act5C-GAL4,UAS-GFP***T/UAS-FLAG::
GATAe;  FRTS82B,tub-GALSO|FRT82B,GATAe! and  tub-GAL80,hs-FLEW',
FRT19A/FRT19A; Act5C-GAL4,UAS-GFP*®T/ 1 ; GATAe::V5-6 x His[+.

The P-values were calculated using student's t-test as needed.

3. Results
3.1. GATAe-RNAi in ISCs/EBs affects midgut epithelial renewal

To determine whether the Drosophila GATA factors were involved
in ISC regulation, we expressed each UAS-RNAi-construct against the
five GATA factor genes, pnr, srp, g, GATAd, and GATAe. The escargot
(esg)-GAL4 driver under the control of GAL8O®, a temperature-sen-
sitive GAL80, combined with UAS-GFP (esgGFP %) specifically induced
strong expression of the above constructs in both ISCs and EBs at the
permissive temperature of 29 °C but not at the non-permissive
temperature of 19 °C (Fig. 1A) (Micchelli and Perrimon, 2006). Of the
five GATA factor genes, we found that GATAe RNAi (GATAe'®) caused a
frequent decrease in esg-positive cells in the posterior midgut (PMG)
when the flies were cultured at 29 °C for 7 days and 14 days but not
for 2 days after eclosion (Fig. 1B and C). We also observed morpho-
logical and positional defects of esg-positive cells. The normal ISCs/
EBs showed a pyramidal morphology and was located in an epithelial
niche adjacent to the basement membrane (Fig. 1D and F). On the
other hand, GATAe'R-expressed ISCs/EBs showed a slightly larger,
spherical morphology and detachment from the basal region (Fig. 1E
and G compared with D and F). Similar defects were observed with
the other RNAI constructs (#34641 and #33746) that direct against
the different regions of GATAe mRNA (Supplemental Fig. 1A and B).
Also, the morphological defects were not suppressed even by co-
overexpression of the anti-apoptotic factors, p35 and Diap1 (Sup-
plemental Fig. 1C and D).

In addition, GATAe'R driven with esgGFP® resulted in a thin midgut
tube (Fig. 1B and G compared with 1 A and F). This atrophy probably
suggests that GATAe'® induces an insufficient epithelial renewal. In-
deed, GATAe™R inhibited normal growth of the MARCM clones (Sup-
plemental Fig. 1E-]J) when compared with pnrR, srp’® grn® and
GATAd. GATAe® also inhibited ISC- and ee-like tumor formation
induced by N RNAi (N'?) with esgGFP , (Fig. 1H and I) (Micchelli and
Perrimon, 2006). Thus, GATAe-knock-down in ISCs/EBs affected
continuous epithelial renewal of the Drosophila adult midgut.

3.2. GATAe is expressed in all types of adult midgut epithelial cells

GATAe transcripts were previously detected from the adult
midgut by RT-PCR and microarray analysis (Buchon et al., 2013;
Okumura et al., 2005). To further examine which epithelial cell
types express GATAe in the adult midgut, we conducted in situ
hybridization for GATAe mRNA. With its antisense but not sense
probe, GATAe mRNA was detectable at similar levels in all types of
epithelial cells; ISC/EB (diploid cells), ee (Pros-positive cells) and
EC (polyploid cells) (Fig. 1J-K”). Also, GATAe was expressed in ISC-
and ee-like tumors induced by N'® (Fig. 1L-L"). This was consistent
with the tumor suppression induced by GATAe'R (Fig. 11). The GA-
TAe expression implied that it plays important roles in all types of
adult midgut epithelial cells.

3.3. Generation of novel GATAe knock-out mutant

Previously, GATAe functions in developmental and adult mid-
guts were studied through RNAi experiments (Buchon et al., 2013;
Okumura et al,, 2005). In this study, to more directly evaluate
GATAe roles, we generated a knock-out mutant of GATAe (GATAe')
by using a homologous recombination-based gene targeting
technique (Fig. 2A) (Rong and Golic, 2000). Most of the coding
region of GATAe was replaced with the w™* gene in GATAe’, which
was verified by genomic PCR with primers corresponding to the
GATAe locus and the knock-out construct pW25 (Fig. 2A). All in-
dividuals of GATAe! homozygotes were died at the embryonic or
the 1st instar larval stages with morphological and digestive de-
fects in the midgut (Supplemental Fig. 6A-D). The Df(3 R)sbd45, a
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Fig. 4. GATAe depletion in ISC/EB-like small cells did not predominantly undergo cell death. (A) GATAe' MARCM clone labeled with GFP (green) at 7 days ACI. TUNEL staining
(magenta in A and A’) was rarely detected in the GATAe' clones (arrows in A and A’). A’ is the single channel of TUNEL staining. (B) Adult PMG treated by rpr overexpression
with esgGFP* for 1 day. Almost all esg-positive cells (green) disappeared. (C) Adult PMG expressing Apoliner and GATAe'® that were induced by esgGFP® for 21days. GFP (green
in C and C') and RFP (C and C”) both were tethered to plasma membrane, indicating that the caspase pathway was not activated. C’ and C” are single channels of GFP (green)
and RFP (magenta) in the box of C, respectively. (D) Graph showing proportion of GATAe' clone size at 4, 7, 11, and 14 days ACI. (E) Requirement of GATAe in ISC maintenance

including its proliferation, DI expression, diploid state, and survival.

deficiency line uncovering the GATAe locus failed to complement
the lethality of GATAe' (data not shown), suggesting that GATAe is
essential for survival.

3.4. GATAe is required for ISCs proliferation

Next, we generated GATAe' homozygous clones in the adult
PMG with MARCM (Lee and Luo, 1999). Control clones showed
normal growth at days 4, 7, 11, and 14 after clone induction (ACI)
(Fig. 2B-E and L). In contrast, GATAe' clone growth was inhibited
under the same condition (Fig. 2F-I and L) and the clones largely
stayed at the basal region (Fig. 6D and Supplemental Fig. 2I). In
addition, at day 7 but not day 4 ACI, the GATA! clone growth in-
hibition was slightly rescued by FLAG::GATAe overexpression
(Fig. 2J-L). This slightness was probably due to the dominant effect

of GATAe overexpression that affected ISC maintenance, as de-
scribed in the discussion (Supplemental Fig. 3). Combined with the
above results (Fig. 1 and Supplemental Fig. 1), we concluded that
GATAe is required for epithelial renewal in the midgut.

We next investigated whether GATAe is required for ISC pro-
liferation. To examine this, we confirmed the appearance of mi-
totic ISCs in GATAe' clones with anti-phospho-Histone H3 (pH3)
antibody. The result was that any mitotic ISCs were not observed
in GATAe! clones at day 7 ACI (Fig. 3A and B). Similarly, the pH3-
positive cells also disappeared in the GATAe RNAi-treated midgut
with esgGFP® (Supplemental Fig. 1K and L). These results suggest
that GATAe is required for ISC proliferation.

Numerous signal transductions have been reported to be in-
volved in promoting ISC proliferation. We asked whether the two
major signaling pathways to induce ISC proliferation, Janus kinase/
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Fig. 5. GATAe' suppressed EC and ee differentiation. (A-H) MARCM clone cells of control (A and B), GATAe' (C and D), GATAe' expressing FLAG::GATAe (E and F), and GATAe’
expressing p35 in the PMG at day 7 ACL. The Pdm1 (magenta in A, C, E and G) and Pros (yellow in A’, C, E’ and G’) expressions were detected with their antibodies. The cross
sections of each MARCM clone in B, D F, and H were stained with phalloidin (magenta). Insets are magnifications of the boxes. White and yellow arrows indicate Pdm1- and
Pros-positive cells in the clones. Magenta arrows indicate brush border (bb). MARCM clones were marked with GFP (green) and their outlines in the insets are indicated by
dotted lines. Yellow numerals in A™, C”, E” and G™ indicate cell numbers in the GFP-positive clone(s) in insets. Nuclei were stained with DAPI (blue and white). (I and J)
Graphs showing frequency of Pdm1- (I) and Pros- (J) positive cells in each genotype clone. The number of counted cells is represented at the top.

Please cite this article as: Okumura, T., et al., GATAe regulates intestinal stem cell maintenance and differentiation in Drosophila adult
midgut. Dev. Biol. (2015), http://dx.doi.org/10.1016/j.ydbio.2015.1 2191



http://dx.doi.org/10.1016/j.ydbio.2015.12.017
http://dx.doi.org/10.1016/j.ydbio.2015.12.017
http://dx.doi.org/10.1016/j.ydbio.2015.12.017

T. Okumura et al. / Developmental Biology ® (AEER) REE-EER 9

Fig. 6. GATAe' caused cell growth inhibition without any N-signaling inactivation. (A-E) ISC (A and C) and transient (B, D, and E) MARCM clones of control (A and B), GATAe'
(C and D), and GATAe' expressing N (E) in the adult PMGs. The Gbe-Su(H)m8-lacZ (magenta) and DI (yellow) expression were detected in A-D. The MARCM clones and
nuclei were labeled with GFP (green) and DAPI (blue). Right panels are magnification of the boxes. The yellow dotted lines indicate the outline of the MARCM clones (A-D). (F
and G) PMG expressing N'® (F) and co-expressing GATAe::V5-6 x His and N'® (G) with esgGFP*. F and G’ are magnifications of the boxes in F and G, respectively. The esg-
positive cells were marked with GFP (green). The Pros-positive cells (magenta) were also marked with anti-Pros antibody. Nuclei (blue) were stained with DAPI. (H) Predicted

gene regulatory pathway necessary for EC and ee differentiation.

signal transducer and activator of transcription (JAK-STAT) and
epidermal growth factor (EGF), are affected by GATAe'® by using
10 x STAT92E-GFP and dual-phosphorylated ERK (dpERK) antibody,
respectively (Jiang and Edgar, 2009; Jiang et al., 2009). However,
we did not detect any obvious alteration in them in the
esgRFP® > GATAe'® midguts (Supplemental Fig. 1M and N). This
suggested that the decrease in ISC proliferation in GATAe! was not
caused by a decrease in JAK-STAT or EGF signaling.

3.5. GATAe is essential for maintaining stemness of ISCs

A possible explanation for the disappearance of proliferative cells
is due to ISC loss. To confirm this, we examined whether GATAe'
clones had diploid cells expressing DI, an ISC molecular marker
(Ohlstein and Spradling, 2007). In normal midguts, about half of the
control MARCM clones were ISC clones that were multicellular and
contained DI cells, while the other half were transient clones that
were DI single cells at day 7 ACI (Fig. 3C, F, and G). On the other
hand, the frequency of GATAe! MARCM clones containing DI* cells
drastically decreased (Fig. 3D, F, and G). Similarly, a decrease in DI
and Di-lacZ* cells was observed in the esgGFP* > GATAe® midguts at
14 days old (Supplemental Fig. 2A-D). Under the same condition,
RNAi against the other GATA factors did not abolish DI expression
both at 7 and 14 days old (Supplemental Fig. 2E-H and data not
shown). Furthermore, we frequently observed the appearance of
GATAe" ISC clones without any diploid cells (Supplemental Fig. 2I and
]). Instead, as observed in the esgGFP © > GATAe'® midgut, they have
slightly larger nuclei when compared with the other diploid cells
such as DIt ISC, mitotic ISC, and Pros™ ee (Fig. 3D, Supplemental
Fig. 21 and J, and Supplemental Fig. 4). These results suggest that

GATAe is required for ISC's identities and properties. On the other
hand, we also found that the ISC disappearance in the GATAe! mutant
partially rescued by FLAG::GATAe overexpression (Fig. 3E, F, and G) as
in the case of clone growth (Fig. 2).

Next, to confirm whether GATAe-depleted ISCs underwent apop-
tosis that triggered their elimination, we conducted TUNEL assay for
the GATAe' clones. However, TUNEL-positive cells were rarely ob-
served in small GATAe' clone cells (Fig. 4A). Consistently, GATAe'
clone size did not alter from 4 to 11 days ACI (Fig. 4D) and was not
rescued enough by p35 overexpression (Fig. 2L). Furthermore, a de-
crease in esg*t cells by GATAe™® (Fig. 1B, G and Supplemental Fig. 1)
was not comparable to that observed in the overexpression of an
apoptotic gene reaper, which immediately caused esg® cell dis-
appearance (Fig. 4B). Moreover, the residual esg* cells did not show
up-regulation of c-Jun N-terminal kinase (JNK) signaling monitored
with puckered (puc-lacZ) (data not shown), TUNEL-positive cells (data
not shown), and activation of the caspase pathway monitored with
Apoliner (Fig. 4C). Apoliner indicated the translocation of EGFP but
not RFP from the plasma membrane into the nuclei when apoptotic
cascade was activated (Bardet et al., 2008). These results suggest that
the growth inhibition of GATAe! clones is not due to apoptosis. From
the above observations, we also collectively concluded that GATAe is
required for maintaining the stemness of ISCs (Fig. 4E).

3.6. GATAe regulates EC and ee differentiation in an N-dependent
and independent manner

In this study, we also examined whether GATAe was required
for EC and ee differentiation. To confirm this, we first observed
their specific differentiation markers including morphological

midgut. Dev. Biol. (2015), http://dx.cloi.org/lO.lOl6/j.ydbi0.2015.1
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characteristics and gene expression in GATAe! MARCM clones (Lee
et al., 2009; Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006). In control clones at 7 days ACI, differentiated ECs showed
Pdm1 expression in the polyploid nucleus and an apically
well-developed brush border (Fig. 5A and B). Differentiated ees
had Pros expression in the diploid nucleus (Fig. 5A’). On the other
hand, GATAe! clones showed a frequent decrease in Pdm1+ and
Pros™ cells at 4 and 7 days ACI (Fig. 5C-C”, 1, ], and Supplemental
Fig. 4A and B). They also did not have any well-developed brush
borders (Fig. 5D). Moreover, the decrease in ECs and ees in the
GATA' clones was partially and completely rescued by FLAG::GATAe
overexpression (Fig. 5SE-E”, F, I, and ], and Supplemental Fig. 4B).
Furthermore, EC disappearance was not inhibited with p35 forced
expression even in an equivalent size of EC-like cells (Fig. 5G, H
and I, and Supplemental Fig. 4B). Similarly, ee loss was not rescued
with p35 forced expression (Fig. 5G’ and J, and Supplemental
Fig. 4B). These results indicated that GATAe is required for EC and
ee differentiation.

Previous reports suggested that EC and ee differentiation required
N signaling activation that was stimulated by DI of ISCs (Kapuria
et al., 2012; Ohlstein and Spradling, 2007). This allow us to speculate
that a GATAe depletion influenced N signaling activation because we
found that GATAe depletion affected DI expression (Fig. 3D, F, G, and
Supplemental Fig. 2). Therefore we examined N signaling levels with
Gbe+Su(H)m8-lacZ, a reporter construct for N signaling activity
(Furriols and Bray, 2001). In control ISC clones, some small Gbe + Su
(H)m8-lacZ* cells (EBs) appeared at 7 days ACI (Fig. 6A). Under this
condition, the control transient clone differentiated into a large EC in
which Gbe+Su(H)m8-lacZ expression had already disappeared
(Fig. 6B). On the other hand, GATAe' ISC clones also contained a
Gbe+Su(H)m8-lacZ* cell (Fig. 6C). Also, GATAe! transient clone cells
were small and their Gbe+ Su(H)m8-lacZ expression still remained
(Fig. 6D). These results were opposed to our expectation that GATAe
depletion decreased Gbe+ Su(H)m8-lacZ expression. However, it was
possible that this appearance of Gbe+Su(H)m8-lacZ* cells in GATAe'
clones was due to transactivation from DI* ISCs located inside their
early-stage clones and/or on the adjacent outside of them. Some DI*
cells were observed around GATAe! clones (Fig. 6A-D) and all ISCs in
GATAeR driven with esgGFP® did not suppress Gbe+Su(H)m8-lacZ
expression for 7 and 14 days (data not shown). Accordingly, we did
not experimentally reveal that GATAe was required for N signaling
activation. However, from the above results of DI disappearance
(Fig. 3D, F, G and Supplemental Fig. 2), we do not exclude the pos-
sibility that GATAe contributes to the N signaling activation through
maintaining DI expression.

Since excess N-signaling activation promotes EC differentiation
including their growth (Kapuria et al., 2012; Micchelli and Perri-
mon, 2006), we tried to rescue the growth defect of GATA! cells
with forced expression of NP, an active form of N. This could not,
however, completely induce a large EC-like cell in GATAe! clones
(Fig. 6E). Conversely, the GATAe overexpression could not rescue
EC differentiation defects induced by N-signaling inhibition
(esgGFP* > N'R) (Fig. 6F and G). Combined with above result of DI
disappearance, we concluded that GATAe is required for EC and ee
differentiation in N-dependent and independent manner (Fig. GH).

4. Discussion

It has previously been reported that GATAe transcripts were
detected in the adult midgut (Fig.1) (Buchon et al., 2013; Okumura
et al., 2005), suggesting that GATAe has an important role in adult
midgut homeostasis. A recent report showed that GATAe RNAi in
ECs consistently affected the adult midgut epithelial structure
(Buchon et al., 2013). We further examined GATAe roles through
GATAe knock-out, knock-down, and overexpression experiments,

which revealed that GATAe has essential roles in midgut epithelial
renewal where N signaling was involved.

4.1. GATAe maintains stemness of ISCs

We discuss that GATAe depletion abolishes ISC proliferation
(Fig. 1-3 and Supplemental Fig. 1). This is the first evidence that
GATAe is required for Drosophila ISC proliferation. Also, we found
that GATAe depletion induces the disappearance of DI* ISCs with-
out enough cell death/elimination and instead, slightly larger nu-
clear cells than diploid cells frequently appeared (Figs. 1 and 3 and
Supplemental Figs. 2, and 4). Thus, GATAe depletion probably con-
verted ISCs into non-proliferative cells. These observations suggest
that GATAe function is required for maintaining the stemness of
ISCs. In the Drosophila adult midgut, the epithelial basal region is a
stem-cell niche where ISCs are anchored to the basement mem-
brane (BM) with integrin. An inhibition of myospheroid (mys) en-
coding one of the two Drosophila integrin  subunits in ISCs/EBs
induced ISCs differentiation (Goulas et al, 2012). In some cases,
GATAe depletion showed the ISC's detachment (Fig. 1G), but any
alteration of Mys protein levels was not observed (data not shown).
Meanwhile, GATAe depletion decreased an expression of Pint-v,
encoding the other integrin 3 subunit (Supplemental Fig. 5). How-
ever, its null homozygotes did not show ISC loss and detachment
(Okumura et al.,, 2014). It is thought that Perlecan (Pcan), an ex-
tracellular matrix component, is the other candidate for targeting
GATAe responsible for this phenotype. The lack of trol encoding Pcan
autonomously caused ISC detachment from BM, proliferative cell
disappearance, DI" cell loss, and inhibition of EC and ee differ-
entiation, but not apoptosis and JAK-STAT and EGF signaling al-
teration (You et al,, 2014). These phenotypes were very similar to
those when GATAe was depleted. It is a possible that GATAe may
regulate an anchor of ISCs to the BM through trol and maintain ISCs.

Drospohila adult midgut epithelial cells including ISCs are gen-
erated from their progenitors that express esg in the embryonic,
larval, and pupa stages (Micchelli, 2012). Also, recent reports have
indicated that esg regulates the stemness of ISCs in the adult midgut
(Korzelius et al., 2014; Loza-Coll et al., 2014). Thus, esg is involved in
stemness maintenance in the Drosophila midgut throughout life.
Similarly, GATAe continues to be expressed from embryonic to adult
midgut (Okumura et al., 2005). In addition, GATAe depletion caused
defects in larval esg™ cells and affected adult midgut development
but not the other internal and external organs during the pupa
stage (Supplemental Fig. 6E-N and data not shown). Furthermore,
GATAe is required for development of the most posterior region of
the adult midgut epithelium derived from the hindgut-proliferat-
ing-zone cells (Supplemental Fig. 60, (Takashima et al., 2013). Al-
though we did not strictly confirm if GATAe depletion affected esg
expression levels in ISC, GATAe is required for maintaining stemness
probably via the esg functions in Drosophila midgut development
and maintenance throughout life.

GATAe overexpression did not largely rescue GATAe! clone
growth inhibition (Fig. 2J-L) and DI expression disappearance
(Fig. 3D, F, and G). We observed that the FLAG::GATAe and GATAe::
V5-6 x His overexpression with esgGFP® both resulted in a de-
crease in small esg* cells (Supplemental Fig. 3A, B compared with
Fig. 1A). However, they did not affect survival, mitosis, and DI and
Gbe +Su(H)m8-lacZ expression of esg™ cells (Supplemental Fig. 3C,
D and data not shown). In addition to the decrease in small
esgGFP™ cells, we found that some EC-like polyploid cells showed
a weak esgGFP™* signal when FLAG::GATAe and GATAe::V5-6 x His
were overexpressed with esgGFP* (Supplemental Fig. 3A and B).
This suggests that GATAe overexpression promotes EC and/or ee
differentiation that inhibits ISC self-renewal. Indeed, 90%~ of their
MARCM clones were composed of single EC-like polyploid or
Pros™ cells (Supplemental Fig. 3F-]). Also, the EC-like polyploid
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cells expressed Pdm1 and a well-developed brush border (Sup-
plemental Fig. 3G-I). This was consistent with the above results
that GATAe overexpression could rescue EC and ee differentiation
defects (Fig. 6E, F, I, and ]). Thus, GATAe overexpression inhibited
ISC self-renewal but not its differentiation.

Mouse GATA-4 and GATA-6 are expressed in the crypt-pro-
liferative cells of the small intestine (Beuling et al., 2011; Bosse et al.,
2006). Similarly, human GATA-6 is expressed in the small intestine
(Haveri et al., 2008). GATA-6 conditional knock-out reduces crypt-
proliferative cells that lead to a decrease in villus height and epi-
thelial cell number in the distal ileum where GATA-6 but not GATA-4
is expressed (Beuling et al., 2011). Both GATA-4 and GATA-6 knock-
out also induce similar defects in the proximal small intestine
where both are expressed (Beuling et al., 2011; Walker et al., 2014).
In the distal ileum, GATA-6 knock-out also affects components and
targets of Wnt- and N-signaling pathways as well as causes a de-
crease in crypt-cell proliferation (Beuling et al., 2011). This case
might be similar to GATAe depletion, which decreases DI expression
and ISC proliferation (Fig. 3 and Supplemental Fig. 2). In addition,
GATA-6 directly enhances expression of LGR5 that activates Wnt
signaling and represses BMP4 expression in the stem cells of col-
orectal cancer (Tsuji et al., 2014; Whissell et al., 2014). Thus, GATA
factors regulate signal transductions in the adult ISCs of both the
Drosophila midgut and mammal small intestine.

4.2. GATAe regulates EC and ee differentiation in N-dependent and
independent manner

The Drosophila adult midgut epithelium mainly consists of two
types of differentiated cells, EC and ee (Marianes and Spradling,
2013; Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006). In their specification and differentiation, N signaling plays
an important role (Bardin et al., 2010; Beehler-Evans and Micchelli,
2015; Kapuria et al.,, 2012; Ohlstein and Spradling, 2007). We
showed that EC and ee differentiation were disrupted in GATAe'
clones (Fig. 5), which were not rescued by excess N-signaling ac-
tivation (Fig. 6). This suggests that GATAe is intrinsically required
for EC and ee differentiation independently of N signaling.

A high- or low-level activation of the N-signaling pathway in EBs
was stimulated from DI expressed in neighboring ISCs (de Na-
vascues et al., 2012). The activation subsequently regulates EC and
ee differentiation (Kapuria et al., 2012; Perdigoto et al., 2011). We
found that GATAe was required for DI expression (Fig. 3 and Sup-
plemental Fig. 2). These facts imply that GATAe also has an extrinsic
role in EC and ee differentiation via DI expression. In mouse distal
ileum, GATA-6 deletion similarly down-regulates expression of the
Delta-like 1 encoding the N ligand (Beuling et al., 2011). Conversely,
N-signaling alteration did not affect GATA-6 transcripts as in the
case of GATAe transcripts in N-depleted cells (Fig. 1) (Beuling et al.,
2011). A mechanism by which GATA factors regulate N-signaling
ligand may be evolutionally conserved in EC and ee differentiation.

While GATA-4 and -5 showed regional expression patterns, GATA-
6 was constantly expressed throughout the mouse small intestine
(Buchon et al,, 2013; Fang et al., 2006). GATA-6 is also expressed in
the large intestine of mice and humans (Fang et al., 2006; Haveri
et al,, 2008). In summary, GATA-6 is the only GATA factor gene ex-
pressed in the distal ileum and colon. In these regions, in addition to
a decrease in crypt-cell proliferation, GATA-6 conditional deletion
decreases differentiated ee and Paneth cells, which are replaced with
goblet-like cells (Beuling et al.,, 2011; Dusing and Wiginton, 2005).
This suggests that GATA-6 plays an important role also in mamma-
lian secreted-cell differentiation. On the other hand, the GATA-6 role
in EC differentiation has been unclear since its conditional deletion
results in a dramatic decrease in ECs constructing villi, which is
probably caused by the limitation of crypt-proliferative cells. Spa-
tiotemporal studies with Drosophila techniques may provide insight

into a detailed common function of GATA factors in EC differentiation
among multicellular animals.

In GATAe! MARCM clone experiments, although the average size
of GATA! clones without any dividing cells was not altered between
days 4 (1.67 cell) and 7 (1.70 cell) (Fig. 2L and Fig. 4D), the frequency
of Pdm1™* and Pros* cells decreased during days 4-7 (EC: 20.6%—
12.63%, ee: 5.67%—0.42%) (Fig. 51 and ]). Some GATA! cells con-
sistently showed weak Pdm1 expression (Supplemental Fig. 4A).
These facts imply that, in addition to their differentiation process,
GATAe is also required for maintenance of EC's and ee's differentiated
states. In addition, to confirm the fate of undifferentiated GATAe'
clone cells (DI, Pdm1-, and Pros™ cells), we tried to observe their
older clones at 21 day ACL But, in this condition, we did not find any
GATAe! clone cells because they were eliminated probably by cell
death or apical extrusion (data not shown). A recent study suggested
that GATAe may control the physiologically functional genes reg-
ulating digestive, metabolism, structure, and defense response in the
adult midgut (Buchon et al., 2013). Also, GATAe regulates similar in-
testinal genes in the larval midgut (Okumura et al., 2007; Senger
et al., 2006). In mammal intestine, GATA-4, GATA-5, and GATA-6
directly and indirectly regulate a subset of functional gene expres-
sions (Aronson et al., 2014). Thus, in addition to ISC regulation/
maintenance, GATA factors regulate differentiation and maintenance
of other types of intestinal cells, which are crucial for physiological
function both in mammal and Drosophila adult intestines.
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Detailed and systematic examination of high-resolution structural data is a rational strategy for
understanding the function of biological macromolecules. G protein-coupled receptors (GPCRs) are an
exceptionally valuable superfamily of proteins for such analysis. The most intriguing question is how a
variety of extracellular stimuli evoke structural changes in the intracellular surface of the receptors. The
recent active-like crystal structures of GPCRs provide information for uncovering common and distinct
mechanisms of light-induced and ligand-induced activation. Based on systematic structural alignment, we
have analyzed 3 receptors (rhodopsin, B, adrenergic receptor, adenosine A, 4 receptor) and demonstrate that
the extracellular movement of helix VI is significantly different between rhodopsin and the other 2
receptors, and that the extracellular side of helix III exhibits distinct features in the 3 receptors. These
findings not only emphasize the specialization of rhodopsin as a photoreceptor but also provide insights into
the mechanism leading to rearrangement of helix VI.

ost of the external stimuli for eukaryotic cells, such as chemical substances, photons, neurotransmitters,
and hormones are captured by G protein-coupled receptors (GPCRs), which are defined by a heptahelical
transmembrane core domain. A majority of proteins in the GPCR superfamily belong to the so-called
rhodopsin family, which share several key residues in their transmembrane helices. Their activity at the intracellular
surface to catalyze the GDP/GTP exchange on the o-subunit of heterotrimeric G proteins is primarily determined
by the type of ligand bound to the extracellular side of the transmembrane region. Even without ligand binding,
GPCRs exhibit some basal activity, which is then enhanced or attenuated by binding of an agonist or inverse-
agonist, respectively'. Antagonists are another category of ligands that maintain GPCRs in their low activity state.

Recent crystallographic studies on GPCRs have validated previous spectroscopic studies®, demonstrating that
the key intramolecular event during activation is the displacement of transmembrane helix VI at the intracellular
side’*. However, the manner in which this change is regulated by various ligands acting on the extracellular side is
not well understood. While there are many crystallographic models of GPCRs that describe a variety of structural
states of activity in the presence of different bound ligands (agonist, antagonist, and inverse agonist), systematic
comparison of data obtained for different receptors has not been reported quantitatively.

Each of the crystallographic models inevitably suffers from various sources of artifacts and/or errors, as has
been documented for another class of heptahelical membrane proteins, bacteriorhodopsins, whose proton
pumping movement has been extensively studied using crystallographic techniques®. Nonetheless, statistically
significant features should become apparent by averaging as many datasets as possible.

Of the more than 15 receptors of known structure, agonist-bound forms are available only for bovine rho-
dopsin””®, B,'° and P, adrenergic receptors*'’, the A, adenosine receptor™'?, the NTSR1 neurotensin receptor',
the 5-HT;p and 5-HT,p serotonin receptors®*°. Unfortunately, the agonist-bound and inactive-like states are
quite similar to each other in the case of the §; receptor. Furthermore, the structure of the NTSR1, 5-HT\5 and
5-HT,p receptors has not yet been obtained in the inactive-like state. As a result, detailed analysis on its activation
is currently feasible only for the remaining 3 receptors.

While several previous reviews on the structure of GPCRs provide a number of insights into their mechanism
of activation'*'%, systematic quantitative analysis is yet to be performed. We have recently reported a rational
procedure for analyzing the experimental transmembrane structures of GPCRs, based on the defined selection
and superimposition of heptahelical bundles consisting of 200 residues'’. By extending this approach, we identify
previously undiscovered structural changes accompanying the activation of these receptors. The findings and the
methodology will be valuable for understanding the action of ligands on other receptors of unknown structure.
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Table 1 | PDB entries used for this study
PDB ID
receptor Inactive-like Active-like
rhodopsin 1GZM-A 2X72
1U19-A 3PQR
3PXO
4A4M
B2 receptor 2RH1 3POG
3D4S 3SNé6
3NY8
3NY©Q
Aga receptor 3EML 2YDO
3VG9 2YDV
4ElY 3QAK

Results

Of all the heptahelical bundles of GPCRs archived on our website
(www.gses.jp/7tmsp), we used 18 sets of coordinates in the present
study (Table 1), consisting of 9 inactive (2 of rhodopsin, 4 of B,
receptor, and 3 of A, receptor) and 9 active-like (4 of rhodopsin,
2 of B, receptor, and 3 of A, 4 receptor) states. All of these structures
contain the same sequence ranges of the transmembrane domains
superimposed onto the same reference coordinates—the inactive
state of B, receptor (2RH1)—by secondary structure matching'®.
The aligned structures are shown in Fig. S1. The structural differ-
ences between the inactive and active-like states were then analyzed
using 8 pairs for rhodopsin, 8 pairs for 3, receptor, and 9 pairs for
A, 5 receptor. Accordingly, we anticipated that the degree of aver-
aging would be comparable for these 3 receptors. The details of the
criteria for the selection of the coordinates are described in the
Methods.

Fig. 1 shows the averaged calculated Co displacement of 200 trans-
membrane residues between the inactive and active-like states of the
3 receptors. The most prominent feature commonly observed was an
oscillating pattern at the cytoplasmic side of helix VI (residue no. 145
~ 160). Although the magnitude of displacement in this region
differs significantly among the receptors, which is most likely due
to the current limitation of available crystallization conditions for
stabilizing the fully active state for each receptor, the positions of the
peaks match well with each other, indicating that similar rotational

Figure 1 | Averaged displacement (A) between the inactive and active-
like states of the Ca atoms of 200 residues of the 3 receptors. Red:
rhodopsin, blue: B, receptor, green: A, receptor. The borders between the
adjacent helices are shown with gray bars at the top of the panel, while the
positions of seven *.50 residues are shown with short black bars near the
zero line of the graph.

movement occurs around the axis of this helix upon activation. It is
also noteworthy that, at the extracellular side of helix VI (residue no.
160 ~ 176), a significantly larger change occurs in rhodopsin than in
B3, receptor and A, 4 receptor.

The cytoplasmic side of helix III (residue no. 75 ~ 89) is another
region where these receptors exhibit substantial displacement of 1.5
~ 2 A, which has been attributed in part to the translational shift
toward the extracellular side”.

By averaging the values for the 3 receptors, structurally conserved
residue positions were obtained, as listed in Table S1. Overall, resi-
dues around the highly conserved sequence positions (*.50 in
Ballesteros-Weinstein [BW] numbering'®, where * is the serial num-
ber of helix) in helices I, II, IV, and VI appear to be fixed during
activation. In particular, of the most structurally conserved 21 resi-
dues, 14 residues are in helix I (1.47, 1.48, and 1.50 ~ 1.54) and II
(2.48 and 2.50 ~ 2.55). This finding is consistent with the notion that
the so-called N-D pair (side chain interaction between 1.50 and 2.50)
in these helices plays an important role as an intramolecular scaffold
during activation.

To gain additional insight into the structural changes shown in
Fig. 1, we analyzed the axis of each helix III and VI by helanal® (Figs
S2 and S3). Examples of the inactive states are shown in Fig. 2. Each
axis consists of a series of points penetrating about the center of a
helix, with the number of points obtained for each axis equal to the
number of residues minus 2. Thus, for convenience, we consider that
both the N- and C-terminal residues lack the corresponding points
(Fig. 2 and 3). As previously described, helix IIT of inactive rhodopsin
is buried more deeply into the core of the heptahelical bundle from
the center to the extracellular side than not only in the B, and A,
receptors shown here, but also in other receptors of a known struc-
ture'”. It is also noticeable that the extracellular part of this helix in
the A4 receptor is significantly distorted in the inactive-like state.

We first examined the traces of all axes and confirmed that assign-
ment of the inactive and active-like states was reasonable for the
Protein DataBank (PDB) entries shown in Table 1. The distances
of the axis points were then calculated for all possible inactive/active-
like pairs of a receptor. The average values are shown in Fig. 3. In the
case of helix VI, the pattern of distance plots is consistent with the 3
receptors (Fig. 3, lower). Reflecting the kinked shape in the inactive
state and rotational movement around an axis upon activation, a
roughly linear increase of displacement occurs toward the cytoplas-
mic side of this helix in rhodopsin and the 3, receptor. In contrast,

Figure 2 | Projection view of the axis points of helices III and VI in the
inactive state from the cytoplasmic side. Magenta: rhodopsin (1U19-A),
cyan: B, receptor (2RH1), light green: A4 receptor (3VG9). Ca trace of B,
receptor is also shown in gray. Ballesteros-Weinstein numbers
corresponding to the endpoints of the axes are also shown.
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Figure 3 | Averaged difference distance (A) plot between inactive and
active-like states of 3 receptors. Upper: helix III, lower: helix VI. The
horizontal axis (BW number) in the upper panel is reversed so that the
cytoplasmic side is in the left side of both panels. The borders between the 5
sections stacked along the normal of the membrane plane'” are shown with
gray bars at the top of the panel.

the magnitude of displacement does not change significantly toward
the extracellular side. The A,, receptor exhibits a similar pattern of
changes, although the increase in the cytoplasmic side is smaller and
not linear. Remarkably, the change in the extracellular side of this
helix is significantly larger in rhodopsin than in the other 2 receptors,
and the point of minimum displacement appears to be shifted from
6.48 ~ Pro6.50 in the B, and A, receptors to 6.44 ~ 6.46 in rho-
dopsin. As shown in Fig. 2, the inactive backbone of helix III in
rhodopsin deviates from the other receptors from ~ 3.40 to the
remainder of the extracellular region. Importantly, 3.40 is the posi-
tion directly in contact with 6.44. These observations suggest that the
more buried inactive orientation of helix III and the larger movement
in the extracellular side of helix VI are distinct features of rhodopsin,
and that while interpreting these, the large differences of the retinal
ligand shape and position before and after activation must be con-
sidered (see Discussion below).

We also found that the inactive state orientation of helix VI of 3,
receptor is much closer to the active-like helix VI of rhodopsin in the
extracellular region than to that of the inactive rhodopsin. This is
consistent with the finding that the degree of axis movement in the
extracellular side of helix VI upon activation is larger in rhodopsin
than in the 3, receptor.

It has been noted that the activation of GPCRs involves a trans-
lational shift of helix III toward the extracellular side>'>'. If the
movement of this helix is only translational, the displacement of axis

Figure 4 | Changes in the axis points of helix III during the activation of
the 3 receptors. Top: rhodopsin. Magenta: inactive (1U19-A),

red: active-like (3PXO). Middle: B, receptor. Cyan: inactive (2RH1),
blue: active-like (3P0G). Bottom: A4 receptor. light green: inactive
(3VQGY), green: active-like (3QAK). Corresponding axis points in the
inactive and active-like states are connected by light green bars.

points would not exhibit a significant change depending on the posi-
tion in the helix. Fig. 3 (upper panel) shows that the fairly flat pattern
observed in the intracellular side is consistent with such a mech-
anism. However, the change in the pattern of displacement consid-
erably differed among the 3 receptors in the extracellular side. The
larger movement observed in rhodopsin is consistent with its distinct
arrangement of this helix in the inactive state. On the other hand, an
apparently irregular pattern was found in the extracellular side of this
helix in the A, receptor, suggesting that some localized deformation
occurred in this region.

To clarify the differences observed between these receptors, rep-
resentative axes of inactive and active-like helix III are shown in
Fig. 4. It is obvious that the translational shift of this helix toward
extracellular side appears to be, at least in part, a result of twisting
around the long axis. The degree of translation in the cytoplasmic
side is likely to be determined by the pattern of twisting, and it varies
substantially among the receptors. In the A, 5 receptor, the pattern of
twisting in the cytoplasmic side is distinct from that in the extracel-
lular side (Fig. 4, bottom). In fact, a simple superimposition calcula-
tion fails to fit the inactive and active-like axes with each other,
suggesting that helix III of the A,, receptor would not behave as a
rigid-body during activation.

In order to analyze the rearrangement of helix III in more detail,
dihedral angles (Phi, Psi) of each residue were obtained with DSSP*'
(Fig. S4) and then averaged separately for the inactive and active-like
helices (Fig. 5). In the A, 4 receptor, significant changes in the dihed-
ral angles occur at 3.30 ~ 3.31, depending upon the type of the bound
ligand. For comparison, the results of a similar calculation for helix
VI are shown in Fig. 6. As anticipated from the kinked shape, devi-
ation from the ideal values was observed around 6.48 in the 3 recep-
tors. The angle, however, does not change significantly, regardless of
the type of the bound ligand, indicating that this helix behaves almost
as a rigid-body in these receptors, as suggested previously®.

Discussion

The present study is based on the comparison of a similar number of
structures (8 ~ 9) for each of the 3 receptors. Although the quality of
each structure varies substantially in terms of the claimed resolu-
tions, from 1.8 (4EIY) to 3.5 A (3P0G), it is unlikely that the findings
reported here are affected significantly by such differences, given that
we focus only on the backbone rearrangement of the receptors.
The possibility that our procedure of fitting of all the inactive and
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Figure 5 | Phi/Psi (°) plot of helix IIl. Top: rhodopsin, middle: B, receptor, bottom: A, receptor. Left: averaged Phi/Psi angles; pink: Phi angles of
inactive-like states, red: Phi angles of active-like states, cyan: Psi angles of inactive-like states, blue: Psi angles of active-like states. Right: differences
between averaged Phi (red), Psi (blue) angles of active-like and inactive-like states.

active-like structures to the inactive 3, receptor might be inappro-
priate is also unlikely because we observed the same degree of move-
ments and/or shifts of helices IIT and VI as those documented in
previous crystallographic studies on the activation of the 3 receptors.
In addition, the results of fitting independent statistics, such as
Phi/Psi angle changes, further validate our procedure of model
manipulation.

Given the emerging consensus view that a given GPCR can assume
multiple conformational states'*’, averaging available crystal struc-
ture models into 2 states, inactive and active-like, might be valid only
for identifying substantial rearrangements of the helices. None-
theless, our findings suggest that quantitative analyses based on such
a 2 state approximation provide detailed information on not only

common mechanisms but also receptor-specific mechanisms of
activation.

The activity of rhodopsin changes dramatically upon photon
absorption, and it is accompanied by the isomerization from 11-cis
to all-trans of a covalently bound retinal ligand. 11-cis-retinal is
known to act as a strong inverse-agonist, and the differences between
the 2 forms of retinal with regard to the shape and position in the
binding pocket of opsin are remarkably large compared with ligands
bound to other receptors. Therefore, the magnitude of overall
rearrangement of the helices in rhodopsin may be larger than the
other receptors. This finding is in line with the findings that the
displacement in the extracellular side of the helical bundle is larger
(Fig. 1), especially in helices III and VI (Fig. 3). Although the plots in
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Figure 6 | Phi/Psi (°) plot of helix VI. Top: rhodopsin, middle: B, receptor, bottom: A,4 receptor. Left: averaged Phi/Psi angles; pink: Phi angles of
inactive-like states, red: Phi angles of active-like states, cyan: Psi angles of inactive-like states, blue: Psi angles of active-like states. Right: differences
between averaged Phi (red), Psi (blue) angles of active-like and inactive-like states.

Figures 1 and 3 may be influenced by the manner of fitting the
multiple structures, the increase in the distance between the 2 helices
of rhodopsin at the extracellular side was confirmed by measuring
the interhelical Ca. distances, which is independent of how active-like
structures were fit onto the inactive ones (Fig. S5). We speculate that
an extension of such an analysis would be useful for obtaining further
insights into the relative positional changes among the 7 helices.
The outstanding local twist of helix IIT observed in the activation of
the A,, receptor is likely to be related to its curved shape in the
inactive state, the degree of which is slightly different in the 2 states,
namely, with (3VG9) or without (3EML and 4EIY) an inactivating
antibody bound at the cytoplasmic side. Therefore, it is likely that the
backbone rearrangement upon agonist binding at the extracellular

side of this helix would directly affect the interaction with helix VI
from the middle to the intracellular side of the membrane.

The Phi/Psi angles of 3.30 ~ 3.31 in the A,4 receptor change to a
remarkable extent depending on the type of the bound ligand (Fig. 5).
The side chains of these 2 residues in the 3 receptors do not point
toward the interior of the helical bundle and do not appear to be
directly involved in ligand binding. It should be noted that deviations
in Phi/Psi angles at these residues from the canonical values are larger
in the receptor with an inactivating antibody bound to an intracel-
lular surface than that without it. This observation is in agreement
with the finding that the overall twist at the extracellular side of helix
III is significantly enhanced in the antibody-bound A,, receptor
(Fig. S2). Upon agonist binding, the overall shape of this helix
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becomes more like a regular o-helical structure that exhibits little
bending. It is likely that there are many other receptors of unknown
structure that contain a kink at the extracellular side of helix I in the
inactive structure. In such cases, a localized twisting motion would be
possible depending on the type of a bound ligand, leading to
rearrangement of the short segment in the helix.

In summary, the present study highlights the importance of
quantitative analysis of the experimentally available structures to
identify common and distinct rearrangement of transmembrane
helices induced upon the activation of the 3 members of rhodop-
sin-like GPCRs. In particular, rearrangement of helix III was found
to be a function of the type of receptor. While it has been well
recognized that the interaction between this helix and helix VI is a
key event in the regulation of the GPCR activity, the mechanism
should be considered taking into account the non-rigid-body-like
nature of the polypeptide backbone.

Methods

Selection and structural alignment of heptahelical transmembrane bundles were
carried out as previously described". Briefly, all the polypeptides from PDB entries
were superimposed onto the inactive-like state of B, receptor (2RH1) by secondary
structure matching'®, and 7 helices consisting of 200 residues were isolated based on
unambiguous sequence alignment.

The active-like structures of rhodopsin can be classified into 2 groups, a ligand-free
opsin form and an all-trans-retinal agonist-bound form. Because the backbone
coordinates of these structures are quite similar to each other, we chose only agonist-
bound structures for this study. Among the alternatives of inactive structures of the 3,
and A, receptors, the coordinates listed in Table 1 were selected by taking higher-
resolution structures. Of the 3 agonist-bound structures of B, receptor reported to
date, 3PDS was not used because of its negligible backbone deviation from the
inactive-like structure.

DSSP analysis showed that all of the helices III and VI assume regular o-helical
secondary structure throughout the entire lengths, with the exception of the cyto-
plasmic terminals of 3NY8, 3NY9, and 3.30 ~ 3.31 of 3VG9. Therefore, all helices III
and VI were analyzed by helanal to determine the axes of the o-helices. Consequently,
an axis point corresponding to 3.30 of 3VG9 appeared to be slightly displaced from
the expected position within the helix. Although this error does not affect the findings
described in this paper, we replaced the coordinate of the point by the averaged values
of the preceding and the following points.

Several of the PDB entries contain 2 alternative coordinates for each of a few
residues. Because deviations between the 2 Cot positions were negligibly small, we
chose conformer A for all cases. Distances between the inactive and active-like axis
points were obtained with Chimera® and CCP4MG** while that of entire heptahelical
bundles were calculated by inserting the coordinates in a conventional equation. Phi/
Psi angles were obtained by DSSP.

For interhelical Ca distance analysis, the coordinates in the inactive and active-like
structures were first averaged separately for each of the 3 receptors, and the intra-
molecular Ca distances were calculated for all possible pairs in helices Il and VI of the
averaged inactive and active-like structures. The differences of the distances at each
pairs of positions were then obtained between the inactive and active-like structures.

All graphs were prepared with IgorPro (WaveMetrics), and the remaining figures
were prepared with CCP4MG** and Discovery Studio Visualizer (Accelrys).
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Intramolecular remote coupling within the polypeptide backbones of membrane proteins is difficult to
analyze owing to the limited structural information available at the atomic level. Nonetheless, recent
progress in the crystallographic study of G protein-coupled receptors (GPCRs) has provided an
unprecedented opportunity for understanding the sophisticated architecture of heptahelical
transmembrane (7TM) bundles. These 7TM bundles can respond to a wide range of extracellular stimuli
while retaining the common function of binding trimeric G proteins. Here we have systematically analyzed
select sets of inactive-like 7TM bundles to highlight the structural conservation of the receptors, in terms of
intramolecular C,-C, distances. Distances with the highest scores were found to be dominated by the
intrahelical distances of helix III, regardless of the choice of bundles in the set, indicating that the
intracellular half of this helix is highly conserved. Unexpectedly, the distances between the cytoplasmic side
of helix I and the extracellular region of helix VI provided the largest contribution to the high score
populations among the interhelical pairs in most of the selected sets, including class B, C and frizzled
receptors. These findings are expected to be valuable in further studies of GPCRs with unknown structure
and of other protein families.

internal signals, such as those from chemical substances, hormones, and photons'?. Recent advances in

the structural study on the receptors of this superfamily have provided a wealth of information, promoting
a wide range of researches, including for example, the rational design of drugs with improved efficacy and
specificity>*. However, a substantial number of unexplored targets found from unicellular eukaryotes to humans
remain to be investigated in atomic detail.

A set of coordinates for a given family of proteins can be utilized to develop reliable methods for predicting the
structure of related proteins, and to gain insights into the mechanisms underlying molecular evolution. There are
few membrane protein families suitable for conducting detailed analysis using a wealth of data with preferable
variations in both the structure and the sequence. The transmembrane domains of GPCRs, accommodating both
the functionally common and the variable parts within a bundle of seven helical segments confined in the lipid
bilayer, offer an excellent template model in terms of the biological significance of their structure/activity
relationship and the moderate structural and sequence variations.

Previous studies on the arrangement of the seven transmembrane (7TM) helices of the inactive-like crystal
structures of GPCRs have confirmed that the positions near to the highly conserved residues in the rhodopsin
family, designated as *.50 (asterisk indicates helix number) with Ballesteros & Weinstein (BW) numbering®,
exhibit relatively small positional deviations among receptors®. However, the degree of conservation in terms of
the intramolecular distances has not yet been quantitatively examined. RMSD values, often used for evaluating
similarity between a pair of receptors, are not suitable for determining whether any common features are
conserved among a set of receptors. Furthermore, recently determined structures of non-rhodopsin family
GPCRs have demonstrated that the apparently important helix VI of the 7TM bundles deviates significantly
from that of the rhodopsin family receptors’ . This finding has led to questions regarding the types of structural
conditions that are essential to maintaining a common function.

To address these issues, we performed an extensive distance analysis that included calculation of all the
pairwise intramolecular distances between the C, atoms within 200 residue 7TM bundles. Conservation was
scored according to the coefficient of variation calculated for the receptors selected in a given set. By testing

ﬁ Imost all eukaryotic organisms utilize G protein-coupled receptors (GPCRs) for sensing both external and
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various sets of receptor combinations, we found that this simple
method of analysis provided valuable insights into the architecture
of the GPCR superfamily.

Results

Receptor selection. The 7TM bundles, each containing 200 residues,
were defined as previously reported for rhodopsin family receptors®.
Thus, 200 X 199/2 = 19,900 values were examined for each of the
bundles. Initially we analyzed 59 inactive bundles that were available
until July 2013 (set 0) that had a crystallographic resolution higher
than 3.6 A (supporting table S1). The results obtained from this set
led us to perform a further detailed study, and the list of the structures
examined is summarized in supporting table S2. For instance, set 1
was composed of the structures of the rhodopsin family that were
available until January 2014, and that had a resolution higher than 3.3
A. Thus, set 1 contained 6 rhodopsin (4 bovine, 2 squid), 10
adrenergic (5 each for B; and f3,), 5 A, adenosine, 7 chemokine
(5 CXCR4, 2 CCR5), 4 other amine (2 dopamine, 1 histamine, 1
muscarinic), 6 opioid (2 kappa, 2 N/OFQ, 1 delta, 1 mu), 1
sphingosine and 1 thrombin receptor bundles. In this set, the total
number of bundles was decreased to 40, reducing possible bias
toward the adrenergic receptors for which the greatest number of
crystal structures is available. To evaluate the findings obtained for
the rhodopsin family receptors, set 2 was defined as set 1 with the
addition of three non-rhodopsin family bundles, one class B CRF,
receptor and two chains of smoothened receptor. From set 2, the five
subfamilies- rhodopsin, adrenergic, adenosine, chemokine, and
opioid receptors were removed to form set 3, 4, 5, 6, and 7,
respectively, to see whether any subfamily specific features exist. In
sets 8 and 9, a maximum of three bundles or one bundle, respectively,
for each of the receptors was included, to reduce any possible bias
from larger contribution from rhodopsin family receptors. Thus, set
9 contained 18 unique receptor bundles; however this set was still
biased toward the rhodopsin family, as it contained 16 rhodopsin
family members and 2 non-rhodopsin family members. This was
simply due to the current limited number of available structures
for non-rhodopsin family receptors. Recently reported class C
receptor'® was also taken into account in set 10, which contained
set 9 and mGluR1 receptor.

Since our current analysis focused only on extracting information
on structural features that are relatively invariable among subfamilies
of receptors that vary from each other by at least more than 1.5 A in
the overall RMSD for the TM region, any possible effects of various
modifications (that mostly result in changes of < 1 A in overall
RMSD) applied to each receptor (Table S2) did not appear to affect
the results significantly. As shown below, this is confirmed by the fact
that we could detect a subtype-specific feature in adrenergic recep-
tors for which both modified and unmodified structures were
included in the analysis.

Ranking procedure. For each of the C,-C, pair distances in the sets,
the average, maximum, minimum, and standard deviations were
calculated. As a simple and rational measure (score) of the
conservation among the bundles, we chose the inverse of
coefficient of variation, wherein this coefficient is the average
divided by the standard deviation. The scores obtained in the
current study varied from ~ 1.5 to ~ 250. With this scoring, the
higher numbers (ranks with a smaller number) were dominated by
C,, pairs of adjacent amino acid positions, and these were omitted
from the ranking because they do not appear to provide much
information on structural conservation.

Figure 1 shows the distribution of 19,900 C,, pairs in set 1 over the
whole scoring range with or without the contribution of 193 adjacent
C, pairs. The cumulative count plot (Fig. 1B) indicates that C,, pairs
found in the top 1,000 ranks have scores greater than approximately
50, which corresponds to a 0.4 A standard deviation for the average

Figure 1| Score distribution of 19,900 C,- C, pairs. Calculated for set 1
containing forty 7TM bundles of rhodopsin family receptors with (blank
bars) or without (filled bars) the contribution of 193 adjacent pairs. A.
Counts in each score range. B. Cumulative counts.

distance of 20 A, and is fairly higher than the average score of 29.4
obtained for all 19,900 pairs. Since the top 1,000 pairs amounted to
only 5% of the total, detailed analysis of this population is a reas-
onable approach for examining the intramolecular distance conser-
vation among the receptors in a given set.

Data statistics. We next investigated whether the population of
higher scoring C, pairs was biased toward either long or short
distances. Figure 2a shows the distribution of the average distances
for the 19,900 C,, pairs in set 1. The maximum value of around 21 A
includes, for example, intrahelical distances separated by four
pitches. Comparison of the average distance distribution for the C,
pairs ranked within the top 1,000 score with this distribution showed
that both were similar (Fig. 2B), indicating that the current scoring
was not biased toward short or large distance populations.

The relationship between the distance and the score was further
examined using a scatter plot of the 19,900 C, pairs (Fig. 3) of set 1.
As described earlier, the population with scores ranging from 90 to
200 at the distance of approximately 3.8 A originates from adjacent
pairs of amino acids. The remainder of the distribution appeared
uniform across the whole range of distances. While the lower limit
of the scores tended to increase slightly at longer distances, our
detailed analysis focused only the scores higher than approximately
50. Therefore, these statistics support the assumption that the pre-
sent simple scoring system would be useful in extracting the con-
served arrangement of backbone among the receptors.

Evaluation of high rank pairs. We classified the top 1,000 ranking
C,, pairs into 28 helix pairs (7 intrahelical and 21 interhelical) based
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Figure 2 | Average distance distribution of C,- C, pairs in set 1. A. 19,900
pairs including the contribution of 193 adjacent pairs. B. The
top-ranked 1,000 pairs without the contribution of 193 adjacent pairs. The
point for 1000th rank included in panel B corresponds to rank 1193 in
panel A, and a point corresponding to 193 adjacent pairs at a distance of ~
3.8 /o\, identical to that shown in panel A, has been omitted from panel B to
make its vertical scale appropriate.

on the helices to which the C, belonged. Because the total number of
C,, pairs differs among the 28 helix pairs depending on the length
(number of amino acids) of each helix, the C,-C,, counts in the top
1,000 were compared among the 28 helix pairs after normalization.
For instance, the total number of intrahelical C,-C,, distances of helix
III was 581 since we had selected its TM region from 3.22 to 3.55 (34
residues). Therefore, the 220 C,-C, distances found in the top 1,000
ranked pairs of set 1 corresponded to 37.9% of the total (see below
and Fig. 4B). In the same way, we obtained the patterns of
contribution from each of the 28 helix pairs to the top 1,000
ranked pairs for the 11 sets (from set 0 to set 10).

Figure 4 shows the cumulative numbers (ratios to the total) of the
C,, pairs found in the top 1,000 ranks for 28 helix pairs for sets 0 and
1, both of which contain only rhodopsin family bundles. The corres-
ponding data containing non-rhodopsin receptors are shown in fig-
ure 5 (sets 2, 8,9, and 10, the latter of which had a smaller proportion
of rhodopsin family members) and in supporting figure S1 (sets 3 to
7, for each of which a specific receptor subfamily was omitted from
set 2).

The higher ranked C,-C,, distances in all the sets were mainly from
the intrahelical part of helix III, regardless of the inclusion of non-
rhodopsin family receptors (Fig. 4, 5, Fig. S1). In the extreme cases of
set 5 (with no adenosine receptors), set 9 (bundles representing 18
unique receptors), and set 10 (set 9 plus class C receptor), nearly 60%
(approximately 335 of 561) of the possible C,, pairs in this helix were
ranked in the top 1,000. These observations quantitatively dem-

Figure 3 | Correlation between score and the average distance of the
19,900 C,- C,, pairs in set 1.

onstrate that the overall arrangement of this helix is much more con-
served than that of the other helices among all the GPCRs whose
structure is known. A slight increase in the higher ranked C, pairs from
helix IIT in set 5 is likely due to the uniquely distorted character of this
helix in the adenosine A, 4 receptor, as has been documented previously''.

Next we examined the conservation pattern in more details,
according to the previously described horizontal sectioning of the
7TM bundle of 200 residues® (Table 1). As shown in Fig. S2, we
defined five sections to each of the helices. Thus, the possible number
of intersection pairs is 630 (105 intrahelical and 525 interhelical), for
the 7TM bundle. For each of these pairs, the total number of possible
C,-C,, combination varied from 9 (section 1 of helix I and section 5 of
helix 7, each of which contains only three residues) to 90 (section 1 of
helices VI and VII, each of which contains 10 and 9 residues, respect-
ively). Therefore, we evaluated the distance conservation for each of
the intersection pairs by calculating the ratio of the number of C,
pairs found in the top ranked 1,000 to the total number of possible
pairs (ratio column in Table 1).

Within helix III, our data show that the intracellular side appears
to be more structurally conserved than the intracellular side. Direct
evidence for this can be seen when comparison of the values in
Table 1 is made between section pairs 2-3 and 3-4. A higher number
of pairs from the 3-4 section are ranked in the top 1000, indicating
that conservation of the distance from the center of helix III is more
pronounced on the intracellular side. Importantly, the results of this
comparison would not be affected by how the residue range for this
helix was chosen; for example, a shorter length of this helix, exclud-
ing a few residues from both the intracellular and extracellular ter-
mini, should provide the same result.

Figure 4 also demonstrates that helices IV and VII are the most
variable in the rhodopsin family; this is even more apparent when the
non-rhodopsin family receptors are included (Fig 5 and Fig S1).
Furthermore, the results of our analysis suggest that helical segments
judged as regular o-helices by DSSP' in many of the receptors (heli-
ces I, III, and VI) tend to exhibit high intrahelical distance
conservation.

Interhelical distance conservation. With regard to the interhelical
components, a significant number of C,-C, distances of the I-VI
helix pair were found in the higher ranked population of sets 0 and 1
(Fig. 4). This finding was rather unexpected because no direct contact
could be found between any parts of these two helices. The positions
on helix I in the higher ranked I-VI pairs were found mostly in
sections 4 and 5, a region that spans from around the conserved
asparagine (BW no. 1.50) to the cytoplasmic end. On the other
hand, positions on helix VI involved in the higher ranked I-VI
pairs were found in sections 1 and 2, extending from the
extracellular end towards the region near the conserved proline
(BW no. 6.50).
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Figure 4 | Cumulative ratio of the number of C4- C,, pairs in the top-ranked 1,000. A. Set 0 containing 59 rhodopsin family 7TM bundles. B. Set 1
containing 40 rhodopsin family 7TM bundles. Left: intrahelical pairs, Right: interhelical pairs. Intrahelical pairs are colored as follows; purple, helix I;
blue, helix IT; cyan, helix III; green, helix IV; yellow, helix V; orange, helix VI; red, helix VII. Interhelical pairs are colored as follows; blue, I-II; cyan, I-1II;

green, [-IV; purple, I-VI; yellow, III-V; red, other pairs.

Importantly, the conservation of distances between the cytoplas-
mic side of helix I and the extracellular side of helix VI was also
apparent in all of the sets containing non-rhodopsin family receptors
(Fig. 5 and Fig. S1). This finding was surprising as the superimposi-
tion of either the class B CRF; receptor or smoothened receptor with
the rhodopsin family receptors indicated a significant displacement
of the extracellular side of helix VI, while the cytoplasmic side of helix
I matched rather well. These observations might indicate that the
deviation at the extracellular side of helix VI between the rhodopsin
family and other receptor families reflects the presence of some
directional restraint within a 7TM bundle, resulting in a relatively
conserved distance from the cytoplasmic part of helix L

Another interesting observation was the outstanding conservation
of the distances between helices III and V in some of the sets contain-
ing non-rhodopsin family receptors (Fig. 5 and Fig. S1). Although
this feature was not evident in set 10 where class C receptor was
included (Fig. 5D), detailed examination indicated that there were
still some high score pairs between the cytoplasmic side of helix IIT
and the extracellular part of helix V.

We also noticed that a significant increase in population in the
higher-ranked interhelical distances of the non-rhodopsin family-
containing sets was attributable to the pairs between helices I and
IV (Fig. 5). Furthermore, I-III and I-II helix pairs contributed sig-
nificantly to the higher-ranked interhelical distances in the case of set
10. These observations and the intrahelical distance conservation
data shown above suggest that positioning of helix I within the
7TM bundle is substantially conserved among all GPCRs.

The distance conservation results are summarized graphically in
Figure 6, which includes lines connecting the 5 higher-ranked C,-
C,s in each of the major interhelical section pairs in set 10. All of
these C, pairs had scores higher than 50. Figure 7 shows the positions
of residues conserved among the receptors in set 10. In summary, the
present results are consistent with the previous observation that

positional deviations among rhodopsin-family receptors are small
on the intracellular side of helices L, I1, III, and in the middle of helix
VI,° and suggest that interhelical distance conservation correlate well
with the presence of conserved amino acid type at some specific
positions in the GPCRs with known structure. While no single posi-
tion in the TM bundle is 100% identical among the receptors exam-
ined (Fig. S3), our analysis suggests that four of the five conserved
residues, all of which are in section 4 (the middle-to-intracellular
region), contribute to determining the basic arrangement of the
bundle, at least from helices I to III, mostly by hydrophobic interac-
tions. This interpretation explains why the relative contribution of
the I-II and I-III pairs to the high score population increases as the
ratio of the non-rhodopsin-family chains increases in a set (Fig. 5).

Discussion

Statistical and quantitative analysis of the sequences and the three-
dimensional structures of a protein family provide insights into func-
tionally relevant and evolutionary significant regions. In the case of
GPCRs, one of the most intriguing questions is how the common
7TM bundle core works for diverse members that convert a variety of
signals, mostly captured at the middle to the extracellular part of the
bundle, to the degree of coupling with the cognate heterotrimeric G
proteins at the cytoplasmic surface. Although the basic folding pat-
tern is similar for the seven helices in all the receptors of known
structure, it is now increasingly evident that there are significant
variations in spacing and shape of the helices depending on the
subfamilies they belong.

Structural conservation and deviation in the 7TM region of
GPCRs has been examined mostly based on superimposition and
RMSD examination, and has shown little ambiguity as long as the
receptors belonged to the rhodopsin family. The C, positions at or
near to the conserved residues (*.50 in BW numbering) exhibited
relatively small deviations among the receptors®. However, recent

| 5:9176 | DOI: 10.1038/srep09176

121 p



Figure 5 | Cumulative ratio of the number of C,- C, pairs in the top-ranked 1,000. A. Set 2 containing 40 rhodopsin family 7TM bundles and three non-
rhodopsin family bundles. B. Set 8 containing 31 rhodopsin family 7TM bundles and three non-rhodopsin family bundles. C. Set 9 containing 16
rhodopsin family 7TM bundles and two non-rhodopsin family bundles. D. Set 10 containing 16 rhodopsin family 7TM bundles and three non-rhodopsin
family bundles. Left: intrahelical pairs, Right: interhelical pairs. Coloring of the plots is the same as in figure 4.

determination of non-rhodopsin family receptor structures presents
challenges concerning the reliable comparison and quantitation of
differences among the 7TM regions. In fact, superimposition could
vary, depending on how it was performed, and RMSD analysis does
not appear to provide any quantitative results, as the present study

does, such as the remarkable conservation of the structure of helix IIT
and the I-VI, I-III distances.

Furthermore, rational interpretation of the increasing data on the
relation between the type of bound ligand and the degree of confor-
mational change requires understanding of common structural fea-
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Table 1 | Conserved pairs within helix Il and between helices | and VI
G, 1 C,2 Set 1 Set 2
Helix Il Helix | Number of pairs Number of pairs
section section top1000 all ratio top1000 all ratio
1 2 4 64 0.06 8 64 0.13
1 3 10 32 0.31 13 32 0.41
1 4 34 56 0.61 37 56 0.66
1 5 36 56 0.64 44 56 0.79
2 3 3 32 0.09 7 32 0.22
2 4 42 56 0.75 44 56 0.79
2 5 41 56 0.73 46 56 0.82
3 4 14 28 0.50 17 28 0.61
3 5 21 28 0.75 22 28 0.79
4 4 3 21 0.14 7 21 0.33
4 5 12 49 0.24 16 49 0.33
others 0 83 0.00 2 83 0.02
total 220 561 0.39 263 561 0.47
Helix | Helix VI Number of pairs Number of pairs
section section top1000 all ratio top1000 all ratio
3 1 6 50 0.12 12 50 0.24
3 2 3 25 0.12 4 25 0.16
4 1 31 60 0.52 28 60 0.47
4 2 25 30 0.83 14 30 0.47
5 1 25 50 0.50 16 50 0.32
5 2 20 25 0.80 14 25 0.56
5 3 2 20 0.10 1 20 0.05
others 0 540 0.00 0 540 0.00
total 112 800 0.14 89 800 0.11

tures that define the functional basis of this large family of membrane
proteins. Here, we demonstrate that intramolecular distance conser-
vation scoring provides a reasonable measure of evolutionary con-
served basic architecture of GPCRs. The present results on distance
conservation are consistent with a separate examination of the back-
bone torsion angles (phi, psi) of set 10: the lowest deviations are
found in the sections I-4 (5.2° and 6.9° for phi and psi, respectively),
II1-4 (5.4° and 8.2°), and VI-2 (5.1° and 7.8°).

Although the amount of available structural data is limited, our
results clearly show which part of the seven helices is the most or the
least conserved in terms of the intra and interhelical distances
(Fig. 5). Practically, such information should be useful in screening
from a set of automatically constructed model for a receptor of
unknown structure. Additionally, identification of conservation pat-
terns will further evoke studies from evolutionary point of view. For
instance, it would be interesting to analyze microbial 7TM retinal
proteins with the current scoring method (see below).

The most conserved intrahelical distances are assigned at the spa-
cing containing five turns approximately from 3.32 to 3.50. In fact,
close examination of this part shows no significant distortion for all
the receptors of known structure. Therefore, our result suggests that
the regular and conserved shape of this helical segment is a key to the
common functionality of GPCRs. Interestingly, the distances between
the extracellular part of this segment and the cytoplasmic part of helix
I is also conserved (Fig. 6). These findings, in conjunction with the
intrahelical conservation of helix I and inter-helical conservation
between the cytoplasmic part of helix I and the part around 6.50 of
helix VI, highlight previously unidentified intramolecular spacing that
might form the critical conditions for the functionality of GPCRs.
Since the two regions described for helices III and VI affect the level
of activity, it is conceivable that their relative position to a distant point
(e.g., the cytoplasmic part of helix I) appears to be conserved.

Distance matrix analysis has been used for detecting the confor-
mational transitions between two states within a protein'’. The

recent high-resolution structural models of GPCRs are valuable
sources of data for extracting structural information regarding the
conservation and variation among the evolutionally remote mem-
bers of protein families, by systematically analyzing the intramole-
cular distances. To our knowledge, the variety or the quantity of
structural data required for this sort of analysis are not available
for other membrane protein families. The structures of a related
family of 7TM proteins, the microbial retinal proteins, have been
extensively investigated'*. While the sequence variation of these pro-
teins is limited, application of the current approach to this family of
proteins appears to demonstrate distinct features from GPCRs in the
intramolecular conservation patterns (unpublished data).

The statistical analysis presented makes use of only one snapshot of
these inherently dynamic and fluctuating molecules'. Therefore, the
quantity and the quality of available structural data would be expected
to significantly affect the reliability of the inferred results. Indeed, the
present scoring and ranking were reasonably sensitive to the choice of
structures in a given set, especially with regard to interhelical pairs. It is
possible that further structural data would improve the characterization
of each of the families within the whole GPCR superfamily.

Changes in the intramolecular interatomic distance of specific
pairs of amino acids have been frequently examined when estimating
the trajectories for molecular dynamics simulations'®'”. As a ref-
erence, our 50 ns simulation of the delta opioid receptor indicated
that the scores calculated for the trajectory of the distances between
the C,s of BW numbers 1.59 and 6.50, one of the highest-ranked-pair
in the present study (score approximately 87 in set 10), was 51. On
the other hand, the corresponding score between 3.50 and 6.30,
which was expected to be sensitive to the state of receptor activity,
was 12, which was comparable to that obtained in set 10 (score 5.6).

The present study focused only on the inactive-like structures that
were obtained in the presence of antagonists, inverse-agonists or
negative allosteric modulator. However, the degree of conforma-
tional “inactiveness” might differ among the structures in a given
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Figure 6 | Graphical representation of conserved interhelical distances in
set 10 including 19 unique bundles from all GPCRs with known structure.
Upper: top view from the cytoplasmic side. Lower: side view from helices II
and IV. Interhelical section pairs of conserved distance are colored on the
200 residue 7TM backbone of bovine rhodopsin template (1U19-A) as
follows; purple, I-VI; cyan, I-III. All of the lines shown between the pairs
have scores of more than 50. For clarity, the pairs involving the residues of
BW no. 3.37 and 6.50 are shown by these lines.

set depending on the type of ligand bound to each of the receptors.
Therefore, the higher-ranked section pairs described may also be
structurally conserved in the active-like states. While a direct com-
parison between the results obtained from inactive-like and active-
like sets would be difficult due to the limited variety of receptors in
the active-like set, further analysis of the active-like set is likely to
provide valuable insights into the activation mechanism of the rho-
dopsin family receptors.

Analysis of the conserved interhelical pairs in each set appears to
provide subfamily-specific information. In the case of set 4, where
adrenergic receptors were omitted, we observe an increase in high
score contribution from the III-V pairs. This result is consistent with
the fact that superimposition of the bundles clearly showed that helix
V of the B, and B, adrenergic receptors was shifted slightly upward
(toward the extracellular side) from the other receptors while helix ITI
did not exhibit any features among them.

On the other hand, deviations can also be accommodated without
changing the interhelical distances. Previously reported significant
deviations of bovine rhodopsin from other receptors with respect to
the positioning of the extracellular part of helix III° did not appear to
affect its distance to the cytoplasmic end of helix V. Similarly, con-
siderable deviation of class B and smoothened receptors from rho-
dopsin family at the extracellular part of helix VI did not cause major

Figure 7 | Graphical representation of conserved residues among 19
receptors in set 10. Upper: top view from the cytoplasmic side. Lower: side
view from helices I and IV. Five conserved positions in helices I, II, and I1I
(Fig. S3) are shown as sticks on each of the 7TM backbone ribbons. These
residues correspond to BW no. of 1.52, 1.53, 2.46, 3.43, and 3.54.

distance changes from this region to the cytoplasmic end of helix L
These observations suggest that our analysis also provides informa-
tion on allowable directions along which some helices can deviate
without affecting the receptor’s functionality. Further accumulation
of high-resolution structures could confirm whether the highly
diverse backbone organization in the extracellular regions of
GPCRs might still be limited by directional restrains that are required
to ensure the correct positioning of the cytoplasmic parts of the 7TM
bundle.

The most intriguing structural feature of GPCR activation is that a
variety of stimuli likely evoke large movement of helix VI while the
remaining 6 helices exhibit smaller degree of rearrangement'"'®. For
such a mechanism to operate in diverse receptors, we suspect that
some common and key intramolecular restraints have been con-
served during evolution. In this respect, conservation of the distances
from the intracellular side of helix I to the middle/extracellular part of
helices IIT and VI might be an essential requirement.

Methods

The data processing from the original PDB entries was as follows. Each of the poly-
peptides in an entry was used to extract the heptahelical bundle, consisting of 200
residues, as described previously®. For each polypeptide, C,, coordinates were
extracted by pdbset in ccp4i”. Temperature factor analysis was also performed using
these C, files.

In total, 19,900 interatomic distances were calculated and tabulated, using the
coordinates of the 200 C,, atoms in each bundle for all the chains archived on our web
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site (www.gses.jp). In cases where two conformers were provided for a residue, fre-
quently W(4.50) in the rhodopsin family receptors, only conformer A was considered
because the differences of the C, coordinates between A and B were mostly negligible.
Alignment of CRF, receptor in class B, mGluRs in class C, and smoothened receptor
was identical to that reported previously’ ' at the most conserved position in each
helix. The 7TM bundle of the smoothened receptor (PDB ID: 4JKV) aligned to
rhodopsin-like receptors was assumed to lack a residue at the amino terminal of helix
IV (4.39). Therefore, in the sets containing the smoothened receptor, the total number
of C,, pairs was 19,701. Similarly, the 7TM bundle of the class C mGluR1 receptor was
assumed to lack two residues at the carboxyl termini of helix IT (2.66 and 2.67) and VI
(6.59 and 6.60), giving the total number of 18,915 for C, pairs in set 10. Even among
the receptors of the rhodopsin family, the possible sequence gaps supposed to occur in
afewregions (e.g. the extracellular side of helices Il and IV) in some receptors®>*' were
not taken into account, and the BW numbering was serially made in both directions
from the *.50 position.

In addition to the criteria for bundle selection for each of the sets, we selected
bundles for the minimal sets 9 and 10 as the ones with the highest resolution and
lower overall average temperature factor. For instance, chain B of 4AM] was chosen
for the B, adrenergic receptor because 4AM] has the highest resolution for this
receptor and the chain B has lower overall temperature factor for C,s than chain A.

In each of the sets, the average, standard deviation, maximum, minimum, and the
inverse of coefficient of variation (score) were calculated for the 19,900 or 19,701/
18,915 C, pairs. Then sorting was made according to the score. The distribution of the
average distances were examined for all 19,900 and the top ranked 1,000 C,, pairs of
set 1. Two-dimensional plots showing the correlation between the score and the
distance were also prepared for set 1.

Molecular dynamics (MD) simulation runs were performed on the delta opioid
receptor, having complete inter-helical loops (PDB ID: 4N6H), in a lipid bilayer of 80
X 80 POPC molecules, with NAMD?* running on a GPU accelerated PC, using
particle-mesh Ewald electrostatics, 10 A nonbond cut-off, switching function at 9 A,
12 A pair list cut-off and 1 fs time step. Briefly, the delta receptor polypeptide (from
G36 to G338) having a complete loop connection was inserted into the POPC bilayer,
hydrated, neutralized with 0.15 M NaCl by VMD?. The whole system was energy
minimized for 50 ps and the lipid and the solvent were equilibrated by MD for 0.5 ns
under NVT condition (310 K). Then, a 50 ns MD run was performed with no
restraints under NPT at 1.0 bar and 310 K and the C,-C,, distances in the trajectory
were analyzed with MD tools implemented in Chimera*. All the graphs and the
graphics were drawn with Igor Pro (WaveMetrix) and DS visualizer (Accelrys),
respectively.

Backbone torsion angles were obtained by DSSP'* and the deviations of phi and psi
angles among the receptor structures were calculated for each C, position. Then, the
values were averaged for each of the 35 sections (5 sections per helix).
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HDIEHRE ZITID F AN =R b OMEH

Hx WA IR
B A4 B

[B®Y]

A TS FEMMRIIIR TH 5, £ OWM L EiEiEOREEE, F MR E
Do F AT = XL DNWTIIWETZRARE S LV, ITFIRIZONWTE S OFAE, 1
REBSHE 73 FGF v 7 LRI FICdH 5 Z ENH LM Eh-2ob 5, i, 45
ETIEINETFGE > 7 VO TR H 2 iR BEBE T 2RI A7 YV —=0 7
HFRuET 7V Y AT NAHERO RGO EEMR Z W TN L CTE 7, ZhvE
TIZZ OIMRIERIE 2K E D FGF TRUEE L THELND h T A7 V7 h—A12, REE
RN CHRELT 2 BB FEDDHMINCE AFET D2 EDRALNTR>TND, 22T
WHEHFZE CIZAR DAL, KEREICREE 92 = L AR SN DB E FICEA KDY . iR b T
YA VT RN DAY ) —= 2 TR Tolz, FEAMETIE, 1) BERFE, H5H0
X 2) 7 UREREER O, F7-HEEERSHE CTiX 3) GPCR BB /A T %384k L In situ
hybridization |2 X Y IRICE T 2B OMRE B L=,

[RREBE]
YELWFIE CHRNT LT-LL T 6 FOBE XVt 77 U Y XA T AR BT 5
REA « ZZRIRBL Y — 2oV T, ZNE THMRHREDZ LNHDTH D,
1) BB R
a) elfl (E74-like factor 1): FGF/IMAPK 7' /Ui O Fift T < Ets 855K 77 7 2 Y
— DAL= AT AT OEENIA,
PRRRETER (32HF 20 IefEl$2) (CRITMGEIZ FICHBIAAEE 0 | BIFIRE (320 32
e %) ICIRAE (RO b L1272 2R EAMEE) . FRCZ OEBMICRIANHR Iz
(Fig.1a).
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b) ctef (CCCTC-binding factor ): Zinc-finger &F—7 % DNA #iHEF—7 & LTHO
BRERT-7 7 IV =D A=, ATV TOEENIA,
PRRRIRGE S (B2FG 16 Wef#%) (CRlMeEEZ FOIC BN E Y | BIFRE (26
32 ) IR CoORBL MR SN (Fig.1b),

c) znf182 (Zinc-finger protein 182): Zinc-finger €F— 7% DNA fi&TF—7 & L CTHf
DB T T 7 I Y — DAL= Y AT LI T OEENTI A,
PRRRIRGE S (B2FG 16 Wef#) (RN 2 O IC B E Y . B (326
32 FFff#%) ICIRRCoRBL MR s (Fig.le),

2) I AR E A

a) birc2 (baculoviral IAP repeat containing 2): 5ey& RN D o 7T IARED T & S
TWDH, AT T )VRIHIIR TORENTARH,
PRRE TR (ks 20 WEfEIfR) (CHIMMAEIZ IR BL G £ 0 . BRI (B2
32 Ffil12) (IZIRME CToRBL Rl =7 (Fig.2a)

b) frs2 (FGF receptor substrate 2): receptor docking protein 7 7 X U —D A L/ —_ 7
A FT T VHTHIIR C OB ENIAH,
FRRE T (S2FE 20 WRefEli2) (CRIMEEIEZ PO BN E Y | B (2
32 Ffilf%) IZIRA CooRBL s <7 (Fig.2b)

3) GPCR #!
gpcl60 (G protein-coupled receptor 160): G % /37 FIBRIZFRIKT 7 I Y —D A
=y AT TV T ORRENT A,
MR R (324G 20 FER) ICHIIMGEIR 2 PO BI IR E 0 . BRI (524 32 If
%) I COREIARER S (Fig.s)
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WUEAFTE TN ST RO DOBIE T I1E. WTIN b EFEROIRIE (IROJFHE) TOFREN
MR STz, ETFHBLOBRMIT, FRRBGEEEH 2V LHRETRICE TS 0IE s 2 &
HLoR &N, ABITSELG A2V T, mRNA #FEIFEHIZ LS gain of function fi#fT, *

727 > F L ARNAIZ LD loss of function fEAT 21TV, K BIa T DIRDFRA, FI-HRE
BHICBIT A& 2HONITALERH D,

bHHHH

bOHIDLLLLLLLLHODDDLOHLLLHLHHLLHLHH
B2
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FENERAEL (FKFORBEREZFIA U e s O f#

i WEAR OME
h#  ml AR

[E Y]

i 45 AT & Do & > CRBRED B AR ~DlisHa T & 5 16k % @ Yl 72 FEH 12
179 2 &Ik, BHENE B CEHRECTH D, [ERFFHGIEICEDL BB DL ILTET IV
M aA XX FEZHANTHLNZSITE TSN, BB - I1E - Fole Lot
BOBER L b - HER LT 7 EFONBIER L2 X » TEEZ KT SN D EMER 1 %220
TWAH T2, REFRE I TORWIERFFIHIERE R - OFEN TRERIN TNV D, RIF5E
TlE, vaA XFXFONFEHEIERRRKE CId- & < FEFRIEER DO —>Th 5 HF TR
K FKF1 OBSRERIEZ B (GBS ARER) 2ARFULBET 5 2 L TR L2 2 FiHA
BIRZHBEL . £ ORKELEFORE L BReE LR MR L 2T+ 252 & T, flmo
SRAEFRIR D & SRR~ ORI O 7 TH0 SR 2 S M2 T 5 2 L2 HI E T 5,

(R L EZ]

fhfl ERARE A B2 2R g TF L (EMS) LB L, M2 oW % E B TEF
LU CREXFEEREELEWVWHIF S Ly —2 7 ) —= F2 kT 32RO Fme X 25
KEHT-, RFETIZIZDHH 2 oOERIKF0501, F4501 OfEMT %2 HLNZIT > 72,

[1] FO501 & F4501 D AEALHF

F0501 & F4501 | ZRBeE DR & (kI EROWMGZH L T\W5DH, £Z T, FREDERE
DS flf1 B ENAKFET 20BN A O T D721, BT K - T k1R R4 B AR
& & 4 2 7-HE K FO501mono & F4501mono % EH L. Col. f&f1. FO501, FO501mono,
F4501, F4501mono OIERFE 2 ]E L7z, ZDOFE%R., K HSM (16L8D, 22°C) &#H
& (8L16D, 22C) ¥ H5ThH, FO501, FO0501mono, F4501, F4501mono [L[A]KF
HIZHE L, TOROEOKELREETHY . Col IZH_RTHREXZThH-7- (K1, 2),
- T, FO501 & F4501 O RMex BHIL fAf1 R LML L TWDHZ ENELNE R o7,

[2] Ft & JRRER T O E

etk T 21TV, F0501 & F4501 O R X OJRIKE R 123 EVEIVE 2 Yetafk o T i
? 14.2 kbp & 260 kbp OFEEENIZERE L TWDHZ EEHALMI L (K3), Wity —
Y —Z VT F0501 & F4501 O%4 /7 7 2 DNA RS 2 F T 45 0 Yeta kAT
TR A ATZRERNIC FO501 TliE 1 -5, F4501 Tl 4 >0 1 HILEH NG 5 Z &8N bh-
72. HIZ, F0501 & F4501 (327 7 S VU —BIZETHDNAKRKIAT—ED1>THD
DNAKRY AT —¥ 6 2R+ 27 7H ) —%72=> hTH2S POLD2 (ZERNEL T
Y . F0501 Tix POLD2 OFFRBAAG A HELZ T 1286 & H OEEEN G 726 A 12, F4501
TlZ POLD2 OFFRBALE R HE 2 T 328 FH DR G 76 A ICERE L TWDH Z & A3
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Snkipol-, ZoZ b, F0501 & F4501 O RB:X X POLD2 OEENRINTH D Z
& DRI S iz, AR FO501 % fkf1 pold2-1,F0501mono % pold2-1,F4501 % fkf1 pold2-2,
F4501mono % pold2-2 &£ Fitd 5,

[3] Hpt & EFIRD POLD2 cDNA O IEELS & 2 — RSN TW5 7 2/ BERECS

pold2-1 & pold2-2 D¥E) S RNA #Hii L, RT-PCR (2L VW POLD2 @ ¢cDNA % A1k L
7otk = DOWEHEBFNERTE LTz, TORER, pold2-1 TEFE6A L va v BAT T4 7
ST, EHF LY 71bp, cDNA BEL 720, POLD2 % > /X7 E D 440 €O T X/ FaFEH
DIHH 220 FHITKIGa RN AEL T, 219 % H TRDL Z & bhoTe, pold2-2 TIXH
QT ) UDIBEBPTATTA L TR Z D, cDNA VEE LD 93bp L 72D Z Enbh
ST, L, V=T 47 7L —AOFTHUIELRND, 3215 62FHETD 31T
2RI KBTS b0, 32 F B LUKOMHEEO POLD2 IZIEFHICIESND Z &b
ST, DT END, pold2-1 & pold2-2 Tix—I23KIE L7z POLD2 % L /7 EMEL L
DT ENRBINT,

[4] POLD2 T-DNA ffi AZ AR (GK762B02, GK820B06) M Hif

POLD2 OEEMNIFINT pold2-1 £ pold2-2 £ BPEKXZ72 5D THiUE, T-DNA A
2 & > T POLD2 OFEREN KON AEMIA S ReE 2D B2 b5, £ 2T, POLD2
IZ T-DNA BMfEA SN TWD 2 5D T A > GK762B02 & GK820B06 # A kv /7 & & —

(ABRC) "B AFL, ZORBMEBER LT, ANFLIZH T E CMEWIE) S DNA
ZH L, PCR IC X » TEE AR ZMR LR R, GK762B02 & GK820B06 D X H 57D
TA b T-DNA ARG RIIHE O o 72, T-DNA fiA~NT B #EEEKOBEFE
SZHICE o THLNIET A2 F &, Bo Tl lWEOBE T EZH <7223, 2120 T-DNA f
AREESRIIHZ N -T2, 2O &1, POLD2 ® T-DNA AR EHEERNEIE &
RHZEERBLTND, ZOREWALNICTH7OIC, T-DNA AT 0 HESEROH#
EHRE, PORMTEBIE L, TOME, BARTCIRIZEAERREOER T Th-o
7=DIZkt L, T-DNA fi AT B #A5K CIIR B O ER 22 fi7- L KA NS W o fE 1 &
DBIESNT, T4 ZFREEToTe L 2 A, ERRET  RELETOREN3:1Th
5 EDHEND BT, T-DNA i AR EHEARIIE TR OB TR/ 5 Z LN
T,

WIZ, T-DNA ffi AT a0 #A8 KOS & pold2-1 DMEEZ FIW TR E4T > 72, ARIC
Ko THRLNTZMMIAD 5 5 T-DNA ZRAYT . pold2-17E R % ~7 0 THT DMK
BRI L [F UHEMI A D K& S 2R L7213, T-DNA A & pold2-1 RO &2 ~T allH
THHEWKRITE CTH/IZRY, R ThoTz,

PlEDZ 5., pold2-1 & pold2-2 TiZ POLD2 % /X7 EO—EHA KB LTNDHHD
®., POLD2 OREEEDN I THINCTE > TV D TOICBIE L R b PICREE Lot &2 60,
T-DNA A & pold2-1 5B D f % ~TF a |2 OMMIKTIX. HOHITHEREN IS > T\ 5
POLD2 # 1 2 =LA L TWeWee, FEFI/IMITREZICRsTZEEZI DD,

[5] fkf1 pold2-1 & fkf1 pold2-2 & DAELTH: b= FufEIEDTE s
POLD2 3 50 & OJF R G T B0 E TISHRGET 5 7212, fkf1 pold2-1 DL & ki1
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pold2-2 DMEEE % AW TREL 1T 7=, 567z FiEERPAZZMICE DO TIERL
REIZ L > THLNTE b DO THLNENETR D720 FiiE{ko POLD2 ® DNA HiFER A
BRE LT, EOREE, POLD2 OFRFREM R HE 2 T 1286 & H OMEIIZIL pold2-1 D
B (A) CIEEFERERE (G) @2 o0 &, 323 FH OHEEIZIT pold2-2 D
B L7 (A) CIEEREE (G) O 2 008 ENm0, REITHII L Tz &
Nbhotze, BHEMIETHRFEZRE Lz 25, FERIE &f1 L He_XTREKEE ThH-
7o FLEROWE B LB REOEEDOMERIL, &1 pold2-1 & fkfl pold2-2 DZ i & [FIFLE
Thot-, ZOBEHIMFNMEIL. POLD2 ) pold2-1 & pold2-2 DHRBex DOJRIKEE T TH
LI EEIFTLHMBD 1L OTHD,

[6] FT %)% SLARAT

A XS AFTIE CEMERE, BRI, B, UL RO 4 SodE
FRAREEDMFAE L Bl O =D OREOFAERE & L THRALE S FT AL TN D, £
Z T, FTORBLZZERFICHRTE 2 A, Col © FTDO¥BIEIL ZT (Zeitgeber Time) 4
L ZT16 v — 27 % Fib | ZT16 TR E72o7-, fkfl TiX Col LR TEDFRHHTH
FT OB EITIKL ) o 72, pold2-1 & pold2-2 TiL., FT ORBLEITEDEHEH TH Col
L@ EBbonoTz, fkfl pold2-1 & fkfl pold2-2 TlL, FT OB EIT E DR T
Y fkf1 XV @oTe, BT, fkf1 pold2-1 & fkfl pold2-2 Tix ZT8 73 & — DI # T Col
WZHEART FTORRBENHINT 52, 1 HZi# L TCORBLEIT pold2-1=° pold2-2 D X 5T
FIRELSEDLRMoTZ, ZNHDZ b, FTOREL LR & FTUSOERER T DIE
PABIZ L » T pold2-1 & pold2-2 L INFEX LD TIT/RWNEEZ Bz,

[ZIDNA~A 27 a7 LA

AT L pold2 R FAK & ORI CHRIANE(L L TV D B4 BREOICHN 5725, DNA
~A 70T VAN E T o2, A 7T LA RNA L, EASKMT10 BB T
7z Col, pold2-1, tkfl, fkfl pold2-2 DREMIIREAL ORI L, o 7Y 7L ZT4 1247
72, pold2-1 TOHELN Col & AT 2L ETH Y | 7D tkf1 pold2-2 TDIEBLN (kfl
LT 2L B 5> - BIn X 307~ 72 (M4), Th 6% DAVID THERESH L 7-
FER, 1THDO Y 7 A X =TSz, D9 LFEFHICH E & &5 Enrichment Score
23 1.3 LLE (Huang et al, 2009) OV 7 AKX =X 4HTHY ., 7 7 AKX —2 1213 ES
DABIGFRENEG TN TV, TDOHRTYH reproductive developmental process (2[5
BTN 22 f L e b %< . APETALAI (API). SEPALLATAS (SEP3). FRUITFULL

(FUL). AGAMOUS-LIKE24 (AGL24) 72 ER&EhTuiz, AP1 X° SEP3. FUL %
FTOTHIZH Y, {EORETFEKICBED 51857 CTh D (Smaczniak et al, 2012), AGL24
b FTOTRIZHY , AGL24 & SOCTIZHHEAEM S % Z & TR EIC T2 b & AGL24
PEFEPEHE S A XFRAFIFRBEX IR 2 EnmbiTnsd (Liu et al, 2008),
AGL24 DBLL., pold2-1 Tix Col tb~_T 3.31 {5, fkf1 pold2-2 TIL fkf1 2~ T 6.82
FIZHEML T2 Enb . AGL24 78 pold2-1 & pold2-2 O 50 Z (2B 2 it s 1o
1oThiHEBEZLND,
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[¥ & o]

AL LD POLD2 Ny uA XF X FOFRALMEIN - CTH D Z EnmmEiv, FT
DHEL AN pold2 ZEREDRIRED—RIZ/RY 522 L, FTUSNOBIET (AGL24 H
FAl) DRI TS Z ENRB I T,

RIVAT—BSERIL77 IV —BIZETHDNARY X7 —E|E, vaA XFXFTlE
S DI, a. . {MNHD (Garcia-Diazet al. 2007), DNA 7R YU A 7 — o Ot~
a=v b a— T2 INCURAVATAZ (ICU2) OEFAKE DNA KU X T —8 ¢ OfilidEH
Ta=vy hea— 325 EARLY IN SHORT DAYS 7 (ESD7) D7 FAKTH EARIZ LN
B2/, T-DNA A IND EFEFIROBEMECESEIZ /R D Z ENHEIN TN D

(Barrero et al., 2007, del Olmo et al., 2010), ESD7 & ICU2 |% FT DR B = M]3 5
LIKE HETEROCHROMATIN PROTEIN 1 (LHP1) / TERMINAL FLOWER2 (TFL2)
EHEERT I ENMLNTWS (del Olmo et al, 2010, Hyun et al., 2013),
LHP1/TFL2 X H3K9me2 % L <I¥ H3K9me3 L& L, fEEIENAN -# {5+ CThod FT
X FLC. L3R EREL T CTh D AGAMOUS X° APETALAS 72 X % &1 % < OiBfs T
DHEE Z Wi 5 (Turck et al., 2007) , 5%, POLD2 (& L % {ERCHNTIEE O fEHT 2 D |
ICU2, ESD7 | X 2 LRkt & OFFiE s « —Eum 2 620023252 & T, DNA R
AT —BIZ L DM DORAERE D O AR E~DIREEE O RIITB L2 N TELH LS
ZTCW5D,

()
90

80 -

70 -

60 -

a a
1 b b b b
T
20 +
O,

m 50
ij& 20 -
30
Col fkf1 FO501 FO501 F4501 F4501
mono mono
FHSRMECORMES (1) FH S CTOERR (X 2)
B RABTIC R D Rk EJRREEFORE (K3) DNA~A 77 LA (X4)
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Abstract LOV KELCH PROTEIN2 (LKP2) is a blue-light receptor protein composed of three functional domains: a light,
oxygen, or voltage (LOV) domain, an F-box motif (F), and Kelch repeats. LKP2 is postulated to be a component of an SCF
complex and function in ubiquitination of proteins that control the circadian clock and photoperiodic flowering. Transgenic
Arabidopsis plants that produce LOV, E or a combination of LOV and F fused to green fluorescent protein (named GL,
GF, and GLEF respectively) were produced using constructs containing the Cauliflower mosaic virus 35S promoter. Under
continuous white light, the circadian rhythms of control and GF plants were similar, whereas those of GL and GLF plants
were shorter. Under continuous red light, the hypocotyl lengths of control and GF seedlings were similar, whereas that of
GL seedlings was longer. Late flowering and down-regulation of CONSTANS and FLOWERING LOCUS T were observed in
GL and GLF plants compared to GF and control plants under long-day conditions. These results suggest that the previously
reported pleiotropic phenotype of LKP2-overproducing plants, which show altered circadian rhythm, hypocotyl elongation,
and photoperiodic flowering, is not only due to the promotion of ubiquitination and subsequent degradation of substrate
proteins of the SCF***? complex but may also be due to the functional disruption of regulatory proteins that interact with
LKP2 LOV.

Key words: Arabidopsis, circadian rhythm, flowering time, hypocotyl elongation, LOV KELCH PROTEIN2 (LKP2).

Plants perceive light not only as the energy source for
photosynthesis but also as an environmental stimulus
that controls plant growth and development. Multiple
photoreceptors including phytochromes, cryptochromes,
and phototropins perceive environmental light signals in
Arabidopsis (Kendrick and Kronenberg 1994; Nagatani
2010). In addition to these photoreceptors, members
of the FLAVIN-BINDING KELCH REPEAT F-BOXl1
(FKF1)/LOV KELCH PROTEIN2 (LKP2)/ZEITLUPE
(ZTL) family are blue-light photoreceptors and are
involved in regulation of the circadian clock, hypocotyl
elongation, and flowering time (Jarillo et al. 2001;
Kiyosue and Wada 2000; Miyazaki et al. 2011; Nelson et
al. 2000; Schultz et al. 2001; Somers et al. 2000; Takase et
al. 2011). Arabidopsis FKF1/LKP2/ZTL family proteins
have three functional domains—the light, oxygen, or
voltage (LOV) domain, F-box motif, and Kelch repeat—
and function in ubiquitination of target proteins as
components of the SKP1-Cullin-Rbx1-F-box protein

(SCF) E3 ligase complex (Demarsy and Fankhauser
2009). The SCF™ complex regulates the circadian clock
by ubiquitin-dependent degradation of two circadian
clock regulators, TIMING OF CAB EXPRESSION1
(TOC1) and PSEUDO-RESPONSE REGULATORS5
(PRR5) (Kiba et al. 2007; Kim et al. 2007). The SCFF!
complex regulates flowering time under long-day (LD)
conditions by ubiquitin-dependent degradation of
CYCLING DOF FACTOR (CDF) proteins, which are
repressors of CONSTANS (CO) expression (Imaizumi et
al. 2003, 2005; Sawa et al. 2007).

The LOV domains of FKF1/LKP2/ZTL family
members are involved in blue-light perception by
binding flavin mononucleotide, which functions as a
chromophore, and by interaction with several regulatory
proteins. The FKF1 LOV domain forms homodimers
(Zikihara et al. 2006) and functions in the regulation of
blue-light-dependent ubiquitination of CDF1 (Imaizumi
et al. 2005). The degradation of ubiquitinated CDFs by

Abbreviations: ACT2, ACTIN2; 3AT, 3-amino-1H-1,2,4-triazole; CDF, CYCLING DOF FACTOR; CO, CONSTANS; FKF1, FLAVIN-BINDING
KELCH REPEAT F-BOXI; FT, FLOWERING LOCUS T; GFP, green fluorescent protein; GI, GIGANTEA; LD, long-day; LKP2, LOV KELCH
PROTEIN2; LOV, light, oxygen, or voltage; PRR5, PSEUDO-RESPONSE REGULATORS; SCE, SKP1-Cullin-Rbx1-F-box protein; T-DNA, transfer
DNA; TOCI, TIMING OF CAB EXPRESSIONT1; ZT, Zeitgeber time; ZTL, ZEITLUPE.
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26S proteasomes leads to the activation of CO expression,
which triggers the expression of FLOWERING LOCUS
T (FT), a florigen gene (Imaizumi et al. 2005). The
interaction of FKF1 with GIGANTEA (GI) through
FKF1 LOV is required for this activation of CO
expression (Sawa et al. 2007). FKF1 also interacts with
CO through its LOV domain in a blue-light-enhanced
manner; this interaction stabilizes CO in the LD
afternoon (Song et al. 2014).

ZTL interacts with TOC1 and PRR5 through its LOV
domain (Kiba et al. 2007; Mas et al. 2003). The ZTL
LOV domain also interacts with GI. This interaction is
blue-light dependent and stabilizes ZTL protein (Kim
et al. 2007). Production of ZTL LOV in transgenic
Arabidopsis causes period lengthening under red- or
blue-light conditions, similar to zt! loss-of-function
mutations, and a decreased level of endogenous ZTL
protein compared to that in the control (Kim et al. 2013;
Somers et al. 2000). These results suggest that production
of ZTL LOV reduces endogenous ZTL protein stability
by interfering with the interaction between endogenous
ZTL and GI, and that the reduction in ZTL levels leads
to period lengthening. Furthermore, production of ZTL
LOV results in elongated hypocotyls under red- or blue-
light conditions and in delayed flowering under LD
conditions, similar to overproduction of ZTL (Kiyosue
and Wada 2000; Somers et al. 2004). These phenotypes
are postulated to be caused by the inhibition of GI
functions in nuclei due to enhancement of cytosolic GI
distribution caused by the ZTL LOV-GI complex (Kim
etal. 2013).

LKP2 shows high amino acid sequence similarity
to ZTL, and the tissue-specific expression pattern of
LKP2 overlaps largely with that of ZTL (Kiyosue and
Wada 2000; Yasuhara et al. 2004). LKP2-overexpressing
transgenic plants phenocopy ZTL-overexpressing
transgenic plants: both exhibit circadian rhythm
defects under continuous light or in the dark, elongated
hypocotyls under continuous white or red light, and
delayed flowering under LD conditions compared to
control plants (Nelson et al. 2000; Schultz et al. 2001).
Transfer DNA (T-DNA) insertion mutants of /kp2 are
phenotypically similar to wild-type plants (Baudry et
al. 2010; Takase et al. 2011), while ztl T-DNA insertion
mutants show slower circadian rhythms under
continuous red or blue light or in the dark, shorter
hypocotyls under continuous red light, and earlier
flowering under non-inductive photoperiodic conditions
compared to control plants (Somers et al. 2004; Takase
et al. 2011). The phenotypic similarity of lkp2 plants
with wild-type plants is postulated to be due to the very
low expression of LKP2 relative to that of ZTL (Baudry
et al. 2010; Michael et al. 2008; Mockler et al. 2007).
Introduction of LKP2 c¢cDNA controlled by the ZTL
promoter complemented the long-period phenotype of

a ztl mutant (Baudry et al. 2010). These results suggest
that LKP2 possesses ZTL-like functions with respect to
regulation of the circadian clock, hypocotyl elongation
and flowering time in Arabidopsis.

Similar to the overexpression of LKP2, production of
green fluorescent protein (GFP)-LKP2 in Arabidopsis
also causes arrhythmicity of the circadian clock,
lengthens hypocotyls in continuous white light, and
delays flowering under LD conditions (Miyazaki et al.
2011). In this study, we analyzed the effects of production
of the GFP-tagged LOV and F-box of LKP2 on the
circadian clock, hypocotyl elongation, and flowering time
regulation in Arabidopsis, and discussed a LOV-mediated
function of LKP2.

Materials and methods

Plant materials and growth conditions

All plant material was generated using the Columbia accession
of Arabidopsis thaliana. Hypocotyl length was measured as
described previously (Takase et al. 2004). Arabidopsis seeds
were surface sterilized and placed on GM medium (Valvekens
et al. 1988) supplemented with 0.8% agar. Plates were kept at
4°C for 7 days and then transferred to continuous white light
at 22°C for 8h to induce germination. After induction of
germination, the plates were transferred to monochromatic
light or to darkness. Blue, red, or far-red light was generated by
light-emitting diodes at 450, 660, or 750 nm, respectively (NK
Systems, Tokyo, Japan). Fluence rates were measured with a
radiometer (model LI-189; LI-COR, Inc., Lincoln, NE, USA).
Hypocotyl length was measured with Scion Image software
(Scion Corp., Frederick, MD, USA). To determine the flowering
time, Arabidopsis seeds were sown on vermiculite in pots. Pots
were cold-treated at 4°C for 3 days and then transferred to LD
conditions (16-h light/8-h dark) at 22°C. All statistical analyses
were performed using IBM SPSS Statistics for Windows,
version 20.0 (IBM Corp., Armonk, NY, USA).

Vector construction and production of transgenic
plants

Three constructs encoding the LKP2 LOV domain, F-box
motif, and a region that includes both the LOV domain and
F-box motif were generated. PCR primers are listed in Table
S1. The PCR template was cDNA from A. thaliana accession
Columbia. Each PCR fragment was subcloned into pCR4-
TOPO (Invitrogen, Carlsbad, CA, USA). After the entire
inserts were sequenced, they were excised with Bg/II and
BamHI and subcloned into the BgIII site of pCR4-TOPO
containing the S65T GFP coding sequence (Niwa et al. 1999).
The resulting vectors were then digested with BamHI, and
all fragments (encoding S65T GFP and LKP2 domains) were
subcloned into the BamHI site of the pBE2113 binary vector
(Mitsuhara et al. 1996). The resulting vectors were introduced
into Agrobacterium tumefaciens LBA4404 by triparental mating
(Figurski and Helinski 1979) and subsequently into Arabidopsis
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by the floral-dip method (Clough and Bent 1998). Homogygous
T, progeny lines were obtained and used for the experiments.

Immunoblot analysis

Protein extraction from rosette leaves and immunoblot analysis
were performed as described previously (Takase et al. 2011).
Immunodetection was performed using an anti-GFP antibody
(Nakalai Tesque Inc., Kyoto, Japan) and an ECL Advance
system (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA).
Chemiluminescence signals were captured using a light-capture
system (model AE-6792; ATTO, Tokyo, Japan).

Fluorescence microscopy

GFP signals from stomatal guard cells in leaf epidermal peels
were observed using an IX71 microscope with a standard GFP
filter (Olympus, Tokyo, Japan). The images were captured using
MetaMorph imaging software (Universal Imaging Corporation,
West Chester, PA, USA). A transgenic Arabidopsis plant
expressing GFP with a nuclear localization signal of SV40 at
the N-terminus (NLS-GFP) (Chiu et al. 1996; van der Krol and
Chua 1991) was used as a control for nuclear localization.

Bioluminescence analysis

To measure circadian rhythms, plants from homozygous lines
of CAB2:LUC and CCR2:LUC (seeds provided by Dr. S.A. Kay,
University of California, San Diego) were crossed to plants
from homozygous lines of GL, GF, GLF and GFP-producing
plants. The resulting F, seedlings were grown on GM agar
plates at 22°C under 12-h light/12-h dark cycles for 4 days
and then transferred to continuous white light. An automated
luminometer was used to monitor luciferase activity (Okamoto
et al. 2005a), and circadian period length in the individual
transgenic plants was estimated by visual identification of
peaks and troughs followed by analysis with a rhythm-analysis
program (Okamoto et al. 2005b).

Quantitative RT-PCR

Plates were incubated at 22°C under 16-h light/8-h dark for 10
days, and then seedlings were harvested every 4h over a 24-h
period. Total RNA from the whole seedlings was extracted and
500ng was used to synthesize cDNA with a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA) as previously described by Takase et al. (2011).
Quantitative RT-PCR was performed using Power SYBR Green
PCR Master Mix (Applied Biosystems) and an ABI PRISM
7000 sequence detection system (Applied Biosystems). The
expression levels of ACTIN2 (ACT2) were used to normalize
expression of the target genes between samples. The primer
pairs used in the PCR analysis are listed in Table S1.

Yeast two-hybrid assay

Yeast two-hybrid assays were performed as reported previously
(Yasuhara et al. 2004). The Columbia version of full-length
cDNA for GI was obtained by RT-PCR with ReverTra Dash
(Toyobo, Osaka, Japan) and GI primers listed in Table S1,

T. Takase et al.

Figure 1. Structure of the GL, GF, and GLF proteins and their
production in transgenic plants. (A) Schematic diagram of the GL
(containing the LKP2 LOV domain), GF (containing the LKP2 F-box
motif), and GLF (containing the LKP2 LOV and F-box) proteins
used in this study. All of the domains were produced as C-terminal
fusions to S65T green fluorescent protein (GFP). Amino acid positions
correspond to those in the native LKP2 protein sequence. (B) Transgene
expression in Arabidopsis thaliana. GFP primers were used to detect
transgene expression by RT-PCR. Actin (ACT2) primers were used as
the control. (C) Accumulation of GFP, GL, GE, and GLF proteins in
transgenic plants. These proteins were detected by immunoblotting
(top panel) using an anti-GFP antibody. Ponceau S staining of the
membrane (bottom panel) was used as the loading control. (D)
Subcellular localization of GFP, GL, GE, and GLF proteins in stomatal
guard cells of the transgenic plants. Each panel shows a representative
GFP image from the transgenic plants and non-transgenic Columbia
(Col) plants. An NLS-GFP plant (containing a nuclear localization
signal fused to GFP) was used as a control for the nuclear localization.
Scale bars=20 ym.
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Figure 2.

Circadian rhythms of GFP, GL, GE, and GLF transgenic plants under continuous white-light conditions. Graphs show luciferase activity

driven by the CAB2 (A) or CCR2 (B) promoter under continuous white light (LL) conditions. All transgenic plants were entrained in 12-h light/12-h
dark for 4 days and then transferred to LL conditions. White and gray boxes indicate subjective day and subjective night, respectively.

sequenced for verification, and then cloned into the BamHI site
of pGBKT?7 (Clontech, Palo Alto, CA, USA), which encodes the
GAL4 DNA-binding domain (bait). Fragments encoding the
LOV, F-box, and Kelch repeat of LKP2 were cloned individually
into pPGADT7 (Clontech), which encodes the GAL4 activation
domain (prey). AH109 yeast cells (Clontech) were used for the
assay. Yeast transformants were grown on synthetic complete
(SD) medium that lacked leucine (L) and tryptophan (W).
Transformants were assayed on SD medium that lacked
adenine (A), histidine (H), L, and W but was supplemented
with 3-amino-1H-1,2,4-triazole (3AT) at 15mM to repress the
basal activity of the HIS3 reporter gene. Yeast containing two
plasmids from Clontech, one plasmid encoding amino acids
72-390 of murine p53 protein (GenBank accession K01700)
and the GAL4 DNA-binding domain and the other plasmid
encoding the SV40 large T antigen (GenBank locus SV4CG)
and the GAL4 activation domain, was used as the positive
control. Interaction between GI and the LKP2 domain encoded
by the prey vector was indicated by colony growth on the SD-
AHLW + 3AT medium.

Results

Construction of GL, GF, and GLF transgenic plants
Three fusion genes that encode the LKP2 LOV domain
(GL), the F-box motif (GF), or a combination of the
LOV domain and F-box motif (GLF) attached to the
C-terminus of GFP were constructed (Figure 1A) and
expressed in transgenic Arabidopsis plants under the
control of the Cauliflower mosaic virus 35S promoter.

Two homozygous lines were examined for each construct
(e.g., for GL, the lines are designated GL 1 and GL 2).
The expression of each transgene was confirmed by
RT-PCR (Figure 1B), and the accumulation of GL, GF,
and GLF proteins of the predicted sizes was detected by
immunoblotting (Figure 1C). The subcellular localization
of these proteins in the transgenic plants was analyzed
microscopically (Figure 1D). Fluorescence signals for GL,
GF, and GLF were detected in the nucleus and cytoplasm
of stomatal guard cells, while those for GFP fused with a
nuclear localization signal at the N-terminus (NLS-GFP)
were detected only in the nucleus.

Circadian rhythm phenotypes of transgenic plants
CAB2:LUC and CCR2:LUC reporters were used to
measure the circadian rhythms of the transgenic plants
(Figure 2 and Table S2). Both GL and GLF plants had
shorter circadian rhythms (e.g., GL 1: 21.3h, GL 2: 22.9h;
GLF 1: 23.3h, and GLF 2: 22.7h for CAB2:LUC) than
control plants (e.g., GFP 1: 24.2h and GFP 2: 24.3h for
CAB2:LUC) under continuous white light conditions,
while the period lengths of GF plants were similar
to those of control plants (e.g., GF 1: 24.5h and GF 2:
24.5h for CAB2:LUC). A decrease in amplitude over time
was obvious in GL plants for both reporters and in GLF
plants for the CCR2:LUC reporter.

Hypocotyl elongation of transgenic plants
Hypocotyl lengths were measured under continuous red
(cR), blue (cB), and far-red (cFR) light and in darkness
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(Figure 3 and Table S3). GFP fused to LKP2 (GLFK;
Miyazaki et al. 2011) was used as a positive control. The
GL, GE and GLF seedlings and one GLFK seedling did
not show significant differences in hypocotyl length
in darkness compared to control (GFP) seedlings.
Both GLFK lines showed longer hypocotyls under cR
(0.052-1.005W m™), cB (0.052-0.225W m™2) and cFR
(0.103W m™) than control seedlings; in particular, the
GLFK hypocotyls were longer than those of any other
lines under cR at 0.052 and 0.204 Wm™ Both GL
lines showed longer hypocotyls under cR at 0.099 and
1.005W m™ than did control seedlings. By contrast, the
hypocotyl lengths of GF or GLF seedlings (at least one

Figure 3. Hypocotyl length of GFP, GL, GF, GLE, and GFP-LKP2
(GLFK) transgenic plants under continuous red (cR) light. Seedlings
were grown for 5 days under cR with various fluence rates (W m™).
Each point represents the mean hypocotyl length of approximately 40
seedlings. Error bars represent standard error of the mean.

Figure 4.

T. Takase et al.

line per light treatment) were not significantly different
from those of control seedlings under any continuous
light condition examined.

Flowering phenotypes of transgenic plants under
LD conditions
Flowering times were measured under LD conditions
(Figure 4). GF plants bolted after 1 month and did not
show significant differences in bolting time compared
with control plants. The rosette leaf numbers at bolting
of GF and control plants were also not significantly
different. By contrast, GL and GLF plants bolted later and
had more rosette leaves at bolting than the control plants.
The expression levels of four flowering-time genes
that function in the photoperiodic pathway (FT, CO,
CDF1I, and GI) were examined in the transgenic plants
grown under LD conditions (Figure 5). Both FT and
CO expression patterns in GF and control plants were
similar, while those in GL and GLF plants were different.
Specifically, the peak of CO expression at Zeitgeber
time (ZT)12 and the peak of FT expression at ZT16,
both of which were observed in GF and control plants,
were absent in GL and GLF plants. By contrast, the
gene expression patterns of CDFI and GI were similar
among the four genotypes. These results suggest that
the late flowering of GL and GLF plants is due to the
down-regulation of CO at dusk and subsequent down-
regulation of FT.

Interaction of LKP2 LOV with G/

Interaction of ZTL LOV with GI is postulated as a reason
for the pleiotropic phenotype of ZTL LOV-producing
plants (Kim et al. 2013). Though interaction between
LKP2 and GI has been demonstrated in vitro and in
yeast (Kim et al. 2007), the binding site in LKP2 has
not previously been reported. Therefore, two-hybrid

Flowering time of GFP, GL, GE, and GLF transgenic plants under LD conditions. Graphs show bolting time (left panel) and rosette leaf

number at bolting (right panel) in transgenic plants under 16-h light/8-h dark conditions. Values are means and standard errors (n=5). Different
letters indicate statistical differences detected by one-way analysis of variance (ANOVA) and Tukey-Kramer test (p<<0.05).
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Figure 5.

Expression of flowering-time genes in GFP, GL, GE, and GLF transgenic plants under 16-h light/8-h dark conditions. Relative expression

levels of the flowering-time genes FT, CO, CDFI and GI were normalized to ACT2 expression. Light and dark periods are indicated by white and black

boxes, respectively. Values are means and standard error (n=3).

interaction of LKP2 LOV with GI was examined in yeast
(Figure 6). GI interacted with LKP2 LOV, but not with
the LKP2 F-box or Kelch repeat region.

Discussion

A fusion protein consisting of GFP and LKP2 was
previously shown to be localized in the nucleus and
cytoplasm of Arabidopsis cells (Takase et al. 2011).
Consistently, the GL, GF, and GLF proteins were also
localized in the nucleus and cytoplasm (Figure 1D),
suggesting that the differences in phenotype among
GL, GE and GLF plants were not due to the subcellular
localization of these three proteins.

Kim et al. (2013) showed that production of LOV or
LOV-F of ZTL caused circadian rhythm lengthening
under red- or blue light. This long-period phenotype

is postulated to be due to instability of ZTL caused by
interaction between ZTL LOV and GI. In contrast to ZTL
LOV-producing plants, both GL and GLF plants showed
short-period phenotypes under continuous white light
compared to the control (Figure 2 and Table S2). The
contrasting effects of ZTL LOV and LKP2 LOV in clock
regulation could be due to differences between some of
their interacting proteins and/or due differing affinities
to interacting proteins, even though ZTL LOV and LKP2
LOV interact with overlapping sets of proteins. Both
ZTL and LKP2 bind to GI (Kim et al. 2007), and both
ZTL LOV and LKP2 LOV interact with two core clock
proteins, TOC1 and PRR5 (Baudry et al. 2010; Yasuhara
et al. 2004). The short-period phenotypes in both GL
and GLF plants are phenocopies of gi, tocl, and prr5
mutants (Mizoguchi et al. 2005; Nakamichi et al. 2005;
Somers et al. 1998). Therefore, production of LKP2 LOV
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might disrupt the function of clock components that can
interact with LKP2 LOV and subsequently result in short
circadian rhythm.

The elongated hypocotyl of GL plants is a phenocopy
of that seen in LKP2 overproducers (Miyazaki et al.
2011). Hypocotyl elongation is enhanced under cR
and ¢B by ZTL LOV production (Kim et al. 2013). As
for LKP2 LOV, enhancement was obvious under cR
but not under ¢B (Figure 3 and Table S3), though one
GL line showed a significant difference from control
seedlings under ¢B (0.102W m™ [GL 2] and 0.225W m™
[GL 1]; Table S3). Therefore, the effect of LKP2 LOV or
ZTL LOV production on hypocotyl length seems to be
fundamentally similar. The lower level of GLF protein
accumulation in GLF seedlings compared with that of GL
protein in GL seedlings might be a reason for the absence
of obvious enhancement of hypocotyl elongation in GLF
seedlings (Figure 1C).

Under LD conditions, production of LKP2 LOV
delayed flowering and down-regulated CO and FT
expression compared to control plants (Figures 4 and
5). Overproduction of LKP2 or production of LKP2
Kelch also delayed flowering and down-regulated
CO and FT expression (Takase et al. 2011). LKP2 and
LKP2 Kelch are postulated to capture FKF1 in the
cytosol, which probably disturbs the ubiquitination and
subsequent degradation of CDFs, which are repressors
of CO and FT expression (Takase et al. 2011). Because
LKP2 LOV cannot capture FKFI in the cytosol (Takase
et al. 2011), the mechanism for late flowering by LKP2
LOV production seems to be different from that by
LKP2 Kelch. Thus, the late flowering caused by LKP2
overproduction is probably caused not only by capture
of FKF1 in the cytosol but also by a LOV-mediated
mechanism.

ZTL LOV facilitates cytosolic retention of GI protein
by interacting with it (Kim et al. 2013). GI binds to FKF1
in the nucleus in a blue-light-dependent manner, and the
GI-FKF1 complex induces expression of CO through
ubiquitination of CDF1 (Sawa et al. 2007). Both LKP2
and LKP2 LOV can interact with GI (Figure 6; Kim et
al. 2007). Given the effects of ZTL LOV production on
cytosolic retention of GI (Kim et al. 2013), it is possible
that the interaction between LKP2 LOV and GI enhances
cytosolic GI distribution, which interferes with the
formation of the GI-FKF1 complex in the nucleus and
results in delayed flowering under LD conditions. This
hypothesis is consistent with down-regulation of CO
expression in both GL and GLF plants (Figure 4). GI
and FKF1/LKP2/ZTL family proteins are postulated to
form interrelated complexes that regulate CO stability for
photoperiodic flowering (Song et al. 2014). Instability of
CO could be another reason for late flowering of GL and
GLF plants, in addition to the down-regulation of CO.

In this paper, we have shown that production of LKP2

T. Takase et al.

Figure 6. Yeast two-hybrid interactions between GI and three
LKP2 fragments: LOV (LKP2-L), F-box (LKP2-F), and Kelch repeat
(LKP2-K). Each panel in the “GI” columns shows yeast AH109 cells
containing a GAL4 DNA-binding domain fusion of GI and either a
GAL4 activation domain fusion of the indicated LKP2 fragment or the
empty GAL4 activation domain expression vector, pPGADT7 (“Vector”).
The bait vector was a GAL4 DNA-binding domain expression vector,
pGBKT7. Colonies were grown on SD agar medium lacking leucine
and tryptophan (SD-LW; left) or lacking adenine, histidine, leucine,
and tryptophan (SD-AHLW; right). The positive control (p53/SV40)
contained one plasmid encoding amino acids 72-390 of murine p53
protein and the GAL4 DNA-binding domain and another plasmid
encoding the SV40 large T antigen and the GAL4 activation domain.

LOV in transgenic Arabidopsis results in short circadian
rhythm, elongated hypocotyl, and late flowering.
This result provides additional evidence for the LOV-
mediated functions of FKF1/LKP2/ZTL family proteins
in plant growth and development.
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Abstract
Key message Auxin and two phytochrome-interacting
factors, PHYTOCHROME-INTERACTING FAC-

TOR4 (PIF4) and PIF5, play crucial roles in the
enhancement of hypocotyl elongation in transgenic
Arabidopsis thaliana plants that overproduce LOV
KELCH PROTEIN2 (LKP2).

Abstract  LOV KELCH PROTEIN2 (LKP2) is a positive
regulator of hypocotyl elongation under white light in
Arabidopsis thaliana. In this study, using microarray
analysis, we compared the gene expression profiles of
hypocotyls of wild-type Arabidopsis (Columbia accession),
a transgenic line that produces green fluorescent protein
(GFP), and two lines that produce GFP-tagged LKP2
(GFP-LKP2). We found that, in GFP-LKP2 hypocotyls,
775 genes were up-regulated, including 36 auxin-respon-
sive genes, such as 27 SMALL AUXIN UP RNA (SAUR)
and 6 AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA)
genes, and 21 genes involved in responses to red or far-red
light, including PHYTOCHROME-INTERACTING FAC-
TOR4 (PIF4) and PIF5; and 725 genes were down-
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regulated, including 15 flavonoid biosynthesis genes.
Hypocotyls of GFP-LKP2 seedlings, but not cotyledons or
roots, contained a higher level of indole-3-acetic acid
(IAA) than those of control seedlings. Auxin inhibitors
reduced the enhancement of hypocotyl elongation in GFP-
LKP2 seedlings by inhibiting the increase in cortical cell
number and elongation of the epidermal and cortical cells.
The enhancement of hypocotyl elongation was completely
suppressed in progeny of the crosses between GFP-LKP2
lines and dominant gain-of-function auxin-resistant
mutants (axr2-1 and axr3-1) or loss-of-function mutants
pif4, pif5, and pif4 pif5. Our results suggest that the
enhancement of hypocotyl elongation in GFP-LKP2 seed-
lings is due to the elevated level of IAA and to the up-
regulated expression of PIF4 and PIF5 in hypocotyls.

Keywords Hypocotyl elongation - IAA - LKP2 -
Microarray - PIF - SAUR

Introduction

In plants, light regulates many aspects of development and
physiological processes such as germination, de-etiolation,
leaf and stem growth, flowering, entrainment of circadian
rhythms, stomatal opening, chloroplast movement, and
anthocyanin synthesis (Jiao et al. 2007; Kendrick and
Kronenberg 1994; Mancinelli 1990; Millar 2004). Hypo-
cotyl elongation is used as a model system to elucidate how
light affects organ growth via cell expansion and division
(Boron and Vissenberg 2014). In seedlings, an absence of
light induces hypocotyl elongation, whereas blue, red, or
far-red light inhibits it (Lau and Deng 2010). Numerous
genes and proteins, including photoreceptors, induce or
inhibit hypocotyl growth (Nozue and Maloof 2006).
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The direct interaction of the red/far-red light receptors,
phytochromes, with transcription factors (TFs) in the
nucleus is an important step in phytochrome-dependent
regulation of hypocotyl elongation (Bauer et al. 2004;
Nozue and Maloof 2006). Red light activates phytochrome
B (phyB) and induces its translocation from the cytoplasm
to the nucleus, where it regulates gene transcription via
interaction with several TFs, including phytochrome-in-
teracting factors (PIFs) and PIF-like proteins (PILs) (Bae
and Choi 2008; Castillon et al. 2007). Light-activated phyB
induces proteasome-mediated degradation of two homolo-
gous basic helix—loop-helix TFs, PHYTOCHROME-
INTERACTING FACTOR4 (PIF4) and PIF5, which
redundantly promote hypocotyl elongation; the degradation
of these proteins results in the short hypocotyl under red or
white light (Duek and Fankhauser 2005; Nozue and Maloof
2006; Vandenbussche et al. 2005). Phytochromes also
regulate hypocotyl elongation by controlling the proteaso-
mal degradation of photomorphogenesis-promoting TFs;
this degradation is mediated by the CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1)-SUPPRESSOR OF
PHYA-105 (SPA) E3 ubiquitin ligase complex, and also by
controlling the alternative splicing of transcripts for certain
regulatory genes (Lau and Deng 2012; Shikata et al. 2014).

The FKF1/LKP2/ZTL protein family is a group of blue
light receptors, which consists of FLAVIN-BINDING
KELCH REPEAT F-BOX 1 (FKF1), LOV KELCH PRO-
TEIN1 (LKP1)/ZEITLUPE (ZTL), and LOV KELCH
PROTEIN2 (LKP2). Proteins of this family are highly
similar to each other and possess three functional domains,
i.e., the light, oxygen, or voltage (LOV) domain, F-box
motif, and Kelch repeat region (Zoltowski and Imaizumi
2014). They function in polyubiquitination of target proteins
as the components of the SKP1-Cullin-Rbx1-F-box protein
(SCF) E3 ligase complex, and their E3 ligase activities are
regulated by blue light perceived by the LOV domains
(Demarsy and Fankhauser 2009). The FKF1/LKP2/ZTL
family proteins regulate circadian expression of genes and
photoperiodic flowering, as well as hypocotyl elongation
under light (Baudry et al. 2010; Zoltowski and Imaizumi
2014). Hypocotyls of fkfl mutants are short under continu-
ous blue or red light (Nelson et al. 2000). Both LKP2-
overexpressing seedlings and ZTL-overexpressing seedlings
produce long hypocotyls under continuous blue, red, or
white light (Kiyosue and Wada 2000; Nelson et al. 2000;
Schultz et al. 2001). Hypocotyls of zfl mutants are short
under continuous red light but are indistinguishable from
those of wild-type plants under blue light (Somers et al.
2000). These results suggest that proteins of this family do
not function as blue light receptors in the context of the red
light-induced inhibition of hypocotyl growth. ZTL interacts
with phyB apoprotein; therefore, FKF1/LKP2/ZTL may
affect phytochrome-mediated signaling (Jarillo et al. 2001).
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The circadian clock is another factor that affects hypo-
cotyl growth in Arabidopsis immediately upon germination
(Dowson-Day and Millar 1999). Under constant dim light,
hypocotyl elongation is fastest at subjective dusk, and stops
close to subjective dawn (Dowson-Day and Millar 1999).
Studies using clock mutants revealed the importance of the
circadian clock in hypocotyl growth; there is a strong
correlation between circadian and hypocotyl mutant phe-
notypes. Arrthythmic mutants tend to lack the daily arrest in
hypocotyl growth in continuous light, whereas shorter- or
longer-period mutants tend to have alterations in either the
duration or the amplitude of the growth phase (Nozue and
Maloof 2006). Since FKF1/LKP2/ZTL family proteins are
involved in circadian clock regulation, they may contribute
to hypocotyl growth regulation via their circadian clock
function.

To clarify the molecular mechanisms of the regulation
of hypocotyl elongation in Arabidopsis by FKF1/LKP2/
ZTL family proteins, we analyzed hypocotyl elongation
caused by LKP2 production. Production of green fluores-
cent protein (GFP)-tagged LKP2 (GFP-LKP2) caused
hypocotyl elongation; hypocotyls had elongated epidermal
and cortical cells and an increased number of cortical cells
in comparison with controls (Miyazaki et al. 2011). The
cells in GFP-LKP2 hypocotyls had larger nuclei with
increased DNA content (Miyazaki et al. 2011). Production
of the LOV domain of LKP2, which interacts with
GIGANTEA (GI), enhances hypocotyl elongation under
continuous red light and delays flowering under long-day
conditions, suggesting the involvement of GI in LKP2-
mediated hypocotyl elongation (Takase et al. 2015).
However, the molecular mechanisms of the enhancement
of hypocotyl elongation caused by LKP2 are largely
unknown.

In this study, we compared the gene expression profiles
of hypocotyls of wild-type Arabidopsis Columbia acces-
sion (Col), a transgenic line that produces GFP, and two
GFP-LKP2 lines (Miyazaki et al. 2011). Using microarray
analysis, we found that 775 genes were up-regulated,
including 36 auxin-responsive genes, such as 27 SMALL
AUXIN UP RNA (SAUR) and 6 AUXIN/INDOLE-3-
ACETIC ACID (AUX/IAA) genes, and 21 genes involved in
responses to red or far-red light, including PIF4 and PIF5;
and 725 genes were down-regulated, including 15 flavo-
noid biosynthesis genes. Next, we measured indole-3-
acetic acid (IAA) levels in these seedlings and examined
the effects of three auxin inhibitors—the polar auxin
transport inhibitor N-1-naphthylphthalamic acid (NPA), the
putative  anti-auxin  p-chlorophenoxyisobutyric  acid
(PCIB), and the auxin antagonist o-(phenylethyl-2-one)-
indole-3-acetic acid (PEO-IAA)—on hypocotyl elongation.
Finally, we examined the effects of two dominant gain-of-
function auxin-resistant mutations (axr2-1 and axr3-1) and
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three loss-of-function mutations (pif4, pif5, and pif4 pif5)
on hypocotyl elongation.

Materials and methods
Plant materials and growth conditions

All plant materials had the Arabidopsis thaliana Columbia
(Col) background. Transgenic plants 35S:GFP-LKP2
(GFP-LKP2) and 35S:GFP (GFP) were described previ-
ously (Miyazaki et al. 2011). Seeds were surface-sterilized
and placed on plates with GM medium (Valvekens et al.
1988) supplemented with 0.8 % agar. Plates were kept at
4 °C for 3-7 days in the dark and then transferred to
continuous white light at 22 °C (80 pmol m~2s71). Seeds
of axr2-1 and axr3-1 mutants were obtained from the
ABRC stock center, and those of pif4-101 and pif5 (pil6-1)
came from Dr. J. N. Maloof at the University of California,
Davis (Nozue et al. 2011). The axr mutants were crossed
with the GFP- or GFP-LKP2 plants to produce F; plants.
Plants homozygous for GFP or GFP-LKP2 and carrying pif
mutations were generated by crossing and self-pollination.

Microarray analysis

Hypocotyls of 5-day-old GFP-LKP2 (two lines), GFP (one
line), and wild-type (Col) seedlings were used for analysis.
RNA was prepared using the RNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA). The microarray experiment was con-
ducted by Miltenyi Biotec K.K. (Tokyo, Japan). RNA samples
(100 ng) were used for the linear T7-based amplification step.
To produce Cy3-labeled cRNA, RNA was amplified and
labeled using the Agilent Low Input Quick Amp Labeling Kit
(Agilent Technologies, Boblingen, Germany) following the
manufacturer’s protocol. The yields of cRNA and the dye
incorporation rate were measured using a ND-1000 spec-
trophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Hybridization was performed according to the Agilent
60-mer oligo microarray processing protocol using the Agi-
lent Gene Expression Hybridization Kit (Agilent Technolo-
gies). Cy3-labeled fragmented cRNA (1.65 pg) in
hybridization buffer was hybridized overnight (17 h, 65 °C)
with Agilent Whole Arabidopsis Genome Oligo Microarrays
4 x 44 K V4 (G2519F) in the hybridization chamber and
oven recommended by Agilent. The microarray slides were
washed with Agilent Gene Expression Wash Buffer 1
(1 x 1 min at room temperature), then with preheated Agi-
lent Gene Expression Wash Buffer 2 (1 x 1 min at 37 °C),
and finally with acetonitrile. Fluorescence signals were
detected using an Agilent Microarray Scanner System (Agi-
lent Technologies), and the Agilent Feature Extraction Soft-
ware (FES) was used to read out and process the microarray
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image files. Microarray data are accessible through GEO
series accession number GSE37197 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE37197). Putative candi-
date genes with a fold change of >2 or <—2 with P < 0.01
were used for pathway analysis in DAVID 6.7 (http://david.
abcc.nciferf.gov/home.jsp) (Huang et al. 2009a, b). Gene
annotations were retrieved from TAIR (http://www.arabi
dopsis.org/).

Semi-quantitative RT-PCR analysis

RNA for RT-PCR was isolated independently from that
used for microarray analysis. Total RNA (1 pg) from
hypocotyls of 5-day-old seedlings was primed with an
oligo(dT) primer and reverse-transcribed using a High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). PCR amplification
was performed with AmpliTaq Gold (Applied Biosystems)
and gene-specific primer sets are listed in Table S1. PCRs
were carried out in a thermal cycler (GeneAmp PCR
System 2700, Applied Biosystems) with denaturation at
94 °C for 5 min, followed by a variable number of cycles
(Table S1) at 94 °C for 30 s, 50 °C for 20 s, and 72 °C for
1 min. PCR products were separated on a 2.0 % (w/v)
agarose gel, stained with ethidium bromide, and visualized
under UV light. Gel images were captured with a Print-
graph video capture device (AE-6911FX; Atto, Tokyo,
Japan). Each PCR fragment was sequenced directly to
confirm its identity.

IAA measurements

Cotyledons, hypocotyls, and roots from 80 to 100 five-day-
old seedlings were cut with a surgical knife, weighed, and
frozen in liquid N,. IAA was extracted, purified, and
quantified using a liquid chromatography—electrospray
ionization tandem mass spectrometry (LC-ESI-MS/MS)
system as described previously (Yoshimoto et al. 2009).
Six or 7 biological replicates were performed.

Measurement of hypocotyl length

Images of the hypocotyls of 5-day-old seedlings grown on
agar plates (plates were kept vertically for auxin inhibitor
experiments and horizontally for other experiments) were
taken on a BX51 microscope (Olympus, Tokyo, Japan),
and the cell length and cell number were determined with
Scion Image software (Scion Corp., Frederick, MD, USA).
In experiments with auxin inhibitors, agar contained 1 %
DMSO (v/v, final concentration; mock), NPA (1 or 5 uM;
Wako Pure Chemical Industries, Ltd., Osaka, Japan), PCIB
(50 or 100 uM; MP Biomedicals, Santa Ana, CA, USA), or
PEO-TAA (50 or 100 pM; provided by Dr. K. Hayashi,
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Okayama University of Science). The top, middle, and
bottom parts of hypocotyls were defined as reported pre-
viously (Miyazaki et al. 2011). In the case of embryonic
hypocotyls, seeds were soaked in water for 6 h, the
embryos were surgically excised and stained with 0.1 %
(w/v) Toluidine blue (Wako Pure Chemical Industries,
Ltd.). Images were taken on a BX51 microscope, and
epidermal cells on a 250-pum line along the long axis of the
hypocotyl at its thickest part were counted. Five indepen-
dent embryos were used per line.

Results
Hypocotyl growth kinetics

GFP-LKP2 seedlings have elongated hypocotyls with
longer epidermal cells in comparison with controls
(Miyazaki et al. 2011; Yasuhara et al. 2004). This differ-
ence in hypocotyl cell length appeared only after germi-
nation and was not observed in embryos (Figs. S1A, B). To
examine the growth kinetics of hypocotyls of GFP-LKP2
seedlings, we monitored the germination and growth of two
GFP-LKP2 lines and two controls (Col and GFP) for a
week (Fig. S2). All seeds germinated 2 days after incuba-
tion (DAI) under light. GFP-LKP2 hypocotyls became
longer than controls at 3 DAI and the difference in the
hypocotyl length was almost maximum at 5 DAI. At that
time, all seedlings had two expanded green cotyledons and
a small true leaf, as reported previously (Miyazaki et al.
2011), suggesting that 5-day-old seedlings of GFP-LKP2
and controls were at the same growth stage, even though
their hypocotyl length was different. After 5 DAI, all
hypocotyls still continued to grow for two more days
without considerable elongation.

Gene expression profile of hypocotyls of GFP-LKP2
seedlings

We performed microarray analysis to compare the gene
expression profiles of hypocotyls of two GFP-LKP2 lines
and controls. In GFP-LKP2, a total of 775 genes were up-
regulated (average fold change >2.0; P < 0.01; Table S2)
and 725 genes were down-regulated (average fold change
<—2.0; P < 0.01; Table S3); the functional groups of the
up-regulated genes are shown in Table S4 and those of
down-regulated genes in Table S5. The fact that LKP2
(AT2G18915; average fold change 68.864) was the most
up-regulated gene validated this analysis. The up- or down-
regulation of the following clock genes was observed in
GFP-LKP2 hypocotyls: PSEUDO RESPONSE REG-
ULATOR7 (PRR7) (AT5G02810; 8.189), GIGANTEA
(AT1G22770; 4.343 and 3.831 by two probes), PRRS
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(AT5G24470; 2.081), and EARLY FLOWERING4 (ELF4)
(AT2G40080; —3.055 and —2.895). These observations are
consistent with the involvement of LKP2 in circadian clock
regulation. In the GFP-LKP2 hypocotyls, genes involved in
responses to hormone stimuli, responses to abiotic stimuli,
responses to blue light, external encapsulating structure
organization, regulation of transcription, and red or far-red
light signaling pathways were up-regulated, whereas those
involved in secondary metabolism, responses to organic
substances, flavonoid biosynthesis, and post-embryonic
development were down-regulated. Among the up-regu-
lated genes, 36 genes involved in the response to auxin had
the smallest P value (9.28E—15; Table S4). This group
included 27 SMALL AUXIN UP RNA (SAUR) (SAURI, 7,
9,12, 15, 16, 19, 20, 22-29, 50, 52, 61-66, 68, 73, and 75)
genes, 6 AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA)
(IAA1, 2, 6, 14, 19, and 29) genes, a gene for putative GH3
indole-3-acetic acid-amido synthetase (DWARF IN
LIGHT2: DFL?2), 1-aminocyclopropane-1-carboxylic acid
synthase 4 (ACS4), and AUXIN-REGULATED GENE
INVOLVED IN ORGAN SIZE (ARGOS). Based on this
grouping and the result from the key word search for /AA,
SAUR, GH3, and auxin, we constructed Table 1A. Twenty-
one genes involved in responses to red or far-red light had
the second smallest P value (2.44E—10; Table S4). This
group included PIF4, PIF5, PRR5, PRR7, and PRRY
(Table 1B). The increased expression of auxin-inducible
genes suggested the elevation of IAA levels or sensitivity
to IAA in hypocotyl cells of GFP-LKP2 seedlings.

We also observed up-regulation of genes involved in
gibberellin biosynthesis and brassinosteroid signaling:
gibberellin 20-oxidase (GA5) (AT4G25420; average fold
change of 6.883), BRASSINOSTEROID INSENSITIVE]
(BRII) (AT4G39400; 2.999, 2.393, and 2.268 by three
probes), and BR ENHANCED EXPRESSIONI (BEEI)
(AT1G18400; 2.008). The expression of the genes involved
in cell wall loosening and expansion was also increased
in GFP-LKP2 hypocotyls: EXPANSIN3 (EXPA3)
(AT2G37640; average fold change 6.750 and 2.015 by two
probes), EXPANSINII (EXPAII) (AT1G20190; 5.021),
XYLOGLUCAN:XYLOGLUCOSYL TRANSFERASE33
(XTH33) (AT1G10550; 4.688), XTHS (AT1G11545;
3.662), EXPAS (AT2G40610; 4.333, 3.533, and 3.118),
EXPANSIN-LIKE Bl (EXLBI) (AT4G17030; 2.568 and
2.179), EXPAS5 (AT3G29030; 2.558, 2.423 and 2.203),
EXIAI (AT3G45970; 2.422), EXPAI2 (AT3G15370;
2.312), EXLA3 (AT3G45960; 2.101), and EXPAI
(AT1G69530; 2.108) (Table S2).

Semi-quantitative RT-PCR confirmed some of the
microarray results, i.e., the expression of three auxin-in-
ducible genes (IAA6, SAUR2S5, and ACS4), two PIF genes
(PIF4 and PIF5), and one gene for a cell wall-modifying
enzyme (EXPAII) was higher in the hypocotyls of 5-day-
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Table 1 Genes up-regulated in GFP-LKP2 hypocotyls under white light in comparison with those of controls (Col and GFP)

Array element Gene locus Gene name Fold change P value

(A) Up-regulated genes involved in the response to auxin stimulus in GFP-LKP2 hypocotyls

A_84_P10124 AT4G14560 I1AA] 8.516 4.98.E-07
A_84 P734158 AT3G23030 1AA2 2.031 1.50.E—04
A_84_P13379 AT1G52830 IAA6 6.303 2.56.E—14
A_84_P826648 AT4G14550 I1AA 14 2.395 4.10.E-17
A_84_P23363 2.079 5.71.E—13
A_84_P14556 AT3G15540 IAAT9 2.805 4.19.E—14
A_84_P55550 AT4G32280 1AA29 2.349 8.00.E—05
A_84_P21449 AT4G34770 SAURI 2.814 2.46.E—17
A_84_P21078 AT2G21200 SAUR7 4.076 1.00.E—-25
A_84_P797355 AT4G36110 SAURY 3.579 3.02.E-20
A_84_P12944 3.342 1.74. E—07
A_84_P23871 AT2G21220 SAURI2 3.509 6.20.E-12
A_84_P16734 AT4G38850 SAURIS 6.861 0.00.E4-00
A_84_P17680 AT4G38860 SAURI6 5.534 1.05. E-27
A_84_P196504 AT5G18010 SAURI9 7.093 9.52.E-23
A_84_P147028 AT5G18020 SAUR20 5.068 3.04.E-31
A_84_P152798 AT5G18030 SAUR21 5.592 2.89.E—-29
AT5G18080 SAUR24
A_84 P141269 AT5G18050 SAUR22 5.563 4.83.E-35
A_84_P94979 AT5G18060 SAUR23 5.332 1.00.E-26
A_84_P272980 AT5G18080 SAUR24 4.895 1.59.E-27
A_84_P21376 AT4G13790 SAUR25 9.767 4.62E—-12
A_84_P792091 8.781 3.61.E-20
A_84_P554482 AT3G03850 SAUR26 3.445 4.11.E—18
A_84_P18297 AT3G03840 SAUR27 2.747 247E—18
A_84_P20189 AT3G03830 SAUR28 3.083 7.35.E-21
A_84_P21135 AT3G03820 SAUR29 2.672 4.62.E—-19
A_84_P20503 AT4G34760 SAUR50 2.956 8.71.E—11
A_84_P832877 AT1G75590 SAURS5?2 3.091 1.69.E—18
A_84_P17068 2.905 3.00.E-05
A_84_P537376 AT1G29420 SAURGI 5.674 0.00.E4-00
A_84_P10257 AT1G29430 SAURG2 3.989 3.05.E-21
A_84_P279980 AT1G29440 SAURG63 3.485 1.12.E-35
A_84_P846978 AT1G29450 SAURG4 4.002 537.E—13
A_84 P19713 3.425 1.96.E—25
A_84_P15930 AT1G29460 SAURGS 4.298 4.30.E-27
A_84_P11207 AT1G29500 SAURG6 3.055 2.00.E-25
A_84_P843096 AT1G29490 SAURGS 10.956 6.25.E—11
A_84_P169803 AT3G03847 SAUR73 3.541 6.06.LE—12
A_84_P563710 AT5G27780 SAUR75 3.772 3.63.E—18
A_84_P826972 AT2G47750 GH3.9 3.087 1.20.E-04
A_84_P20399 AT4G03400 DFL2 2.954 6.03.E—18
A_84_P17344 AT2G22810 ACS4 13.586 9.85.E—12
A_84_P524502 AT3G59900 ARGOS 3.297 7.33. E-29
A_84_P179084 AT5G35735 Auxin-responsive family protein 2.124 3.33. E-07
A_84_P751876 AT1G11803 Pseudogene, auxin responsive protein 4.810 2.96.E—-28
A_84_P769426 AT5G27771 Pseudogene of auxin-responsive family protein 3.311 6.89.E—07
@ Springer
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Table 1 continued

Array element Gene locus Gene name Fold change P value
(B) Up-regulated genes involved in the response to red or far-red light in GFP-LKP2 hypocotyls
A_84_P21376 AT4G13790 SAUR2S5 9.767 4.62E-12
A_84_P162983 AT2G43010 PIF4 9.301 1.24E—-12
A_84_P23852 AT2G42540 CORI5A 8.899 5.47.E-08
A_84_P13379 AT1G52830 IAA6 6.303 2.56.E—14
A_84_P21494 AT5G02810 PRR7 5.330 493.E-15
A_84_P126821 AT2G46790 PRR9 5.101 4.90.E-04
A_84_P240805 AT2G05100 LHCB2.1 4.454 1.36.E—06
A_84_P14690 AT3G59060 PIF5 4.170 2.25E-14
A_84_P18969 AT1G22770 GI 3.831 1.86.E—10
A_84_P521683 AT2G46970 PILI 3.298 2.82.E-16
A_84_P14733 AT1G06040 STO 3.197 1.29.E-22
A_84_P19825 AT5G04190 PKS4 3.074 1.08.E-10
A_84_P17015 AT1G02340 HFRI 2.528 3.01.E-08
A_84_P21407 AT4G25260 Plant invertase/pectin methylesterase inhibitor superfamily protein 2.482 4.51.E—-16
A_84_P23021 AT2G29090 CYP707A2 2.438 2.61.E-08
A_84_P55550 AT4G32280 IAA29 2.349 8.00.E—05
A_84_P137439 AT3G58850 PAR2 2.296 6.05.E-20
A_84_P13983 AT5G24120 SIG5 2.294 1.19.E-07
A_84_P10576 AT1G14290 SBH?2 2.120 1.42.E—-16
A_84_P16821 AT5G24470 PRR5 2.081 8.52.E-10
A_84_P10694 AT2G37640 EXPA3 2.015 3.70.E-04

Genes involved in (A) the response to auxin or (B) red or far-red light signaling were identified by the Gene Functional Classification Tool within

DAVID Bioinformatics Resources 6.7

old GFP-LKP2-1 and GFP-LKP2-2 seedlings than in con-
trol hypocotyls (Fig. 1).

TAA level is increased in GFP-LKP2 hypocotyls

In cotyledons or roots, the IAA levels were not signifi-
cantly different between GFP-LKP2 and control seedlings
(Fig. 2). In hypocotyls, the IAA levels were higher in GFP-
LKP2 seedlings than in control seedlings (Fig. 2), which
suggested that the enhancement of hypocotyl elongation in
GFP-LKP2 seedlings is due to the elevated IAA levels in
their hypocotyls.

Hypocotyl elongation in GFP-LKP2 seedlings is
inhibited by exogenous auxin inhibitors

To evaluate the contribution of IAA to hypocotyl elonga-
tion in GFP-LKP2 seedlings, we used NPA (a polar auxin
transport inhibitor; Bernasconi et al. 1996), PCIB (a puta-
tive anti-auxin; Oono et al. 2003), and PEO-IAA (an auxin
antagonist that binds to TIR1/AFBs auxin receptors;
Hayashi et al. 2012) (Fig. S3). Exogenous application of
PCIB (25 uM) or PEO-IAA (50 uM) partially inhibited

@ Springer

147

hypocotyl growth in GFP-LKP2 seedlings, but the differ-
ence between GFP-LKP2 and control seedlings was still
significant (Fig. S4). By contrast, NPA (1 or 5 pM) or
higher concentrations of PCIB or PEO-IAA (100 uM each)
strongly inhibited the enhancement of GFP-LKP2 hypo-
cotyl elongation, and there was no significant difference
between the control(s) and at least one GFP-LKP2 line
(Figs. 3, S4).

Previously, we reported that enhanced hypocotyl elon-
gation in GFP-LKP2 seedlings is caused by the expansion
of cortical and epidermal cells, and the increased number
of cortical cells (Miyazaki et al. 2011). Therefore, we
examined the effects of auxin inhibitors on these parame-
ters. Epidermal cell numbers in GFP-LKP2 hypocotyls
were not significantly different from those in controls
either in the absence (in line with our previous report;
Miyazaki et al. 2011) or in the presence of 5 uM NPA,
100 pM PCIB, or 100 uM PEO-IAA (Fig. 4a). By contrast,
cortical cell numbers in GFP-LKP2 hypocotyls were
1.7-1.9 times those in controls, and this difference was
strongly reduced or abolished by 5 uM NPA, 100 uM
PCIB, or 100 uM PEO-IAA (Fig. 4b). The epidermal and
cortical cells were significantly longer in GFP-LKP2



Plant Cell Rep

Fig. 1 Semi-quantitative RT-PCR analysis of JAA6, SAUR25, ACS4,
PIF4, PIFS, and EXPA1I. Hypocotyls of 5-day-old control (Col and
GFP) and GFP-LKP2 seedlings (lines GFP-LKP2-1 and GFP-LKP2-
2) were used. RT-PCR products were separated on a 2.0 % (w/v)
agarose gel and stained with ethidium bromide. ACTIN2 (ACT2) was
used as a control

hypocotyls than in controls in the bottom, middle, and top
hypocotyl areas, whereas the application of 5 pM NPA,
100 uM PCIB, or 100 pM PEO-IAA diminished these
differences (Fig. 5). These results support the idea that
high levels of IAA promote hypocotyl elongation in GFP-
LKP2 seedlings.

Hypocotyl elongation is suppressed in progeny
of the cross between GFP-LKP2 lines and dominant
gain-of-function auxin-resistant mutants

Dominant gain-of-function mutants axr2-I and axr3-1
show agravitropic root and shoot growth, short hypocotyls
and stems, and auxin-resistant root growth (Nagpal et al.
2000). Because the 35S:GFP-LKP2 transgene, and the

Fig. 2 TAA contents in
cotyledons, hypocotyls, and
roots of 5-day-old control (Col
and GFP) and GFP-LKP2
seedlings (lines GFP-LKP2-1
and GFP-LKP2-2) quantified
using LC-ESI-MS/MS. Error
bars represent standard error of
the mean (n = 6 or 7 biological
replicates); different letters
indicate statistically significant
differences (P < 0.05, Tukey’s
test)
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axr2-1 and axr3-1 genes are dominant, we crossed these
axr mutants with GFP-LKP2 or control plants and assessed
the hypocotyl length of F; seedlings that had one copy of
axr2-1 or axr3-1 and 35S:GFP-LKP2 (Fig. 6). The
enhancement of hypocotyl elongation in GFP-LKP2 seed-
lings was completely suppressed in the F; seedlings. These
results support the involvement of IAA in the enhancement
of hypocotyl elongation in GFP-LKP2 seedlings.

Hypocotyl elongation is suppressed in progeny
of the cross between GFP-LKP2 lines and loss-of-
function pif mutants

PIF4 and PIFS5 redundantly promote hypocotyl elongation
by directly activating the expression of genes that are
involved in cell wall loosening and expansion, and pif4,
pif5, and pif4 pif5 mutants show short hypocotyls when
grown under light (Hornitschek et al. 2012; de Lucas and
Prat 2014). To assess the contribution of PIF4 and PIF5 to
hypocotyl elongation in GFP-LKP2 seedlings, we mea-
sured the hypocotyl length in progeny derived from crosses
between GFP-LKP2 seedlings and pif4, pif5, or pif4 pif5
mutants. The enhancement of hypocotyl elongation was
suppressed in all three groups, most strongly in the progeny
of GFP-LKP2 and pif4 pif5 mutant (Fig. 6). Therefore,
PIF4 and PIF5 are critical for the enhancement of hypo-
cotyl elongation in GFP-LKP2 seedlings.

Discussion

In this study, we found that the early or primary auxin-
inducible genes from the AUX/IAA, GH3, and SAUR
families (Hagen and Guilfoyle 2002; Woodward and Bartel
2005) were up-regulated in GFP-LKP2 hypocotyls
(Table 1A). Proteins of both AUX/IAAs and GH3 families
attenuate auxin responses (Staswick et al. 2005; Tiwari
et al. 2001). The expression of SAURs is usually associated
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Fig. 3 Inhibition of hypocotyl elongation by auxin inhibitors.
Hypocotyl length of 5-day-old control (Col and GFP) and GFP-
LKP2 seedlings (lines GFP-LKP2-1 and GFP-LKP2-2) was measured
in the absence or presence of the indicated concentrations of N-1-
naphthylphthalamic acid (NPA), p-chlorophenoxyisobutyric acid

Fig. 4 Inhibition of the increase in hypocotyl cell number by auxin
inhibitors. Total numbers of (a) epidermal and (b) cortical cells in
5-day-old control (Col and GFP) and GFP-LKP2 seedlings (lines
GFP-LKP2-1 and GFP-LKP2-2) in the absence or presence of the
indicated concentrations of N-1-naphthylphthalamic acid (NPA), p-

with tissue elongation (Franklin et al. 2011; Roig-Vil-

lanova et al. 2007). Among SAURs, members of two sub-
families, SAUR19-24 and SAURG61-68, are considered to
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(PCIB), or o-(phenylethyl-2-one)-indole-3-acetic acid (PEO-IAA).
Error bars represent standard error of the mean (n = 7-15); different
letters indicate statistically significant differences (P < 0.05, Tukey’s
test)

chlorophenoxyisobutyric acid (PCIB), or o-(phenylethyl-2-one)-in-
dole-3-acetic acid (PEO-IAA). Error bars represent standard error of
the mean (n = 10); different letters indicate statistically significant
differences (P < 0.05, Tukey’s test)

be positive effectors of cell expansion (Chae et al. 2012;
Spartz et al. 2012, 2014). The sequences of SAUR19-24 are
highly similar to each other, and these six genes form a
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Fig. 5 Inhibition of hypocotyl
cell elongation by auxin
inhibitors. a Epidermal and

b cortical cell length in the rop,
middle, and bottom parts of the
hypocotyls of 5-day-old control
(Col and GFP) and GFP-LKP2
seedlings (lines GFP-LKP2-1
and GFP-LKP2-2) in the
absence or presence of indicated
concentrations of N-1-
naphthylphthalamic acid (NPA),
p-chlorophenoxyisobutyric acid
(PCIB), or a-(phenylethyl-2-
one)-indole-3-acetic acid (PEO-
IAA). Error bars represent
standard error of the mean

(n = 20); different letters
indicate statistically significant
differences (P < 0.05, Tukey’s
test)
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Fig. 6 Suppression of enhanced hypocotyl elongation in progeny of
the crosses between GFP-LKP2 lines and dominant gain-of-function
auxin-resistant mutants (axr2-I and axr3-1) or loss-of-function
mutants (pif4, pif5, and pif4 pif5). The following seedlings were
used: GFP, GFP-LKP2 (lines GFP-LKP2-1 and GFP-LKP2-2), F,
progeny of the cross between GFP or GFP-LKP2 and axr2 or axr3,

cluster on chromosome 5, which suggests their functional
redundancy (Franklin et al. 2011; Hagen and Guilfoyle
2002). Plants overexpressing SAURI9 have longer hypo-
cotyls than wild-type plants under continuous light, and
plants producing GFP-SAURI19, 21, 23, or 24 fusion pro-
teins have elongated hypocotyls under long-day conditions
(Spartz et al. 2012). SAUR19 stimulates plasma membrane
H"-ATPase by inhibiting the activity of type 2C protein
phosphatases, which leads to cell expansion via an acid-
growth mechanism (Spartz et al. 2014). Therefore, auxin-
mediated induction of SAUR expression is a possible
mechanism for the enhancement of hypocotyl elongation in
GFP-LKP2 seedlings.

Gibberellins stimulate cell elongation in Arabidopsis
hypocotyls (Cowling and Harberd 2007), and brassinos-
teroids enhance light-grown hypocotyl elongation inde-
pendent of, but co-operatively with, gibberellins and
auxin(s) (Tanaka et al. 2003). Although genes for gib-
berellin biosynthesis and brassinosteroid signaling were
up-regulated in GFP-LKP2 hypocotyls, further studies are
needed to ascertain the contribution of these hormones to
the effect of LKP2 on hypocotyl elongation.

Expression of PIF4 and PIF5 was up-regulated in GFP-
LKP2 seedlings (Tables 1B, S2). PIF4 and PIF5 regulate
auxin sensitivity to control hypocotyl growth (Chapman
et al. 2012; Nozue et al. 2011). Their expression is regulated
by the circadian clock (Arabidopsis eFP Browser: http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi). Therefore, the up-reg-
ulation of PIF4 and PIF5 may be due to circadian clock
defects in GFP-LKP2 plants (Miyazaki et al. 2011). PIF4
and PIFS accumulation is regulated by light (Nozue et al.
2007). Although PIF4 and PIF5 are stable in the dark but are
degraded under light, our data indicate their importance in
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and GFP and GFP-LKP2 carrying the indicated pif mutations.
Hypocotyl length is expressed relative to that of GFP seedlings. All
seedlings were 5 days old. Error bars represent standard error of the
mean (n = 5-29); different letters indicate statistically significant
differences (P < 0.05, Tukey’s test)

hypocotyl elongation in GFP-LKP2 seedlings grown under
continuous light. This is consistent with the up-regulation of
PIF4 target genes LONG HYPOCOTYL IN FAR-RED
(HFRI) and IAA29 (Koini et al. 2009; Lorrain et al. 2008) in
GFP-LKP2 hypocotyls (Table 1).

The circadian clock regulates the expression and for-
mation of the evening complex (EC), which consists of
ELF3, ELF4, and LUX ARRHYTHMO (LUX)/PHYTO-
CLOCKI1 (PCL1) (Nusinow et al. 2011). The EC binds to
the PIF4 and PIF5 promoters to repress PIF4 and PIF5
transcription (Nusinow et al. 2011). ELF4 was down-reg-
ulated in GFP-LKP2 hypocotyls (Table S3). Thus, the up-
regulation of PIF4 and PIF5 may be due to the down-
regulation of ELF4 (fold change of ~—3) in GFP-LKP2
hypocotyls.

TOCI binds to the promoters and represses the expres-
sion of CCAIl, LHY, PRRY, PRR7, TOCI, GI, LUX, and
ELF4 (Huang et al. 2012). PRRS5 also binds to the pro-
moters and represses the expression of CCAI, LHY, and
PRR5 (Nakamichi et al. 2010). LKP2 and ZTL bind to
TOCI and PRRS and are involved in ubiquitination and
subsequent 26S proteasome-dependent degradation of
TOC1 and PRR5 (Kiba et al. 2007; Mas et al. 2003;
Yasuhara et al. 2004). Thus, the down-regulation of TOC1
and PRRS proteins by LKP2 overproduction may explain
the up-regulation of PRR7 (~ 8-fold), GI (~4-fold), and
PRR5 (~2-fold) expression in GFP-LKP2 hypocotyls.
However, degradation of TOC1 and PRRS5 proteins by
LKP2 does not provide a persuasive explanation for PIF4
and PIF5 up-regulation in GFP-LKP2 hypocotyls, because,
unlike the expression of PRR5, PRR7, and GI, that of ELF4
is down-regulated.
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LKP2 shows high amino acid sequence similarity to
ZTL (75 % identity), and the tissue-specific expression
pattern of LKP2 largely overlaps with that of ZTL
(Kiyosue and Wada 2000; Yasuhara et al. 2004). LKP2-
overexpressing transgenic plants phenocopy ZTL-overex-
pressing transgenic plants: both exhibit circadian rhythm
defects under continuous light or in the dark, elongated
hypocotyls under continuous white or red light, and
delayed flowering under long-day conditions compared
with control plants (Nelson et al. 2000; Schultz et al.
2001). Transfer DNA (T-DNA) insertion mutants of
LKP2 are phenotypically similar to wild-type plants
(Baudry et al. 2010; Takase et al. 2011), whereas T-DNA
insertion mutants of ZTL show slower circadian rhythms
under continuous red or blue light or in the dark, shorter
hypocotyls under continuous red light, and earlier flow-
ering under non-inductive photoperiod conditions than
control plants (Somers et al. 2004; Takase et al. 2011).
The phenotypic similarity of lkp2 plants to wild-type
plants is considered to be due to the very low expression
of LKP2 in wild-type plants relative to that of ZTL
(Baudry et al. 2010; Michael et al. 2008; Mockler et al.
2007). Introduction of LKP2 cDNA controlled by the ZTL
promoter complemented the long-period phenotype of a
ztl mutant (Baudry et al. 2010). These results suggest that
LKP2 has ZTL-like functions with respect to the regula-
tion of the circadian clock, hypocotyl elongation, and
flowering time in Arabidopsis. Therefore, it is possible
that ZTL also regulates hypocotyl elongation via auxin
and PIF4, PIF5, or both. Indeed, transgenic Arabidopsis
seedlings that overexpress ZTL accumulate higher levels
of mRNAs for auxin-inducible genes and PIF target
genes, and loss-of-function z#/ mutants have lower levels
of these mRNAs than wild-type seedlings (Saitoh et al.
2015a, b). Enhancement of hypocotyl elongation in ZTL-
overexpressing seedlings was abolished by NPA, PEO-
IAA, or yucasin (5-(4-chlorophenyl)-4H-1,2,4-triazole-3-
thiol, an auxin biosynthesis inhibitor) (Saitoh et al.
2015a). A loss-of-function fkfl lkp2 ztl triple mutant has
shorter hypocotyls and a lower level of PIF4 mRNA than
wild-type seedlings (Fornara et al. 2015).

One major function of the FKF1/LKP2/ZTL protein
family is to regulate target protein stability via ubiquiti-
nation. Thus, our microarray analysis using stable trans-
genic lines with ectopic expression of LKP2 does not
reveal its direct targets, but downstream effects of LKP2
function. In spite of this limitation, our study suggests that
LKP2-mediated hypocotyl growth is regulated at a tran-
scriptional level mainly through auxin signaling (Fig. S5).
Investigations of the functional relationships between
FKF1/LKP2/ZTL family proteins and auxin, PIF tran-
scription factors, or the EC complex would improve our
understanding of diurnal plant growth.
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Techniques for the visualization of target proteins in living
systems are highly important to investigate the function,
dynamics, localization, and crosstalk of individual proteins.[l]
For this purpose, GFP fusion tags and monoclonal anti-
bodies® are widely used for conventional protein labeling in
molecular biology. Although these are useful methods for the
real-time monitoring of target proteins in living systems,
genetic manipulation is often necessary, and the conjugation
of these proteins with relatively large labeling groups some-
times results in improper biophysical functions owing to
undesirable interactions with other molecules.

The chemical modification of proteins with small-mole-
cule probes has received much interest as an alternative
powerful method for the study of individual proteins in their
native environments. The key to this chemical modification is
a bioorthogonal chemical reaction that enables the rapid and
selective bioconjugation of proteins with nonnatural func-
tional groups under physiological conditions. The most widely
utilized bioorthogonal chemical reactions rely on electro-
philic reagents that target nucleophilic amino acids, such as
lysine and cysteine. In addition, the lysine-specific reductive
alkylation using an iridium catalyst,’! the conversion of
cysteine into dehydroalanine,® and the radical addition
reaction of cysteine with an alkene were recently developed.
Furthermore, remarkable attention has been paid to the
modification of aromatic amino acids, such as tyrosine and
tryptophan, by transition-metal-mediated processes,**! the
three-component Mannich reaction,” the click-like ene-type
reaction,'”! the oxidative modification using cerium(IV)
ammonium nitrate,'!l and the use of formylbenzene diazo-
nium reagents.['?!

Although various bioorthogonal chemical reactions have
been reported, there are still few reports regarding selective
chemical modifications of native target proteins. Popp and
Ball recently reported the site-specific protein modification of
aromatic side chains with dirhodium metallopeptide cata-
lysts."* Hamachi and co-workers pioneered a ligand-
directed protein labeling method in which an electrophilic
phenylsulfonate ester™ or imidazole! group conjugated
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with ligand molecules specifically reacted with the nucleo-
philic amino acid side chains on the surfaces of target proteins
through an Sy2-type reaction with the concomitant release of
the ligand molecules. Furthermore, they were the first to
demonstrate the catalytic target-selective modification using
ligand-tethered N,N-dimethylaminopyridine (DMAP) cata-
lysts (Figure 1 A), which allowed highly efficient transfer of

Figure 1. Ligand-directed selective protein modification. A) Acyl-trans-
fer DMAP catalyst promotes the acylation of the nucleophilic regions
of the target protein through an Sy2-type reaction. B) Local SET
catalyst (LSC; this work) promotes the generation of tyrosyl radicals
that react with tyrosyl radical trapping agents (TRTs) in the local
environment of the probe on the target protein in the presence of
visible light.

acyl donor probes to the nucleophilic regions of the targeted
protein through an Sy2-type reaction.!'’-!s! Herein, we report
the development of a ligand-directed selective protein
modification method based on local single-electron transfer
catalysis (Figure 1B). In this method, a single-electron trans-
fer (SET) with a photocatalyst,'*?! such as the ruthenium
tris(2,2"-bipyridyl) complex ([Ru(bpy);]*"), is essential for the
generation of tyrosyl radicals®-?? that react with tyrosyl
radical trapping agents (TRTs) containing an N’-acyl-N,N-
dimethyl-1,4-phenylenediamine through a catalytic oxidative
radical addition reaction.
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We first examined TRTs suitable for the SET-based
addition reaction using angiotensin II as the model peptide.
Among the compounds examined, N'-acetyl-N,N-dimethyl-
1,4-phenylenediamine (1; Table 1) was found to be the most
suitable TRT for this reaction, and the monoadduct to
angiotensin II was obtained in 50% yield in the presence of
the [Ru(bpy);]Cl, complex in Tris buffer (10 mm, pH 4.2) and

Table 1: Optimization of the addition reaction of angiotensin Il with
N’-acetyl-N,N-dimethyl-1,4-phenylenediamine (1).!

\ N
OH N—@—NH I o
. ¢
1

N-DRVYIHPF-C' L

. ) N-DRVYIHPF-C'
(angiotensin I}
Entry [Ru(bpy);]Cl, Buffer Irradiation Additive Yield [%]

pH time [min] (mono-/
bisadduct)
1 1 mm 6.0 15 - 55 (1:0)
2 10 um 7.4 5 1mmAPS 70 (9:1)
3 1mm 7.4 1 1mMAPS 95 (3:2)
4 1 mm 7.4 1 TmMAPS 0
10 mm DTT

5 1mm 7.4 s 1mmAPS 10 (1:0)
6 - 7.4 Ll 1 mmAPS 10 (1:0)
7 1 mm 74 M - 0

[a] Reaction conditions: angiotensin 11 (100 um) and 1 (500 um) in MES
(10 mm) buffer. All reactions were quenched with DTT (10 mm) and
analyzed by using MALDI-TOF MS. Each reaction was repeated several
times and the average ratios of the mono- and bisadducts are indicated.
[b] Incubated for 5 min without irradiation.

under irradiation with light (Table S1 in the Supporting
Information). Then, we tested different buffers and additives
for the addition reaction with TRT 1 under mild conditions
(pH 6.0-7.4) to prevent proteins from denaturation (Table 1
and Table S2 in the Supporting Information). The addition
reaction proceeded preferentially in 2-morpholinoethanesul-
fonic acid (10 mm, MES) buffer under irradiation with visible
light for 15 min (Table 1, entry 1). It was reported that SET of
the excited state *Ru" to Ru"™ was accelerated in the presence
of oxidants, such as ammonium persulfate (APS).”!! There-
fore, we examined the effects of APS on the addition reaction
of angiotensin II (100 um) with 1 (500 um). The reaction
proceeded smoothly at pH 7.4 in the presence of APS (1 mm)
and a catalytic amount of [Ru(bpy);]Cl, (10 um) under
irradiation with visible light for 5 min, giving the monoadduct
and the bisadduct (9:1 ratio) in 70 % yield (Table 1, entry 2).
The use of 1 mMm of [Ru(bpy);]Cl, accelerated the reaction
rate and both mono- and bisadducts were obtained in 95 %
yield in a 3:2 ratio even under irradiation with visible light for
1min (Table1, entry3). The reaction was abolished by
addition of dithiothreitol (DTT), a radical scavenger
(Table 1, entry 4). Both irradiation with visible light and the
[Ru(bpy);]Cl, complex were essential for the addition reac-
tion (Table 1, entries 5-7),* thus suggesting that the reac-

www.angewandte.org
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tions proceeded through the photoinduced oxidative SET
radical mechanism proposed in Scheme S1 in the Supporting
Information. MS/MS analysis of the mono- and bisadducts of
1 to angiotensin II indicated that all modifications were
implemented on tyrosine residues (Figures S1 and S2 in the
Supporting Information). To understand the binding mode
between 1 and tyrosine residues, the addition reaction of
1 with ethyl-N-acetyl-tyrosine amide, a model substrate, was
investigated. Structural analysis revealed that a carbon-
carbon bond was formed between the ortho-carbon atom of
the phenolic oxygen of ethyl-N-acetyl-tyrosine amide and the
ortho-carbon atom of the dimethylamino group of 1 (Fig-
ures S3 and S4 in the Supporting Information). We also
examined the reactivity of 1 to the tryptophan residue by
using the model peptide melittin. The observed oxidation of
the tryptophan residue with oxygen proceeded prior to the
addition with 1.7*% These results suggest that this method
can be used for the specific modification of tyrosine residues
in the target protein.

With the suitable conditions established, we applied this
tyrosine-residue-specific addition reaction to the modification
of a purified protein. We designed and synthesized fluores-
cent TRT 2 (Scheme S3 in the Supporting Information).
Bovine serum albumin (BSA), the model protein, was treated
with 2 under several conditions (Figure 2). Whereas BSA was
not modified in the presence of [Ru(bpy);]Cl, without 2 or
APS (lanes 1 and 2), successful modification was observed in
the presence of [Ru(bpy);]Cl, (10 um), 2 (500 um), and APS
(1 mMm) under irradiation with visible light for 5 min (lane 3).
A slight modification of BSA with 2 was observed without
irradiation and [Ru(bpy);]Cl, (lanes 4 and 5), thereby
revealing that APS caused a photocatalyst-independent
modification reaction, which was considered to be one of
the undesired background reactions. This modification pro-
ceeded without APS, although an excess amount of [Ru-

Figure 2. Modification of BSA with fluorescent TRT 2 under various
conditions. Fluorescence images and coomassie brilliant blue (CBB)-
stained images of SDS-PAGE gels, with the conditions for each lane
given above. [a] The exposure time for fluorescence detection in lanes
6—10 was longer (3.0 s) than that in lanes 1-5 (0.3 s; also see

Figure S7 in the Supporting Information).
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Figure 3. Selective modification of carbonic anhydrase (CA) promoted
by the CA-ligand-conjugated ruthenium complex 3 as LSC in a mixture
of BSA and bovine CA. A) Structures of 3 and CA-binding competitor
4. B) Protein modification reactions were performed in a mixture of
BSA (5 um) and CA (5 um) in MES buffer (10 mm; pH 6.0) without
APS. Fluorescence images of modified proteins (upper) and whole
proteins with CBB stain (lower) are shown.

(bpy);]CL, (1 mm) was needed. [Ru(bpy);]Cl, and irradiation
with light were indispensable in this case (lanes 6-10). To
evaluate the biocompatibility of this reaction, double modi-
fication experiments of BSA and streptavidin were carried
out using PEG-conjugated TRT and tetramethylrhodamine-
conjugated maleimide or N-hydroxysuccinimide (NHS). The
electrophilic modifications proceeded even after the PEG
modification, thus suggesting that this SET-based tyrosine-
targeting method is compatible with the electrophilic meth-
ods targeting cysteine and lysine residues (see Figure S8 in the
Supporting Information).

To clarify whether this addition reaction based on local
SET is applicable to selective protein modification, we
designed and synthesized a ligand-conjugated ruthenium
complex as an LSC. Carbonic anhydrase (CA) and benzene-
sulfonamide were chosen as the model of the target protein
and its ligand, respectively.””! When the SET-based radical
modification reaction was carried out in the presence of
[Ru(bpy);]Cl, using a mixture of BSA and CA, the extent of
modification of BSA was higher than of CA, because it had
a larger number of accessible tyrosine residues (Figure 3,
lanes 2 and 3). Meanwhile, benzenesulfonamide-conjugated
ruthenium complex 3, which was designed as a CA-targeting
LSC, promoted the selective modification of CA (lane 4) with

Angew. Chem. Int. Ed. 2013, 52, 8681-8684
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Figure 4. Selective modification of CA in mouse erythrocyte lysates.
A) Structure of biotin-conjugated TRT 5. B) The reaction for the
selective modification of CA was performed in MES (10 mm, pH 6.0)
using erythrocyte lysates from 6-week-old female mice. The left image
shows visualization of biotinylated proteins with a streptavidin-HRP
conjugate. The right image shows CBB staining of proteins in mouse
erythrocyte lysates.

more than 100 times higher efficiency than BSA modification
(lane 3; 1 mm [Ru(bpy);]Cl, versus lane 4; 10 pm 3).! The
selective modification of CA was inhibited by the CA-binding
competitor 4, which was present in an amount that was 100
times that of LSC 3 (lane 5), thereby revealing that this
reaction was accelerated by the target protein-ligand inter-
action between CA and 3.%’) No protein modification of both
BSA and CA was observed in the absence of irradiation with
visible light or 2 (lanes 6 and 7).

Finally, we applied this target-selective protein modifica-
tion to native CA proteins in cell lysate using 3. CA
modification was performed in mouse erythrocytes that
originally expressed CAs. However, the lysates of erythro-
cytes contained a large amount of hemoglobin (14 kDa) and
the fluorescence of hemoglobin interfered with the fluores-
cence detection of CA modified with 2. Therefore, we
developed biotin-conjugated N,N-dimethyl-1,4-phenylenedi-
amine 5 as a TRT (Figure 4 A) to detect the target protein by
using a streptavidin—horseradish peroxidase(HRP) conjugate.
No biotinylated proteins were detected with streptavidin—
HRP in the absence of 3, biotin-conjugated TRT 5, or
irradiation (Figure 4B, lanes 1-4). Those proteins, however,
were observed at 29 kDa, which corresponded to CA from the
cell lysate, in the presence of 3 and § under irradiation with
light for 15 min (lane 5), and this modification was inhibited
by the addition of 4 (lane 6).5" These results clearly indicated
that SET-based protein modification using 3 and 5 specifically
occurred on the target protein CA despite the coexistence of
various kinds of proteins in the cell lysate. We also performed
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this modification reaction in intact erythrocytes in MES-
buffered saline (10 mm MES (pH 6.0), 150 mm NaCl) and
again obtained similar results to those from the cell lysate
(Figure S11 in the Supporting Information), thus suggesting
that 5 and 3 could permeate the erythrocyte cell membrane. !
Therefore, this target-selective protein modification based on
local SET catalysis is applicable to the modification of native
proteins in an intracellular environment.

In conclusion, we have developed a target-selective
protein modification strategy based on local SET catalysis.
In cell lysates, tyrosyl radicals were selectively generated on
the target protein by SET from the photocatalyst in the local
environment of the ligand, and the radicals were trapped by
TRTs through the specific radical addition to tyrosine
residues. Although target-selective protein modifications in
cell lysates were achieved before with electrophilic reagents
using ligand-tethered DMAP catalysts, those methods were
limited to modifying the nucleophilic residues of the targeted
proteins, such as lysine and cysteine. The current method is
not only an alternative to the strategy using electrophilic
agents but can also be utilized for the identification of
proteins interacting with the target protein through a tyro-
sine-tyrosine SET addition reaction between the target
protein and its interaction partners induced by the LSC-
based generation of tyrosyl radicals. Studies with respect to
further applications are in progress.
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closo-Dodecaborate-encapsulating liposomes were developed as boron
delivery vehicles for neutron capture therapy. The use of spermidinium
as a counter cation of closo-dodecaborates was essential not only for
the preparation of high boron content liposome solutions but also for
efficient boron delivery to tumors.

Boron neutron capture therapy (BNCT) has been attracting growing
interest as one of the minimally invasive cancer therapies."
Mercaptoundecahydrododecaborate (Na,[B;,H;;SH]; Na,BSH)
and r-p-boronophenylalanine (1-BPA) have been used in BNCT
for many years. 1-BPA, in particular, has been widely used for the
treatment of not only melanoma but also brain tumor® and head
and neck cancer® because it can be taken up selectively by tumor
cells through an amino acid transporter.* The accelerator-based
BNCT is now undergoing phase I clinical study for the treatment
of brain tumor and head and neck cancer patients in Japan.>®
In recent years, liposomal *°B carriers have attracted attention
as some of the efficient boron delivery systems in BNCT.”™*°
Several efficient in vivo BNCTs have been reported. Yanagié¢ and
coworkers demonstrated the first antitumor effect of Na,BSH-
encapsulating liposomes conjugated with a monoclonal antibody
specific for the carcinoembryonic antigen.’®” Maruyama and
co-workers developed transferrin-conjugating Na,BSH-encapsulating
liposomes.®*° Although they succeeded in completely suppressing
tumor growth in mice after neutron irradiation, the concentration of
inner '°B of liposomes was limited in preparation due to osmotic
reasons. For this reason, boron lipids embedded within the liposome
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bilayer have been studied.'®"> Hawthorne and coworkers developed
liposomes incorporating Nag[1-(2-B;,Hg)}-2-NH;B, (Hg] into the internal
aqueous core and K[nido-7-CH;(CH,);5-7,8-C,BoHy4] into the bilayer
membrane to increase the boron content in liposomes.*”*?

We previously developed Na,BSH-encapsulating 10% distearoyl
boron lipid (DSBL)'*” liposomes that have high boron content with
excellent boron delivery efficacy to tumors.™* In this communication,
we studied the effects of the counter cations of boron clusters on
liposome formation to develop high boron content liposomes for
BNCT by overcoming osmotic pressure limitations.

We selected three closo-dodecaborates, Na,[B;,H;,],
Na,[B;,H,,OH]"> and Na[Bj,H,;NH;]'® in addition to Na,BSH
(Fig. 1). We first tested the cytotoxicity of the closo-dodecaborates
toward colon 26 cells. The closo-dodecaborates are relatively non-
toxic and the Gls, values of Nay[B;,H;,], Na,BSH, Na[B;,H;;NHj;],
and Na,[B;,H;,0H] are 5.1, 2.1, 32.9, and 7.7 mM, respectively
(Table S1 in the ESIf). Liposomes containing the closo-
dodecaborates were prepared from DSPC, cholesterol, and
DSPE-PEG2000 by the reverse phase evaporation method with
sizes of approximately 100 nm in diameter. The results are
summarized in Table 1. The final boron and phosphorus con-
centrations of liposome solution containing Na,[B;,H;,] were
3438 + 2.0 and 2864 + 18.3 ppm, respectively, and the B/P ratio
was 1.2 (entry 1). The higher B/P ratio indicates the higher boron
content in liposomes. The liposome yield was 58% based on the
total phospholipids used in the preparation. The B/P ratio of the
liposome containing Na[B;,H;;NH;] was 2.2 (entry 2), which was
slightly higher than those of liposomes containing Na,BSH,
Na,[B;,H;;0H], and Nay[B;,H;,] (1.2-1.6, entries 1, 3, and 4).
In the case of Na[B;,H;;NH;], an ammonium ion group served
as one of the two counter cations of the closo-dodecaborate

Na,BSH Nag[B1oH12] Nap[B1zH,OH] Na[B;zH11NH;]

Fig. 1 Structures of closo-dodecaborates used for encapsulation in liposomes.
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Table 1 Physical characteristics of liposomes containing closo-dodecaborates
associated with sodium and various ammonium cations’

B conc.>* P conc. Yield?
Entry Boron cluster (ppm) (ppm) B/P*° (%)
1 Na,BSH 3438 £ 2.0 2864 + 18.3 1.2 58
2 Na[B,,H;;NH;] 4072 +22.8 1835+ 38.5 2.2 44
3 Na,[B;,H,,0H] 2635 & 184.2 1600 & 99.0 1.5 39
4 Nay[B1,Hy,] 3133 +£ 10.3 1932 4+ 13.3 1.6 47
5 (n-CsH,NH;),BSH 2874 & 47.7 2225 £15.8 1.3 54
6 (H;NC,HgNH,)BSH 4711 + 17.4 1833 +43.4 2.6 44
7 spd-BSH 13867 + 185.8 4046 + 18.3 3.4 98
8 (Sperminium)BSH 9759 + 139.6 3559 + 44.5 2.7 87
9 spd-[Bi,H;;NH;] 13970 + 216.5 3943 +43.4 3.5 95

H, . H, .

- N NH, N s~ NH

HoN™ S S TSR HSN/\/\N AN
2

spermidinium (spd} sperminium

“ In all cases, liposomes were prepared from DSPC, cholesterol, and DSPE-
PEG2000 (1:1:0.11, molar ratio) by the REV method. ? Data are expressed
as means + standard deviation (SD).  Boron and phosphorus concentra-
tions of liposome solution were determined by ICP-AES. ¢ Liposome yields
were calculated from the phosphorus concentration of liposome solution
based on the total phospholipids used in preparation.

dianion. We speculated that ammonium counter cations would
affect the encapsulation of closo-dodecaborates in liposomes.
Recently, Gabel and coworkers reported that Na,BSH induces
aggregation and membrane rupture, increasing wall thickness of
the liposome and triggering the release of liposome contents.'”
Indeed, it is known that tetramethylammonium (TMA) salts of
closo-dodecaborates are insoluble in water, and the ion-exchange
from Na,BSH to (TMA),BSH proceeds readily, whereas the ion-
exchange from (TMA),BSH to Na,BSH is not easy. We predicted
that encapsulation as well as liposome yield would be increased
if we could reduce this interaction in the preparation of closo-
dodecaborate-encapsulating liposomes. Thus we prepared various
ammonium salts of BSH and examined their encapsulation into
liposomes (entries 5-9 in Table 1). The B/P ratio of the liposome
containing the n-C;H,NH;" salt of BSH was similar to that of the
liposome containing Na,BSH (entries 1 vs. 5). The H;N'C,HgNH;"
cation increased the B/P ratio (2.6) and boron concentration
(4711 ppm). Interestingly, the B/P ratio dramatically increased to
3.4 when the spermidinium (spd) cation was employed (entry 7).
In addition, the liposome yield was markedly increased to 98% and
the final boron concentration of the liposome solution reached
13867 ppm. In contrast, the B/P ratio of liposome containing
(sperminium) BSH dropped to 2.7, although the liposome yield
was still high (87% yield) and the final boron concentration of the
liposome solution was high at 9759 ppm (entry 8). Liposome
containing spd{B,,H;;NH;] showed the highest B/P ratio (3.5); the
boron concentration of the liposome solution reached 13790 ppm
and the liposome yield was 95% (entry 9).

We examined whether the formation of high boron content
liposomes is affected by the viscosity of the closo-dodecaborate
solutions. However, the spd cation of [By,Hy,]>~ does not affect the
viscosity of internal aqueous solution of liposomes (Table S3, ESIY).
We measured liposome yields and B/P ratios under the condition of
various ratios of BSH to spd cations (Na,BSH: [spermidine + HCI] = 1:
X, X = 0, 0.25, 0.5, 1, and 2). As shown in Fig. 2, the B/P ratio

View Article Online
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Fig. 2 Effect of the amount of spd cation on spd-BSH encapsulation in
liposomes. Boron/phosphorus (B/P) ratios of (spd)s-closo-dodecaborate-
encapsulating liposomes are shown in the vertical axis.

reached a maximum of 3.4 when the BSH:spd ratio was 1:1.
Liposome yields showed a similar tendency to B/P ratios. The highest
liposome yield was observed at the BSH to spd cation ratio of 1:1.
Transmission electron microscopy (TEM) analysis of spd-BSH-
encapsulating liposomes and Na,BSH-encapsulating liposomes
was also carried out using Cryo-TEM (Fig. 3). It is notable that
the liposomes interacted with each other in the case of Na,BSH-
encapsulating liposomes, whereas the liposomes dispersed in
solution without interacting with each other in the case of spd-
BSH-encapsulating liposomes.

We next examined boron distribution of the spd-closo-
dodecaborate-encapsulating liposomes in colon 26 tumor-bearing
mice."® The liposomes were injected at doses of 15, 30, and 100 mg
[B] kg™ " body weight via the tail veins. Na,BSH- and Na,[B,,H;NH;}
encapsulating liposomes were also injected at a dose of
30 mg [B] kg " as control experiments. The time courses of boron
distribution in each organ are shown in Fig. 4. Blood boron
concentrations of 460.7, 104.0, and 33.2 ppm were detected 24 h
after injection of spd-BSH-encapsulating liposomes (100, 30, and
15 mg [B] kg™ "), respectively (Fig. 4a). Blood boron concentration in
mice injected with 100 mg [B] kg ' of spd-BSH-encapsulating
liposomes did not decrease notably during the 48 h period, whereas
those in mice injected with 30 and 15 mg [B] kg™ " of spd-BSH-
encapsulating liposomes gradually decreased in a time-dependent
manner. The time courses of boron concentrations in liver, kidneys,
and spleen are shown in Fig. 4b-d, respectively. Boron concentra-
tions of 528.5, 144.2, and 74.4 ppm in liver were observed 48 h after
the injection of 100, 30, and 15 mg [B] kg ' of spd-BSH-
encapsulating liposomes, respectively. In the meantime, maximum

Fig. 3 TEM images of Na,BSH-encapsulating liposomes (left) and spd-
BSH-encapsulating liposomes (right). Scale bar represents 200 nm.

Chem. Commun.

This journal is © The Royal Society of Chemistry 2014

174


http://dx.doi.org/10.1039/c4cc04344h

Published on 21 August 2014. Downloaded by Tokyo Institute of Technology on 03/09/2014 11:46:28.

ChemComm

Fig. 4 Time courses of distribution of spd-BSH- and Na,BSH-encapsulating
liposomes (A, spd-BSH: 15 mg [B] kg~% <, spd-BSH: 30 mg [Bl kg~% O,
spd-BSH: 100 mg [B] kg™ A, Na;BSH: 15 mg [B] kg%). Each liposome
was injected into tumor-bearing mice via the tail vein. Data are expressed as
means + SD (n = 5).

tumor boron concentrations of 202.7 and 82.4 ppm were achieved
36 h after injection at doses of 100 and 30 mg [B] kg™ ", respectively.
Even at the low boron dose of 15 mg [B] kg™ ", the tumor boron
concentration was 34.0 ppm at 36 h after injection (Fig. 4e). We
also demonstrated the boron distribution of Na,BSH-encapsulating
liposomes in tumor-bearing mice for comparison. Although
blood and liver boron concentrations after injection of Na,BSH-
encapsulating liposomes at a dose of 30 mg [B] kg™ were similar
to those after injection of spd-BSH-encapsulating liposomes at a
dose of 30 mg [B] kg™, kidney and spleen boron concentrations
after injection of Na,BSH-encapsulating liposomes were lower
than those after injection of spd-BSH-encapsulating liposomes
up to 48 h. The tumor boron concentration at 36 h after injecting
Na,BSH-encapsulating liposomes was 31.9 ppm, although the
clearance of Na,BSH-encapsulating liposomes was slow (Fig. 4e).

A similar tendency was observed in spd-{B,,H;,NH;}-encapsulating
liposomes (Fig. S1, ESIt). Blood, kidney, and spleen boron concentra-
tions gradually decreased after injection. Maximum tumor boron
concentrations of 242.2, 88.7, and 35.4 ppm were achieved 6 h after
injection at doses of 100, 30, and 15 mg [B] kg ', respectively.
Interestingly, significant tumor boron accumulation was also observed
in the case of Na[B,,H,;NH;]-encapsulating liposomes.

Finally, we examined the antitumor effect of liposomes
containing spd closo-dodecaborates in colon 26 tumor bearing
mice exposed to thermal neutron irradiation. Thermal neutron
irradiation of the tumor-transplanted left thighs of mice was
carried out 36 h after injection. The tumor growth curves of
mice are shown in Fig. 5 (and in Fig. S2, ESIt). “Hot control
(-®@-)” and “Cold control (-x-)” represent tumor volumes of mice
injected with saline with and without thermal neutron irradiation,
respectively. Tumor growth was significantly suppressed in mice
treated with spd-["’°BSH]}- and spd{'°B;,H;;NH;]-encapsulating
liposomes at doses of 15, 30, and 100 mg [*°B] kg™ and exposed
to thermal neutron irradiation. The tumor completely disappeared
within three weeks even when a dose of 15 mg ['°B] kg™ " was
employed. Liposomes containing Na,['°BSH] and Na['°B;,H,;NHj;]
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Fig. 5 Tumor volumes in mice (Balb/c, female, six weeks old, 14-20 g)
bearing colon 26 solid tumor, exposed to thermal neutron irradiation (hot)
for 50 min (1.3-2.2 x 10%2 neutrons per cm?) or not exposed to thermal
neutron irradiation (cold). Irradiation was performed 36 h after injection of
liposomes containing spd-[°BSH] (A, 15; <, 30; O, 100 mg [*°B] kg™) and
Na,['°BSH] (®, 30 mg [*°B] kg™, or 1 h after injection of Na,[*°BSH]
solution (M, 100 mg ['°B] kg™%). @, hot control; x, cold control. **P < 0.01,
compared with hot control.

also inhibited tumor growth at a dose of 30 mg ['°B] kg, and the
tumor was completely controlled three weeks after thermal neutron
irradiation. Tumor growth was suppressed in mice treated with
Na,['°BSH] solution (100 mg [*°B] kg™ ") during the two weeks after
thermal neutron irradiation. However, the tumor started to grow
thereafter (Fig. 5). In contrast, tumor growth was not suppressed in
mice treated with Na['°B,,H;;NH;] solution (100 mg [°B] kg™ ")
even after thermal neutron irradiation (Fig. S2, ESIt).

Fig. 6 shows the survival curve of tumor-bearing mice after
thermal neutron irradiation. All untreated mice without thermal
neutron irradiation died within two weeks. Thermal neutron irradia-
tion enhanced mouse survival and all mice exposed to thermal
neutron irradiation died within 78 days. Prolonged survival was
observed in mice injected with spd{'°BSH}- and spd-{*°B,,H,;NH;}-
encapsulating liposomes; 72% of the mice that received a dose of
15 mg ['°B] kg " survived up to 100 days after the thermal
neutron irradiation. Furthermore, a remarkable antitumor effect

Fig. 6 Survival curve of tumor-bearing mice after thermal neutron irradiation.
The irradiation was performed 36 h after injection of closo-dodecaborates
(— spd-BSH: 30 mg [°B] kg% @, spd-BSH: 15 mg [°B] kg™ ©,
spd-1°By,HiNHs: 15 mg [°B] kg™ for 50 min (1.3-2.2 x 10* neutrons per
cm?). x, cold control; ®, hot control. Mice were sacrificed when their tumor
volumes reached ~3000 mm?®.

This journal is © The Royal Society of Chemistry 2014
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was observed in the mice treated with spd-{'°BSH]-encapsulating
liposomes at a dose of 30 mg [*°B] kg™ "; 100% of the mice
survived up to 100 days after the thermal neutron irradiation.

We succeeded in the preparation of high boron content lipo-
somes. The use of spd as a counter cation of closo-dodecaborates was
essential to obtain the liposomes with high yields and high B/P
ratios. All of the mice injected with 30 mg [°B] kg™ " of spd{'°BSH}-
encapsulating liposomes were completely cured while five of seven
mice injected with 15 mg ['°B] kg™" of spd{'’BSH]- and
spd—[mBqu1NH3]—encapsulating liposomes were cured 100 days
after thermal neutron irradiation. The results indicate that the
total amount of phospholipids could be reduced to less than
one-seventh of those used to prepare Na,['°BSH]-encapsulating
liposomes.’® We believe that the spd-closo-dodecaborate-
encapsulating liposomes are promising candidates for clinical
use in BNCT.
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ABSTRACT: r-Amino acid ligase (Lal) catalyzes the
formation of a dipeptide from two L-amino acids in an ATP-
dependent manner and belongs to the ATP-grasp superfamily.
Bacillus subtilis YwfE, the first identified Lal, produces the
dipeptide antibiotic bacilysin, which consists of L-Ala and L-
anticapsin. Its substrate specificity is restricted to smaller
amino acids such as 1-Ala for the N-terminal end of the
dipeptide, whereas a wide range of hydrophobic amino acids
including L-Phe and L-Met are recognized for the C-terminal
end in vitro. We determined the crystal structures of YWfE with

bound ADP-Mg**-Pi and ADP-Mg**-1-Ala at 1.9 and 2.0 A resolutions, respectively. On the basis of these structures, we
generated point mutants of residues that are considered to participate in the recognition of 1L-Ala and measured their ATPase
activity. The conserved Arg328 is suggested to be a crucial residue for 1-Ala recognition and catalysis. The mutation of Trp332 to
Ala caused the enzyme to hydrolyze ATP, even in the absence of L-Ala, and the structure of this mutant protein appeared to show
a cavity in the N-terminal substrate-binding pocket. These results suggest that Trp332 plays a key role in restricting the substrate
specificity to smaller amino acids such as L-Ala. Moreover, Trp332 mutants can alter the substrate specificity and activity
depending on the size and shape of substituted amino acids. These observations provide sufficient scope for the rational design of
Lal to produce desirable dipeptides. We propose that the positioning of the conserved Arg residue in Lal is important for

enantioselective recognition of L-amino acids.

Microorganisms produce a wide range of biologically
active peptide com?ounds such as antibiotics, anti-
tumors, and siderophores.” Most of these compounds are
produced via two distinct biosynthetic strategies. The first
strategy uses ribosomal synthesis of linear precursor peptides
that undergo posttranslational modification and proteolysis.”
The second strategy uses nonribosomal peptide synthetase
(NRPS), a large enzyme composed of multiple modules.*
Independent of these two pathways, several L-amino acid ligases
(Lals), which are enzymes catalyzing the ATP-dependent
formation of an a-peptide bond between two L-amino acids,
have been identified in certain microorganisms.”~® For
example, Bacillus subtilis YWfE (also referred to as BacD), the
first identified and well-studied Lal,’ produces a dipeptide
antibiotic called bacilysin that consists of L-Ala at the N-
terminus and the nonproteogenic amino acid, L-anticapsin, at
the C-terminus’ (Scheme 1). The substrate specificity of YwfE
is restricted to smaller amino acids such as L-Ala, for the N-
terminal end of the dipeptide, whereas a wide range of
hydrophobic amino acids, such as L-Phe and L-Met, are
recognized for the C-terminal end. Despite the recognition of a
nonproteogenic L-amino acid as a substrate by YwfE, this
enzyme is not able to synthesize D-amino acid-containing
dipeptides (Scheme 1).

Lal belongs to the ATP-grasp superfamily of enzymes, which
catalyze the formation of an amide bond between a carboxylate
compound and an amine compound in an ATP-dependent
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Scheme 1
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L-alanine L-anticapsin bacilysin

manner.'”"" ATP-grasp enzymes share a similar overall fold
composed of three domains (A, B, and C) and similar binding
modes for nucleotides. However, they accept a wide range of
carboxylate and amine substrates, and the sequence and
structural conservation of the binding sites for these substrates
is much lower. The catalytic mechanism of the enzymes in this
superfamily is considered to involve the initial activation of the
carboxyl group of a substrate by ATP-phosphorylation to form
an acylphosphate intermediate. This is followed by a
nucleophilic attack by the amine group of a second substrate
on the acylphosphate to yield a tetrahedral transition state and
the release of phosphate by the tetrahedral intermediate to yield
a product.
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Some of the ATP-grasp enzymes are considered to be
important targets for the development of new antibacterial
drugs because of the critical nature of these enzymes and lack of
human orthologues. Although Lal is not a clinical target, it has
the potential to become an interesting target for the industrial
production of useful dipeptides. Dipeptides have unique
physicochemical properties and physiological functions. For
example, the artificial sweetener aspartame is L-aspartyl-L-
phenylalanine methyl ester (L-Asp-L-Phe-OMe). L-Ala-L-Gln is
used as a component of patient infusions because of its higher
solubility than L-Gln. L-Asp-L-Phe, a precursor of aspartame,
was biosynthesized by hybrid NRPS; however, the turnover rate
was extremely low (0.7 min™')."> Compared with the NRPS
system, Lal is a smaller soluble enzyme and participates in a
simpler reaction to combine two amino acids. An L-Ala-L-Gln
has reportedly been produced via fermentative processes using
YwfE-transformed bacteria.'> However, biochemical and
structural studies of Lal are extremely limited compared with
those of other members of the ATP-grasp superfamily.

The crystal structures of two Lals have recently been
reported. The first determined structure was that of YwfE with
bound ADP and phosphinophosphate analogue (P-analogue),
which was believed to mimic the tetrahedral transition state.
The structure showed that YwfE binds the dipeptide in the
reverse orientation to that observed in Ddl, suggesting that the
substrate entry mode differs between them. The other structure
was BL00235 from Bacillus licheniformis, which was bound to
ADP and Ca** ions."®

Here, we describe new YWfE crystal structures with bound
ADP-Mg**-Pi and ADP-Mg**-L-Ala that are refined to 1.9 and
2.0 A resolutions, respectively. The results suggest that Trp332
plays a key role in N-terminal substrate specificity for smaller
amino acids such as L-Ala. Substitution with other residues at
position 332 altered the substrate specificity depending on the
size and shape of the incorporated residues. These observations
afford the possibility of a rational design of YwfE for the
production of desirable dipeptides. Furthermore, we propose
that based on a structural comparison between Lal and Dd], the
positioning of Arg328 is important for enantioselective
recognition of L-amino acids.

B EXPERIMENTAL PROCEDURES

Protein Preparation. Cloning, expression, and purification
of Bacillus subtilis YwWfE were performed as previously
described,'® with slight modifications. The gene encoding the
full length protein (Metl—Val472) and deletion mutant
(Lys4—Tyr468) of YWfE were amplified using PCR from B.
subtilis genomic DNA. The amplified PCR products were
cloned into the pGEX-6P-1 expression vector (GE Healthcare)
with BamHI and Xhol sites to produce the fusion protein with
N-terminal GST. Mutations were introduced according to the
QuikChange site-directed mutagenesis procedure using oligo-
nucleotide primers, except that KODplus (TOYOBO)
polymerase was used for PCR. The DNA sequence of the
expression plasmid was confirmed by automated DNA
sequencing.

The Escherichia coli strain ArcticExpress RIL cells (DE3)
(Stratagene), containing the expression plasmid, were grown at
37 °C in a Luria—Bertani medium containing 50 pg/mL
ampicillin. When the optical density at 600 nm of the culture
reached approximately 0.8, expression was induced by the
addition of isopropyl p-p-thiogalactopyranoside to a final
concentration of 0.3 mM. After an 18-h cultivation at 25 °C,
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the cells were harvested by centrifugation and suspended in
phosphate-buffered saline (PBS) containing 1 mM dithiothrei-
tol (DTT) and lysed by sonication. The lysate was centrifuged
at 10,000g for 20 min, and the supernatant was loaded onto a
Glutathione Sepharose FF column (GE Healthcare) preequili-
brated with PBS containing 1 mM DTT. The GST-fused YwfE
was eluted with SO0 mM Tris-HCI (pH 8.0), S0 mM NaCl, 1
mM DTT, and 15 mM reduced glutathione. The GST tag was
cleaved using PreScission protease (GE Healthcare), and the
reduced glutathione was removed by extensive dialysis against
50 mM Tris-HCI (pH 8.0), S0 mM NaCl, 1 mM EDTA, and 1
mM DTT. Furthermore, the cleaved GST tag was subsequently
removed by chromatography on a Glutathione Sepharose FF
column (GE Healthcare). After concentration by ultrafiltration
using a Vivaspin-20 10,000 MWCO (Sartorius), the flow-
through fraction was loaded onto a HiLoad 16/60 Superdex 75
pg column (GE Healthcare) preequilibrated with S0 mM Tris-
HCI (pH 8.0) and 100 mM NaCl. Fractions containing pure
YWwfE were pooled and dialyzed against 10 mM Tris-HCI (pH
8.0) containing 1 mM DTT and concentrated to approximately
20 mg/mL by ultrafiltration using a Vivaspin-20 10,000
MWCO (Sartorius). The protein concentration was deter-
mined by the BCA method (Pierce) using bovine serum
albumin as a standard.

Crystallization and Data Collection. Crystallization
screening was performed by the hanging-drop vapor-diffusion
method at 20 °C." Drops were prepared by manually mixing 2
uL of deletion mutant (Lys4—Tyr468) of YwfE protein
solution (8 mg/mL) containing 10 mM ADP, 10 mM MgCl,
(or S mM MnCl,), and 10 mM sodium phosphate (pH 7.4)
and 2 uL of reservoir solution containing 16%—18% (w/v)
PEG 3350, 0.3 M NaCl, 0.1 M HEPES-NaOH (pH 7.0—7.25),
5% (v/v) ethylene glycol, and 1 mM DTT and were
equilibrated against 500 uL of reservoir solution. Crystals of
the complex with ADP-Mg**-L-Ala were grown using the same
method except that 100 mM L-Ala was added instead of sodium
phosphate. The crystallization conditions of the W332A mutant
(Lys4—Tyr468) were the same as those for the wild type.

Diffraction data were collected at the BLSA, AR-NE3A, and
AR-NWI12A beamlines at the Photon Factory (PF; Tsukuba,
Japan). Ethylene glycol (20%, v/v) was used as a cryoprotectant
for data collection under cryogenic conditions. The crystals
were soaked in cryoprotectant-containing mother liquor and
flash-cooled in nitrogen stream at 100 K. Mn**-anomalous data
of the Mn*'-derivative crystals were collected at a wavelength of
1.2 A. The diffraction data sets were processed using the
HKL2000 program.'” All of the crystals belonged to the space
group P6422, with one molecule in the asymmetric unit.

Structure Determination and Refinement. Preparation
of the SeMet-labeled crystals and data collection using a single-
wavelength anomalous dispersion (SAD) method were
previously described.'® To determine the structure of YwfE,
SAD phasing, density modification, and automatic model
building were performed at 2.8 A using the CRANK program'®
from CCP4." All of the eight selenomethionine sites in the
asymmetric unit were identified with sufficient quality. An
initial solvent-flattened electron density map for the polyalanine
chains was modeled with the automated model building
program ARP/wARP,*® followed by manual fitting using
Coot.”' Refinement was performed by alternating cycles of
manual rebuilding using Coot and refinement using CNS** and
Refmac$ including TLS refinement.”® All crystal structures
were determined starting from the atomic model obtained
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Table 1. Diffraction Data and Refinement Statistics of YWfE Crystals®

wild-type wild-type W332A mutant
crystal ADP-Mg**-Pi ADP-Mg**-1-Ala ADP-Mg**-L-Ala

wavelength (A) 1.000 1.000 1.000
beamline PF BL-5A PF AR-NW12A PF AR-NWI12A
space group P6,22 P6:22 P6:22
cella = b (A) 90.58 90.02 91.13
¢ (A) 252.65 249.80 258.76
resolution (A) 20-1.9 (1.95-1.90) 20-2.0 (2.05—2.00) 20-2.30 (2.35—2.30)
completeness (%) 88.9 (96.5) 98.3 (99.4) 98.1 (100.0)
redundancy 10.6 (11.1) 9.0 (9.3) 7.6 (7.7)
1o (D) 53.5 (9.9) 53.5 (8.3) 5.6 (7.6)
Riperge (%) 0.069 (0.312) 0.068 (0.350) 0.038 (0.322)
resolution (A) 20-1.9 20-2.0 20-2.3
number of reflections 41 606 38656 24089
Riyon/Reee (%) 19.90/24.30 19.74/23.59 22.36/26.14
number of atoms 4056 3872 3745
protein 3626 3626 3623
ligands 34 35 35
water 396 211 87
overall B-factor (A?) 49.6 47.0 73.9
protein 49.7 47.4 74.3
ligands 43.1 422 93.6
water 492 40.7 S1.3
rmsd

bond lengths (A) 0.012 0.011 0.011

bond angles (deg) 1.3 1.3 1.3
Ramachandran® (%) 90.1/9.7/0.2/0 89.4/10.4/0.2/0 88.0/12.0/0/0
PDB code 3WNZ 3WO0 3WOl1

“Values in parentheses are for the highest-resolution shells. YEractions of residues in most favored/additionally allowed/generously allowed/
outliners of the Ramachandran plot according to Procheck®* in the CCP4 suite.'®

using the SAD data set. Procheck®* was used for Ramachandran
analysis. Statistics of the diffraction data and refinement are
listed in Table 1 and Supporting Information, Table S1. All
protein structure figures were prepared using PyMol.>®
Measurement of ATPase Activity. ATPase activities of
wild-type and mutated YWfE were measured using the Fiske—
Subbarow method*® to colorimetrically quantify the liberated
Pi. Standard ATPase assays were performed at 37 °C in 100 uL
of the assay buffer containing 10 mM r-Ala; 30 mM L-Phe (or
50 mM 1-Met); 100 mM Bicine-NaOH (pH 9.0); 10 mM
MgCl,; 10 mM ATP; and 2.5, 5.0, 7.25, 10, or 15 pug/mL
purified full-length YwfE in a 96-well assay plate. Reaction times
(between 10 and 4S5 min) and concentrations of protein
(between 2.5 pug/mL and 15 pg/mL) used in the assay were
varied depending on the degree of activity. Reactions were
started by the addition of 10 yL of 100 mM ATP and stopped
by the addition of 50 uL of stop solution containing 10% TCA
and 0.1% SDS. Furthermore, 100 xL of the molybdate solution
(0.75% ammonium molybdate in 0.675 M H,SO,) followed by
10 pL of reducing solution (0.1% Il-amino-2-naphthol-4-
sulfonic acid, 1.2% NaHSO,, and 1.2% Na,SO;) were added
and incubated at 37 °C for 10 min. The amount of released Pi
was determined by measuring absorbance at 665 nm using a
Biotracll plate reader (GE Healthcare) in a 96-well format. The
absorbance of a blank, measured in the condition without
protein, was subtracted. Each ATPase activity of the wild-type
protein in the presence of 10 mM L-Ala or 30 mM L-Phe alone
exhibited activity similar to the background. Pi standards were
prepared by dissolving KH,PO, in the buffer. To determine the
kinetic parameters, the velocity versus substrate concentration
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data were subjected to nonlinear least-squares analysis using the
Michaelis—Menten equation, v = V., [S]/([S] + K,,), using
the SigmaPlot software. All data are presented as the mean +
standard deviation of at least three independent experiments.

Analysis of Dipeptide by HPLC. The reactions were
performed at 37 °C in 500 uL of the assay buffer containing 50
mM L-Phe; 100 mM Bicine-NaOH (pH 9.0); 10 mM MgCl,;
10 mM ATP; and 10 pg of purified full-length W332A mutant.
After an 18-h incubation, the reactions were stopped by the
addition of 0.1% trifluoroacetic acid, and 250 pL of the reaction
mixtures were subjected to a reverse-phase HPLC (C,4 column:
250 mm X 4.6 mm; Kaseisorb LC ODS-120—5, Tokyo
Chemical Industry, Japan) with a gradient of acetonitrile in
0.1% trifluoroacetic acid at a flow rate of 0.8 mL/min (elution
program: 0 to 15 min, 0% of CH;CN; 15 to 39 min, a linear
increase in CH;CN from 0% to 32%; 39 to 40 min, a linear
increase in CH3;CN from 32% to 80%). Absorbance was
monitored at 230 nm. An authentic sample of r-Phe-L-Phe
(Sigma-Aldrich) was used as a standard.

B RESULTS AND DISCUSSION

Crystal Structures of YwfE in Complex with ADP-
Mg?*-Pi and ADP-Mg?*-L-Ala. To elucidate the substrate
binding mode and reaction mechanism of L-amino acid ligase
(Lal), we prepared native and Se-Met derivative crystals of B.
subtilis YW{E in the presence of ADP, Mg*, and r-Ala-L-Gln
dipeptide.'® Although no electron density corresponding to the
dipeptide was observed, an unexplained tetrahedral-shaped
piece of weak electron density appeared over the B-phosphate
group of bound ADP. We assumed this to be an inorganic
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Figure 1. Crystal structure of YWfE from Bacillus subtilis. (A) Overall structure of YWfE with bound ADP-Mg**-Pi. ADP and Pi molecules are
presented as a stick model. Two Mg®" ions are presented as green spheres. (B) Oligomeric state of YwfE with bound ADP-Mg**-Pi. The purple
broken circles represent the extended loop region in the A-domain. (C) Close up view of the dimer interface. Two protomers are colored yellow and
green. Side chains involved in important interactions in the dimer interface are presented as stick models. The blue broken lines represent the

electrostatic interactions between protomers. The figure was prepared using PyMo.

1.25

phosphate ion (Pi), which may possibly be derived from the
purification procedure. To obtain clear electron density, we
attempted to crystallize YWfE in the presence of ADP, Mg*,
and Pi instead of r-Ala-L-GIn. The structure of YwfE with
bound ADP, Mg**, and Pi was determined and refined to 1.9 A
resolution (Table 1). In addition, we determined the structure
of YWfE with bound ADP, Mg**, and L-Ala at 2.0 A resolution.
However, we have not yet determined the crystal structure with
bound 1-Ala-L-GIn. The YWwfE protein used in this study
consists of residues Lys4—Tyr468, which lack the N- and C-
terminal short regions, so as to improve the quality of crystals,
as previously reported.'® The overall structure consists of three
large A-, B-, and C-domains from the N terminus, and the C-
domain is further divided into C1- and C2-subdomains flanked
by a large antiparallel S-sheet (Figure 1A). The two structures
with ADP, Mg2+, and Pi or L-Ala were extremely similar, with a
root-mean-square deviation (rmsd) of 0.23 A for all Car atoms.
These structures were similar to those of the earlier full-length
YWfE (Glu2—Val472) with bound ADP and phosphorylated
phosphinate 1-Ala-1-Phe analogue (P-analogue)'* with an rmsd
of 0.48 A for 464 Ca atoms, indicating that the deletion of
short peptides at both termini exerts little influence on the
overall fold. Moreover, the present structures were similar to
another available structure of Lal, BL00235, from B. lichen-
iformis™ with an rmsd of 2.75 A for 365 structurally equivalent
Ca atoms.

Size exclusion gel filtration analysis under low ionic strength
conditions has shown dimer formation of YWfE in a solution,'®
and two protomers in the crystals formed a dimer through a
crystallographic 2-fold axis (Figure 1B). Because the buried
surface area of the dimer interface was calculated to cover only
6% of the total surface of the protomers, either protomer was
tightly connected by extension of the central S-sheet over the
adjacent protomer in the A-domain (Figure 1C). In addition,
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the interface was stabilized by electrostatic and hydrophobic
interactions of several residues in the @2-helix, the f3-strand,
and the extended loop between the B3-strand and @3-helix.
This type of -strand-mediated dimer interaction was observed
in the human, yeast, and Trypansoma brucei glutathione
synthetase (GS) structures, which belong to the ATP-grasp
superfamily.””~* The dimer interface of T. brucei GS was
calculated to cover 7.5% of the total surface area of a
protomer.29

Active Site Structures of YWfE. A Fourier difference (|
Foul — IFl) map before the introduction of ADP, Mg**, and
Pi into the atomic model clearly showed the bound nucleotide
in the cleft between the B-domain and C1-subdomain (Figure
2A). ADP is recognized by conserved residues in a manner
similar to that observed in other ATP-grasp enzymes. To
confirm the location and number of bound Mg** ion(s), an
Mn?*" derivative was prepared by cocrystallization with MnCl,
instead of MgCl, (Table S1, Supporting Information). An
anomalous Fourier map clearly showed the location of two
Mn*" beside the f-phosphate group of ADP. Therefore, we
modeled two Mg** ions in the ADP-Mg**-Pi-bound structure.
One of the Mg** ions labeled “Mgl” in Figure 2 is coordinated
by oxygen atoms of the a- and f-phosphate groups of ADP,
Glu311, Glu324, Pi, and one water molecule (Figure 2B and
C). The other Mg** labeled “Mg2” in Figure 2 is coordinated
by oxygen atoms of the f-phosphate group of ADP, Glu324, Pj,
and two water molecules. The bidentate carboxyl group of
Glu324, which is the highly conserved residue in ATP-grasp
enzymes, bridges two Mg** ions, suggesting that it plays a
crucial role in catalysis. For both Mg?* ions, the metal—ligand
distances range from 1.8 and 2.4 A. In the ADP-Mg**-1-Ala-
bound structure, the location and number of bound Mg2+ ions
were also confirmed by the Mn** derivative. Two Mg*" ions are
octahedrally coordinated by the same ligands as observed in the
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Figure 2. Details of the ligand-binding sites of YW{E. (A) Side chains important for ligand binding are presented as stick models. The cyan net
represents a simulated omit map contoured at 2.5¢ of ADP-Mg*"-Pi. The red net represents an anomalous Fourier difference map for Mn** of ADP-
Mn?**-Pi-bound form contoured at 106. Two Mg** ions are labeled with Mgl and Mg2. The blue broken lines represent hydrogen bonds. (B) Stereo
view of the Mg**-Pi-binding site. The red spheres represent Mg>*-coordinating water molecules. The green broken lines represent the coordination
of Mg*" ions. The close-up views of (C) ADP-Mg**-Pi-; (D) ADP-Mg**-Ala-; and (E) ADP-Mg**-P-analogue (PDB entry 3VMM)-bound structures
are shown in the same view. The cyan net in D represents a simulated omit map contoured at So of L-Ala.

ADP-Mg**-Pi-bound structure except for substitution of oxygen
atoms from a water molecule with those from Pi (Figure 2C).
In contrast, in the earlier P-analogue-bound YWfE structure,
Mg2 was located at a different position and coordinated by the
main-chain carbonyl group of Leul82 and the side chain of
Glu109'* (Figure 2E). A water molecule occupied the same
position in our structure (Figure 2C and D). In addition, it
should be noted that the present structure showed the side
chain of Tyr7S pointed on the opposite side into the active site,
although the earlier study suggested that Tyr7S may function as
a catalytic base for the deprotonation of the amino group of L-
anticapsin, which is a physiological C-terminal end substrate of
YwfE'* (Figure S1, Supporting Information).

The bound Pi is stabilized by hydrogen bonds with the main-
chain amide group of Ser184 in the B-domain and the side
chains of Glu311, Glu324, and Arg328 in the Cl-subdomain
(Figure 2B); therefore, Pi bridges these domains. In the ADP-
Mg**-1-Ala-bound structure, the omit map clearly showed that
the bound L-Ala was extensively recognized by the YwfE
protein (Figure 2D). Both the oxygen atoms of the bound -Ala
are involved in bidentate electrostatic interactions with the
guanidinium group of the side chain of Arg328, and one of the
oxygen atoms is hydrogen bonded with the main-chain amide
group of Gly331. The nitrogen atom of L-Ala has electrostatic
interactions with the side chains of Glu273, His309, and
Glu311. In addition, His309 makes van der Waals contacts with
carbon and oxygen atoms of L-Ala. These residues are highly
conserved among Lal, suggesting an important role in catalysis.
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The Cf atom of r-Ala makes van der Waals contacts with
Glu273, Trp332, and Met324. It is likely that these three
residues determine the substrate specificity of YWfE for amino
acid with the small side chain in the N-terminal substrate-
binding pocket.

Functional Analysis by Site-Directed Mutations. It has
been reported that YwfE prefers 1-Ala for the N-terminal end
and hydrophobic 1-Phe or 1-Met for the C-terminal end.>'* In
the functional assay, we used the full-length YwfE (Metl—
Val472) protein, and ATPase activity was measured in the
combination of 1-Ala and L-Phe or 1-Met. For the wild-type
enzyme, the ATPase activities increased with increasing
concentrations of each amino acid, and the obtained curves
were well fitted with the Michaelis—Menten equation (Figure
S2, Supporting Information). The apparent K., and k., values
for Ala (1.64 + 0.45 mM and 9.32 + 0.89 s™'), Phe (5.23 +
1.59 mM and 10.4 + 1.19 s7!), and Met (11.3 + 2.69 mM and
8.77 + 0.96 s™') are similar to those previously reported."* The
presence of either L-Ala or L-Phe did not show any activity. The
affinity for L-Ser was 15-fold lower compared with that of L-Ala,
and total activity was decreased to approximately half, which
confirms that L-Ala is a suitable substrate for the N-terminal
end.

Furthermore, on the basis of the present crystal structure,
mutational analysis was performed to elucidate the contribution
of each amino acid residue to substrate recognition and
catalysis. ATPase assays were performed using the full-length
mutants YwfE (Metl—Val472), and the obtained kinetic
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Table 2. Effect of Mutations on ATPase Activity”

YwfE ko (s7Y) for Ala K, (mM) for Ala k., /K, (mM ~'s ') for Ala
wild-type 9.32 + 0.89 1.64 + 045 6.07 + 1.80
E109A <0.01
E109D 3.19 + 143 7.12 + 3.19 048 + 0.14
E273A ND”

E273D 0.52 + 0.26 17.06 + 9.37 0.03 + 0.00
H276A 6.63 + 1.34 7.72 + 1.87 0.90 + 0.26
H309A ND

H309R ND

E311A ND

E311D <0.01

R328A ND

R328 K ND

W332A 4.32 + 0.39 2.12 + 031 2.07 + 0.26
M334A 2.62 + 1.16 296 + 1.82 095 + 0.17

ke (s7) for Phe

104 + 1.19
<0.01

1.83 + 0.20
ND

049 + 0.11
4.36 + 0.66
ND

ND

ND

<0.01

ND

ND

4.83 + 0.55
2.33 + 041

K, (mM) for Phe
523 + 1.59

ke /K,y (mM ~'s 71) for Phe
2.13 £ 0.58
2.28 + 0.96 091 + 0.39

7.71 + 2.58
8.50 = 0.70

0.08 + 0.05
0.51 + 0.05

159 £ 2.35
3.70 + 1.12

0.31 + 0.08
0.65 + 0.08

“Reactions were performed as described in the Experimental Procedures section. The kinetic parameters were determined by the varying
concentrations of either 1-Ala or L-Phe. All k,, and K, values are shown as the mean =+ standard deviation of at least three independent experiments.

UND means not detectable.

parameters are listed in Table 2. The mutation of each Glu273,
His309, Glu311, and Arg328 residue to Ala almost completely
diminished the activity, which is consistent with the structure-
based predictions. An E273D mutation partially restored the
activity, whereas H309R, E311D, and R328K enzymes
remained inactive despite the similar charge-conserved
mutations. These findings indicate that His309, Glu311, and
Arg328 are the crucial residues for catalysis. It appears that the
side chains of His309 and Arg328 along with the main-chain
amide group of Gly331 form an oxyanion hole to stabilize the
phosphorylated intermediate during the reaction cycle. The
enzyme with substitution of Glul09 by Ala showed no activity,
whereas that with substitution by Asp reduced the activity by
approximately 30% compared with that of the wild type. The
carboxyl group of Glul09 forms a hydrogen bond with the Ne
atom of Arg328 (Figure 2C and D). In addition, at the opposite
side, the main-chain carbonyl group of Phe329 forms a
hydrogen bond with Arg328. These observations suggest that
each residue plays an important role in fixing the side chain of
Arg328 in the optimal conformation for r-Ala binding and
catalytic reaction. An H276A mutation largely decreased the
apparent K value for r-Ala approximately 5-fold but exerted
little influence on the apparent K, value for L-Phe, suggesting
that His276 can contribute to 1-Ala recognition, although it
does not directly contact L-Ala. Mutation of Trp332 to Ala
caused a decrease in catalytic efficiency (k./K,,) for both r-Ala
and 1-Phe compared with that by the wild type. In addition,
M334A mutation decreased the activity approximately 3-fold
but did not strongly affect the apparent K value for each
amino acid. Although Met334 is located in contact with the side
chain of bound r-Alg, it is unlikely that this residue is essential
for 1-Ala binding.

L-Ala-Independent ATPase Activity of Trp332 Mu-
tants. The W332A mutant appeared to retain considerable
ATPase activity even in the absence of L-Ala (Figure 3A). In
contrast, the addition of r-Ala alone to the reaction mixture
showed no activity. It suggests that the mutant could accept L-
Phe as an N-terminal end and may produce an 1-Phe-L-Phe
dipeptide, albeit at an extremely low turnover rate. To
investigate the details of the L-Ala-independent ATPase activity
observed in this W332A mutant, we measured ATPase activity
at varying concentrations of L-Phe or L-Met in the absence of L-
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Ala. The activity at S0 mM L-Phe alone increased to
approximately 20% of that in the presence of both 1-Ala and
L-Phe (Figure 3B). This L-Ala-independent activity was reduced
at lower concentrations of L-Phe. Surprisingly, the ATPase
activity increased with increasing concentrations of L-Met to
almost the same levels regardless of L-Ala. The activity curve
did not fit the Michaelis—Menten equation in the absence of -
Ala but did so in the presence of r-Ala. This observation
suggests that L-Met is bound within two distinct binding
pockets with different affinities in the absence of L-Ala. It was
difficult to determine the apparent K value of each affinity.

To confirm the formation of an L-Phe-L-Phe product
catalyzed by the YwfE W332A mutant, we performed reverse-
phase HPLC analysis on a Cjg column. The W332A mutant
(10 pg) was incubated with SO mM r-Phe in the presence of 10
mM ATP and 10 mM MgCl,, and the reaction product in 250
uL was identified using a reference standard of an authentic -
Phe-L-Phe (2.5 umol). The HPLC analysis showed that the
W332A mutant enzyme produced about 1.4 ymol of the L-Phe-
L-Phe dipeptide (Figure 4A and B). If all of the ATP molecules
in the reaction mixture were consumed in order to produce the
dipeptide, 2.5 umol of the dipeptide would be detected by the
HPLC analysis. The peaks that appeared before elution by
acetonitrile corresponded to ATP (or ADP) and r-Phe (Figure
S3A and B, Supporting Information). When the reaction was
performed in the absence of ATP, the dipeptide was not
observed (Figure S3C, Supporting Information). Thus,
substitution of Trp332 with Ala will alter the substrate
specificity of YWE to allow the binding of larger amino acids,
such as L-Phe, in the N-terminal substrate-binding pocket, and
catalyzes the formation of the L-Phe-L-Phe dipeptide.

Crystal Structure of the W332A Mutant. To elucidate
the role of Trp332 and the effects of its mutation on the
structure of the substrate-binding pocket, we determined the
crystal structure of the YwfE mutant W332A (Lys4—Tyr468)
with bound ADP, Mg**, and 1-Ala at 2.3 A resolution (Table 1).
The overall structure of the mutant was similar to that of the
wild type with an rmsd of 1.2 A for all Ca atoms. In addition,
the mutant binds ADP and two Mg** in the same mode as that
observed in the wild type. These findings indicate that mutation
does not influence the overall fold or the nucleotide binding
property. However, a large cavity seems to appear in the
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Figure 3. ATPase activity of W332A mutant. (A) The L-Ala
concentration dependency of the ATPase activity of the W332A
mutant was measured in the presence of 30 mM L-Phe (®). The curve
was fitted to the Michaelis—Menten equation using the SigmaPlot
software. The errors correspond to the standard deviation of at least
three independent experiments. (B) The L-Phe (A, A) or L-Met (M,
0) concentration dependency of the ATPase activity was measured in
the presence (closed symbols) or absence (open symbols) of 10 mM
L-Ala. The curves could be fitted to a Michaelis—Menten equation
when the measurements were performed in the presence of both r-Ala
and 1-Phe or L-Met.

mutant, due to the absence of the large indole ring of Trp332
(Figure SA). This cavity is formed by the side chains of amino
acid residues not only on the Cl-subdomain (His276, Ala332,
and Met334) but also on the C2-subdomain (Asp376, His378,
and Tyr380). A Fourier difference (IF,,| — IF,|) map before
the introduction of 1-Ala into the atomic model showed that
the 1-Ala bound in the same mode as that observed in the wild
type. The model shows a large space over the C# atom of
bound 1r-Ala, suggesting that this space is large enough to
accommodate a larger amino acid such as L-Met. Thus, the large
and rigid indole ring of Trp332 appears to restrict the substrate
specificity for smaller amino acids such as r-Ala in the N-
terminal substrate-binding pocket. The orientation of His378
was rotated by approximately 90° compared with that of the
wild-type structure. This is because the planar surface of
Trp332 is almost parallel to the imidazole ring of His378 via
stacking interactions in the wild type (Figure SB).
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Figure 4. HPLC chromatograms. (A) 250 uL of the reaction products
of the W332A mutant were separated by HPLC. The absorbance was
monitored at 230 nm (left axis). The dotted lines indicate a linear
gradient of acetonitrile (right axis). (B) An r-Phe-L-Phe standard (2.5
umol) was separated by HPLC under the same conditions. The peak
area values of the enzymatic reaction (A) and the standard (B) were
estimated to be 38.23 AU X s and 66.56 AU X s, respectively, by using
Clarify Lite software (DataApex).

The structural and functional properties of W332A mutant
YWfE remind us of those of BL0023S. The crystal structure of
BL00235 with bound ADP-Ca** showed a large hydrophobic
cavity within a putative N-terminal substrate-binding pocket
that is formed by the side chains on both C1- and C2-
subdomains'® (Figure SC). The substrate specificity of
BL00235 is entirely different from that of YwfE. It prefers L-
Met and 1-Leu for the N-terminal end and small substrates such
as L-Ala, L-Ser, L-Thr, and 1-Cys for the C-terminal end. It can
be assumed that introduction of a large residue, such as Trp,
into the entrance of the cavity of BL0023S would alter the
substrate specificity for small amino acids, as is the case for
Yw{E. We have not yet obtained the crystal structure of the L-
Met-bound form of the W332A mutant, although crystals were
obtained in the presence of 10 mM ADP, 10 mM Mg2+, and
100 mM r-Met. In the mutant crystal, the electron density
corresponding to the expected side chain portion of L-Met was
extremely weak, suggesting that the side chain of L-Met was
disordered and did not interact strongly with the enzyme. This
result is probably because of the lower affinity of the mutated
enzyme for L-Met than for 1-Ala, as expected from the
functional assay.

Effect on the Substrate Specificity of Mutations at
Position 332. To determine whether the size and shape of
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Figure 5. Molecular surface representation of the N-terminal
substrate-binding site. (A) Structure of the W332A mutant of YwfE
with bound ADP-Mg**-1-Ala. The cyan net represents a simulated
omit map contoured at 3¢ of L-Ala. (B) Structure of the wild-type
YwfE with bound ADP-Mg®"-Ala. The atom-type and orange nets
represent van der Waals surfaces of bound r-Ala and the side chain of
Trp332, respectively, in the wild-type ADP-Mg”*-L-Ala-bound
structure. (C) The structure of the expected N-terminal substrate-
binding region of BL00235 with bound ADP-Ca** (PDB entry
3VOT). The numbers in parentheses represent the corresponding
residues in YwfE.

amino acid residues at position 332 influence the L-Ala-
independent ATPase activity, we prepared five additional
Trp332 mutants, replacing Trp332 with Ser, Val, Leu, His, or
Phe. First, we compared the effect of mutations on the ATPase
activity under standard conditions (the presence of L-Ala and 1-
Phe). Substitutions of Trp332 with Ala, Ser, Val, Leu, or His
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decreased the activity approximately 70% to 40% compared
with that of the wild type (black bars, Figure 6A). However,

Figure 6. Effect of mutations at Trp332 on the r-Ala-independent
ATPase activities. (A) The black and white bars represent 50 mM L-
Phe-induced ATPase activities in the presence and absence of 10 mM
L-Ala, respectively. The errors correspond to the standard deviations of
at least three independent experiments. (B) The same measurements
were performed except that 50 mM L-Met was used instead of L-Phe.

mutation of Trp332 to an aromatic Phe largely reduced the
activity to >10% compared with that observed in the wild type.
It is likely that a 6-member phenyl ring introduced at position
322 collides with the surrounding residues, such as Glu273 and
His276, and influences the local structure within the substrate-
binding pocket. When the same measurements were performed
in the presence of L-Met instead of L-Phe, the results obtained
were similar (black bars, Figure 6B). These findings indicate
that the Trp residue at position 332 is not directly essential for
the catalytic reaction.

Furthermore, to test each mutation on L-Ala-independent
ATPase activity, the measurements were performed in the
presence of 50 mM L-Phe or L-Met alone. Although the wild-
type enzyme hardly showed any activity in the presence of 50
mM L-Phe alone, W332A and W332S retained activities of
approximately 20% and 30%, respectively, compared with those
in the presence of both L-Ala and L-Phe (white bars, Figure 6A).
In contrast to these mutants, each mutant with substitution by
Val, Leu, His, or Phe did not show any r-Ala-independent
activity. When 1-Met was used instead of L-Phe, even the wild-
type enzyme retained approximately 6% of the L-Ala-dependent
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activity (white bars, Figure 6B). This result is consistent with
the finding that YwfE has the ability to produce the rL-Met-L-
Met dipeptide.” In addition to W332A and W332S mutants,
both W332V and W332L mutants also retained activities at
almost the same levels, independent of the presence or absence
of L-Ala. Furthermore, the enzyme with a mutation of Trp332
to His retained approximately 25% of the L-Ala-independent
activity. These results indicate that each mutant prefers L-Met
to the bulky and rigid L-Phe as a substrate. These functional and
structural studies of Trp332 mutants allow us to propose that
the size and shape of residues at position 332 of YWfE greatly
influence substrate specificity in the N-terminal substrate-
binding pocket.

Proposed Catalytic Mechanism. The reaction scheme of
the ATP-grasp family is believed to proceed through the
formation of an acylphosphate intermediate, which is attacked
by a nucleophile, leading to a tetrahedral intermediate that
ultimately collapses to form the product.'®"! The superposition
of the wild-type YWfE structure of ADP-Mg**-Pi and ADP-
Mg**-L-Ala-bound forms demonstrated that one of the oxygen
atoms from Pi was located very close to the position of the
carboxyl oxygen from ir-Ala (Figure 7). Thus, this model

Figure 7. Model of an acylphosphate intermediate. Superimposition of
models for the ADP-Mg**-L-Ala-bound form (atom color) and ADP-
Mg**-Pi-bound form (green) of wild-type YwfE are shown. Side chains
involved in important roles in the active site are presented as stick
models. Three water molecules of the ADP—Mg“-L—Ala—bound
structure are shown in red spheres.

appears to mimic the acylphosphate intermediate. In
comparison with a P-analogue-bound model of YWfE, the
acylphosphate portion in each model occupies a nearly identical
position, suggesting that binding of phosphorylated 1-Ala is
firmly stabilized in the enzyme during the reaction cycle.
These considerations lead us to propose a scenario for the
catalytic mechanism of YWfE enzyme. First, an ATP molecule is
bound within the highly conserved nucleotide-binding cleft, and
an L-Ala is recognized within the N-terminal substrate-binding
pocket. Furthermore, Arg328 fixes the position of the carbonyl
group of L-Ala to orient the positioning of one of the oxygen
atoms and polarize a C—O bond suitable for the oxygen atom
to attack the y-phosphate group of ATP to produce an
acylphosphate intermediate. An L-Phe (L-anticapsin in vivo) is
subsequently bound within the C-terminal substrate-binding
pocket, and its amino group makes a nucleophilic attack on the
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carbonyl carbon of the acylphosphate intermediate to form a
tetrahedral transition state intermediate, which is stabilized by
the positive charge environment formed with His309, Arg328,
and the main-chain amide group of Gly331. Arg328 and the
two Mg ions assist the phosphate transfer and compensate
the resulting negative charge in each intermediate. The
phosphate is finally released from the acylphosphate to yield
the 1-Ala-L-Phe dipeptide (bacilysin in vivo), and ADP is also
released from the nucleotide-binding site.

Role of Conserved Arg. In the catalysis and L-Ala
recognition, the crucial residue appears to be Arg328. This
Arg is conserved among the other members of the ATP-grasp
enzymes. For example, the crystal structure of E. coli biotin-
dependent carboxylase (BC) shows that bound bicarbonate is
recognized by bidentate interactions with the side chain of
Arg292.%° The structure of E. coli PurK, one of the purine
biosynthesis enzymes, in complex with ADP-Mg**-Pi, shows
that conserved Arg242 recognizes the Pi molecule.®’ In the E.
coli PurT structure, which is an enzyme participating in the
purine biosynthetic pathway, Arg283 is located in the
equivalent position to Arg242 in PurK.** In addition, the
present study reveals that Arg328 plays an important role in the
binding of r-Ala and Pi molecules. Amino acid sequence
alignment with these enzymes indicates that the Mgl-
coordinating Glu residue, which is also highly conserved in
this family, is located four residues upstream from these Arg
residues (Figure 8A). Although Ddl contains an Arg residue,
which is crucial for p-Ala recognition and catalysis, this residue
lies at a different position compared with those in other ATP-
grasp enzymes. In E. coli DdIB,>> Arg255 lies two residues
downstream of another conserved Asp or Glu residue that
coordinates Mg2. This Arg position is highly conserved among
DdI family members. YWfE and BL00235 contain important His
residues, although the other members of the ATP-grasp
superfamily carry uncharged residues at this position.

To compare the locations of the conserved Arg residues
between Lal and Ddl, we superimposed the crystal structures of
ADP-Mg**-1-Ala-bound YWfE and ADP-Mg**-p-Ala-bound Ddl
from Thermus thermophilus HB8.>* The structures were similar
to an rmsd of 2.70 A for structurally equivalent 255 Car atoms.
The model also showed that ADP and two Mg** occupy similar
positions in each structure. As expected from the sequence
alignment, the model clearly indicates that each Arg residue lies
in a different position (Figure 8B). Both side chains of Arg328
in YWfE and Arg268 in TtDdl recognize each carboxyl group of
bound r-Ala or p-Ala from the opposite side. As a result, the Ala
molecules are bound by the enzyme in nearly reverse
orientations. The different positioning of conserved Arg
residues between Lal and Ddl will consequently cause the
diverse orientation of the N- and C-terminal substrate-binding
pockets in each enzyme. Despite the difference in the
orientation of bound Ala, the two oxygen atoms of the
carboxyl group of each Ala molecule exist in extremely similar
positions. Superimposition of the structures of ADP-Mg**-Pi-
bound YwfE and ADP-Mg**-phosphorylated phosphinate-
bound E. coli DAIB*® showed that the ADP, Mg*, and
phosphate moieties in each structure occupied considerably
similar positions (not shown). These observations suggest that
the formation of an acylphosphate intermediate will occur in
the same place independent of the different orientations of
bound substrate amino acid. As mentioned above, L-Ala is
strictly recognized by multiple electrostatic interactions with
the side chains of Glu273, His309, Glu311, Arg328, and the
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Figure 8. Conserved Arg residue in the ATP-grasp superfamily. (A)
Bs, Bacillus subtilis; Bl, Bacillus licheniformis; Ec, Esherichia coli; Tt,
Thermus thermophilus HB8. A structure-based sequence alignment of
residues of conserved Arg (cyan), Mg**-coordinating Glu or Asp (red),
and conserved His among only Lal (green) is shown. All residue
numberings are shown on both sides of each line. (B) Superimposition
of models for YWfE (atom color) and Ddl from Thermus thermophilus
HB8 (green) with bound ADP-Mg*"-L-Ala and ADP-Mg**-p-Ala,
respectively. Mg** ions are represented by green (YwfE) and cyan
(Ddl) spheres.

main-chain amide group of Gly321. Among these amino acids,
the bidentate binding of the carboxyl group of L-Ala by Arg328
is important for the proper orientation of L-Ala. In addition, we
propose that the different positioning of conserved Arg residues
in Lal and Ddl is crucial for distinguishing the enantioselectivity
in recognition of L- and p-amino acids.

Toward Rational Design of Lal. It has been proposed that
Lals are potentially desirable tools for the enzymatic production
of dipeptides composed of L-amino acids.® In the case of YwfE,
an artificial sweetener aspartame (1-Asp-L-Phe-OMe) is likely to
be a suitable and attractive candidate for a dipeptide that is
produced by an engineered enzyme because L-Phe presents the
highest affinity for the C-terminal substrate among the 20
proteogenic L-amino acids. However, restricted substrate
specificity for smaller amino acids such as 1-Ala at the N-
terminus is one of the important issues that should be resolved
for aspartame production. At present, the Trp332 mutant YwfE
is a promising candidate for resolving this issue. We accordingly
measured the ATPase activity of W332A mutant in the
presence of L-Asp and L-Phe but observed that the activity was
similar to that of the background, although r-Asp is smaller
than L-Met or L-Phe. This result may be because of the negative
charge of the side chain of L-Asp. To increase affinity and
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specificity for L-Asp, the introduction of a positively charged
residue within the substrate-binding pocket of YWfE may be an
effective strategy. One example of a successful change of
substrate specificity was reported for subtilisin, a serine
protease, in which electrostatic interactions between charged
substrates and complementary charged amino acid residues in
the substrate-binding pocket were engineered.”> We are
currently attempting to create a mutant YwfE with improved
properties of substrate specificity and activity for L-Asp with the
aim of engineering protein for the production of aspartame.
Most recently, enzymatic production of 1-Asp-L-Phe, a
precursor of aspartame, by a two-step synthesis with a
combination of Lal and yeast N-terminal amidase, given that
no Lal has been identified that can produce a dipeptide carrying
an acidic residue at the N terminus, has been reported.*® In the
first step, Lal catalyzed the formation of L-Asn-L-Phe from L-Asn
and 1-Phe, and subsequently, N-terminal amidase deamidated
Asn to Asp to produce L-Asp-L-Phe. Several Lal's were
identified in bacterial genomes by in silico screening, and each
recombinant protein showed different substrate specificity.
Detailed structural and functional studies of several other Lal’s
with bound amino acid substrates are desirable for elucidating
the relationship between the substrate-binding pockets and
amino acid substrate specificity. On the basis of this structural
information, systematical introduction of point mutations,
insertion, or deletion of amino acids in or near the substrate-
binding pocket of Lal will allow the synthesis of modified Lal’s
with novel substrate-binding properties.

In conclusion, in this study, we determined new crystal
structures of YWfE and performed mutagenesis studies. The
results demonstrate that Trp332 plays a crucial role in
restricting the substrate specificity for smaller amino acids
such as L-Ala at the N-terminus and that a single mutation of
YWfE can alter substrate specificity. To the best of our
knowledge, this is the first demonstration of changing the
substrate specificity of Lal by site-directed mutagenesis. These
observations raise the possibility of engineering a suitable
enzyme for the biosynthesis of dipeptides useful for industrial
production. Taken together, our results provide useful
guidelines for the rational design of Lal.

B ASSOCIATED CONTENT

© Supporting Information

Diffraction data statistics of Mn>*-derivative crystals; orienta-
tion of Tyr75; ATPase activity of wild-type YwfE; and HPLC
analysis. This material is available free of charge via the Internet
at http://pubs.acs.org.

Accession Codes

The atomic coordinates and structure factors (codes 3WNZ,
3WOO0, and 3WO1) have been deposited in the Protein Data
Bank, Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ (http:/ /wwwrscb.org/

B AUTHOR INFORMATION

Corresponding Author

*Tel: 83-3-3986-0221. Fax: 83-3-5992-1029. E-mail: takeo.
tsuda@gakushuin.ac.jp.

Funding

This work was supported in part by a grant from JGC-S
Scholarship Foundation to T.T.

dx.doi.org/10.1021/bi500292b | Biochemistry 2014, 53, 2650—2660


http://pubs.acs.org
http://wwwrscb.org/
mailto:takeo.tsuda@gakushuin.ac.jp
mailto:takeo.tsuda@gakushuin.ac.jp

Biochemistry

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank the beamline scientists at the Photon
Factory for assistance with data collection. We thank Enago
(www.enago.jp) for English language review.

B ABBREVIATIONS

BC, biotin-dependent carboxylase; BSA, bovine serum albumin;
Dd], p-alanyl-p-alanine ligase; DTT, dithiothreitol; HPLC, high
performance liquid chromatography; Lal, L-amino acid ligase;
NRPS, nonribosomal peptide synthetase; PCR, polymerase
chain reaction; PDB, protein data bank; PEG, poly(ethylene
glycol); Pi, inorganic phosphate

B REFERENCES

(1) Nolan, E. M,, and Walsh, C. T. (2009) How nature morphs
peptide scaffolds into antibiotics. ChemBioChem. 10, 34—53.

(2) Velasquez, J. E., and van der Donk, W. A. (2011) Genome mining
for ribosomally synthesized natural products. Curr. Opin. Chem. Biol.
15, 11-21.

(3) Koglin, A, and Walsh, C. T. (2009) Structural insights into
nonribosomal peptide enzymatic assembly lines. Nat. Prod. Rep. 26,
987—1000.

(4) Sieber, S. A., and Marahiel, M. A. (2005) Molecular mechanisms
underlying nonribosomal peptide synthesis: approaches to new
antibiotics. Chem. Rev. 105, 715—738.

(5) Tabata, K., Ikeda, H., and Hashimoto, S. (2005) ywfE in Bacillus
subtilis codes for a novel enzyme, L-amino acid ligase. J. Bacteriol. 187,
5195-5202.

(6) Kino, K, Kotanaka, Y., Arai, T., and Yagasaki, M. (2009) A novel
L-amino acid ligase from Bacillus subtilis NBRC3134, a microorganism
producing peptide-antibiotic rhizocticin. Biosci. Biotechnol. Biochem. 73,
901-907.

(7) Kino, K., Arai, T., and Tateiwa, D. (2010) A novel L-amino acid
ligase from Bacillus subtilis NBRC3134 catalyzed oligopeptide
synthesis. Biosci. Biotechnol. Biochem. 74, 129—134.

(8) Senoo, A., Tabata, K, Yonetani, Y., and Yagasaki, M. (2010)
Identification of novel L-amino acid a-ligases through Hidden Markov
Model-based profile analysis. Biosci. Biotechnol. Biochem. 74, 415—418.

(9) Steinborn, G., Hajirezaei, M. R., and Hofemeister, J. (2005) bac
genes for recombinant bacilysin and anticapsin production in Bacillus
host strains. Arch. Microbiol. 183, 71—79.

(10) Galperin, M. Y., and Koonin, E. V. (1997) A diverse superfamily
of enzymes with ATP-dependent carboxylate-amine/thiol ligase
activity. Protein Sci. 6, 2639—2643.

(11) Fawaz, M. V., Topper, M. E., and Firestine, S. M. (2011) The
ATP-grasp enzymes. Bioorg. Chem. 39, 185—191.

(12) Duerfahrt, T., Doekel, S., Sonke, T., Quaedflieg, P. J,, and
Marahiel, M. A. (2003) Construction of hybrid peptide synthetases for
the production of a-L-aspartyl-L-phenylalanine, a precursor for the
high-intensity sweetener aspartame. Eur. J. Biochem. 270, 4555—4563.

(13) Tabata, K., and Hashimoto, S. (2007) Fermentative production
of r-alanyl-L-glutamine by a metabolically engineered Escherichia coli
strain expressing L-amino acid a-ligase. Appl. Environ. Microbiol. 73,
6378—6385.

(14) Shomura, Y., Hinokuchi, E., Ikeda, H., Senoo, A., Takahashi, Y.,
Saito, J., Komori, H., Shibata, N., Yonetani, Y., and Higuchi, Y. (2012)
Structural and enzymatic characterization of BacD, an L-amino acid
dipeptide ligase from Bacillus subtilis. Protein Sci. 21, 707—716.

(15) Suzuki, M., Takahashi, Y., Noguchi, A., Arai, T., Yagasaki, M.,
Kino, K., and Saito, J. (2012) The structure of L-amino-acid ligase from
Bacillus licheniformis. Acta. Crystallogr.,, Sect. D 68, 1535—1540.

(16) Tsuda, T., Suzuki, T., and Kojima, S. (2012) Crystallization and
preliminary X-ray diffraction analysis of Bacillus subtilis YwfE, an L-
amino-acid ligase. Acta Crystallogr,, Sect. F 68, 203—206.

2660

192

(17) Otwinowski, Z., and Minor, W. (1997) Processing of X-ray
diffraction data collected in oscillation mode. Methods Enzymol. 276,
307-32S.

(18) Ness, S. R, de Graaff, R. A,, Abrahams, J. P., and Pannu, N. S.
(2004) CRANK: new methods for automated macromolecular crystal
structure solution. Structure 12, 1753—1761.

(19) Collaborative Computational Project, N (1994) The CCP4
suite: programs for protein crystallography. Acta Crystallogr, Sect. D
50, 760—763.

(20) Lamzin, V. S., and Wilson, K. S. (1993) Automated refinement
of protein models. Acta Crystallogr, Sect. D 49, 129—147.

(21) Emsley, P., and Cowtan, K. (2004) Coot: model-building tools
for molecular graphics. Acta Crystallogr,, Sect. D 60, 2126—2132.

(22) Briinger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L,
Gros, P., Grosse-Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M.,
Pannuy, N. S, Read, R. ], Rice, L. M, Simonson, T., and Warren, G. L.
(1998) Crystallography & NMR system: A new software suite for
macromolecular structure determination. Acta Crystallogr,, Sect. D $4,
905—921.

(23) Winn, M. D., Murshudov, G. N., and Papiz, M. Z. (2003)
Macromolecular TLS refinement in REFMAC at moderate reso-
lutions. Methods Enzymol. 374, 300—321.

(24) Laskowski, R. A., MacArthur, M. W., Moss, D. S., and Thornton,
J- M. (1993) PROCHECK: a program to check the stereochemical
quality of protein structures. J. Appl. Crystallogr. 26, 283—291.

(25) DeLano, W. (2002) The PyMOL Molecular Graphics System;
DeLano Scientific: Palo Alto, CA..

(26) Fiske, C. H., and Subbarow, Y. (1925) The colorimetric
determination of phosphorus. J. Biol. Chem. 66, 375—400.

(27) Polekhina, G., Board, P. G., Gali, R. R,, Rossjohn, J., and Parker,
M. W. (1999) Molecular basis of glutathione synthetase deficiency and
a rare gene permutation event. EMBO ]. 18, 3204—3213.

(28) Gogos, A., and Shapiro, L. (2002) Large conformational changes
in the catalytic cycle of glutathione synthase. Structure 10, 1669—1676.

(29) Fyfe, P. K, Alphey, M. S., and Hunter, W. N. (2010) Structure
of Trypanosoma brucei glutathione synthetase: domain and loop
alterations in the catalytic cycle of a highly conserved enzyme. Mol.
Biochem. Parasitol. 170, 93—99.

(30) Chou, C. Y, Yu, L. P,, and Tong, L. (2009) Crystal structure of
biotin carboxylase in complex with substrates and implications for its
catalytic mechanism. J. Biol. Chem. 284, 11690—11697.

(31) Thoden, J. B, Holden, H. M., and Firestine, S. M. (2008)
Structural analysis of the active site geometry of N°-Carboxyaminoi-
midazole ribonucleotide synthetase from Escherichia coli. Biochemistry
47, 13346—13353.

(32) Thoden, J. B, Firestine, S., Nixon, A., Benkovic, S. J.,, and
Holden, H. M. (2000) Molecular structure of Escherichia coli PurT-
encoded glycinamide ribonucleotide transformylase. Biochemistry 39,
8791—8802.

(33) Fan, C., Moews, P. C., Walsh, C. T., and Knox, J. R. (1994)
Vancomycin resistance: structure of p-alanine: p-alanine ligase at 2.3 A
resolution. Science 266, 439—443.

(34) Kitamura, Y., Ebihara, A, Agari, Y., Shinkai, A., Hirotsu, K., and
Kuramitsu, S. (2009) Structure of D-alanine-p-alanine ligase from
Thermus thermophilus HB8: cumulative conformational change and
enzyme-ligand interactions. Acta Crystallogr., Sect. D 65, 1098—1106.

(35) Wells, J. A, Powers, D. B,, Bott, R. R,, Graycar, T. P., and Estell,
D. A. (1987) Designing substrate specificity by protein engineering of
electrostatic interactions. Proc. Natl. Acad. Sci. U S A 84, 1219—1223.

(36) Arai, T., Noguchi, A, Takano, E., and Kino, K. (2013)
Application of protein N-terminal amidase in enzymatic synthesis of
dipeptides containing acidic amino acids specifically at the N-terminus.
J. Biosci. Bioeng. 115, 382—387.

dx.doi.org/10.1021/bi500292b | Biochemistry 2014, 53, 2650—2660


www.enago.jp

e 73 S 1E O I A 77 = X O iR

~

o Bk
B a4
LB #9]
MO0 53 SUIHIL O HIRE A (R ORI & o TRADBRTH S, & TOMBIZEL
CHRAE 5y 2T AL DS BR BT AN &> THIBI S TR Y, il X 7 A B

EU D EHIPRITIERICEGE L, D SHIAEMICB TR D EEmERD, meof
HMRODHNED L HITHBE I TNDIONEMD Z LIXEETH D, Miay i alr
DNA DE SN 7102 2 I 0BT 2850 2 & AR B RS 2 537 D MR 43 A Hf5e AT 12

2D LWL TETT 5, BWIEOMIE 552U B TUII R E DS Y iR o Bl %
o 7243 EERE I K o THIRIE S, o ZLE OMIaEJE 2B & PRI D REE D TR
D, UNHEBR IR X X T BT 7 F v OREHEIC L » TR S, =—H—HX "
HIAVy M E2LEHEATHD, FAIZHDINE TOMRICE VIMERIZI A 2T 7 F
HEHEDOM HAEFIC L > TUE L TRl Z 2 035 2 ZE2 5T A(1), A U 5y5L
IFEMEN 2 B CTHLET VEHE L THUIFRSNTWDEE (BRe L) Tbhith
NTNDZERGD-TET, AT AR, 7=, A=Az b BT, IR
DG E MG ED LD Iy FHEBIC KV HIH SN T O NZEH NI T2 2L 2B E
T2,

[RREBE]
1. DREEREOFINE 73R D in vitro W22 DBIFE & ik

3SR Schizosaccharomyces pombe X HHIFE D - FR TR IR T 5 1-5EH O
—FECTH Y | MEHOMIE S HOWMEDET VAEY & L THWHN TV D, 532
AR kfﬂﬂﬂ@@qﬂy&iﬁ F7roFo ) o 7 EMEIN D BRIEEZTER L, U v 7 ON
T2 ERFIZIEEENTE R S, RALTETHHT L, 20V 74y o
iL@@)%%ﬂ@@ﬂ%ﬁ®&“kﬁ%®w<oﬂ@&/ﬂ7 T NEENTND
ZENZIIOTNDENR, 2OV U TBRANTHHET 2028 9 Mmoo Tneh oz,
AW TIEF 7 7 F 20 I REMROIGEER ICH Y T 2 ETH D LB 2 R
Rz Bdm e L C F 727 F U v JONMEEE TE 2 KBRAZET L2 LI
L7,

ZHOFT 0 F ) T aBIEET DN D DO Tl E I Z RIS 572012 ede25
IREFRAE N, SHIZY 7 ERENEAIHUET 57201, ede26 BRI X A R
EH-GFP @l & & o /87 B e k) HRBL S B 7=, HfukE% lysing enzyme ZLEEIZ K
> Thr\We, Mz GIREELBIC L > CRHSE, F-77F 0007 (BIELTWD

DIXIAT Y 7)) BB S N F 2 iR UCL FmEiE AN L0 a2 aE L7,
ZHLTELNE THilET—A R IZIEI AT U 735> TV ads, MIE IXE R
L Tuz,

Mg —A RO I AT 71X ATP 252 5 2 L2 L o THODNIIUHE L 72,
KX 7 LATF ROHRTATP 28 b BWIHEZ R Z L, ATP OIKMEHET 1 7Tk

193



ARG Z B 72y o 72, ATP 2 2 2 USUHE 3 B TR Eh A Al e D S BR oD USR8 BE L2 DT L |
FHUTEMIEO I A2 U 7 OIUEEE D 20-30 (5 Th o7, T OFEBRFEFRIL
Ve (BT F V7)) REIIMRTH D Z & 2D CREH LD R 5
T, M T E OUWHEZ HIET A AT ANFIET H 2 A RE LT, M= —2 K
DYHEER DULHEIL I A > ATPase i&PEDHEHRNC L > THEFE SN, FloIF T 0D
TR R M R 2 D CUERL U 72 = — 2 M IRIRIELE R CliiE Le o 72, - ¢,
EAIREERE, 2 AT v I BSEICENN TV D Z 2By hotz, —J7, BiiiiE. 4
SFERE OIHEBR X L 72 S DT 7 F 2 & Ko TITE (8), WHERR IZIX T 7 F LAl 23 oy
SFUTEPBHR L TWD, —J, 77 F R ERHZ N % 5 & IUFEITE 1325 @),
B DRFZEN D, 77%/®mEAﬂW%W®W% IMZEIR D TRV EEZ S
NWTEZ, LML ZD in vitro[HE-R TOEERN S WK T 7 F U3 MES T 508,
FHATIAE T DB DITITMAETIIRWZ ENFEH SN, £72. WHEERICIT IQGAP,
a-actinin(5), fimbrin(6)72 & DT 7 F ABHMELENE Z o /R 7 EINMFAE L CTUUHE BR i 1 A 42
FEELTVWEEEZ BN TS, AFETITMAT—2 Moo b0k Z 7 B %
MzT=& 2 A, MR DHEEECTICH- TR FE Sz, 202 E0n, IHEICIT
WIERDT 7 F U ABHELNE 2 XV ENRETH D Z EnginoT-, LLEOWZEI TR
/\2% [/7’:_0

. WHEBRDITERL & 7 7 F i 2 N B AT

WHEBRIL T 7 F U D EMIE THMR SND ., HDOWITESTH I EICL > TERS
NHEEBEZLNTWD, LTINS OBRRIZITEA 72T 7 F i & 2 37 B3 o
TWHEEZONTWD, AETIIETHERBERNOT 7 F U BEAKF Adfl O &
R, DT 2 HNHEE U T2 adfl ORISR Bkk adf1-1 (T) & =, adfl-1
BRZEZTIITHIRIRE T T2 E Lz, ZoMEZ b B, fiER ok~ 7B
BEC Adfl 2 KI5 S THZUTKHT 2B AT~ T2, ZOMRR, G2 HIoKkb )b,
YERBEH B OW £ TIZ Adf1 2 KIE S5 & WHEEROBEA I b b ns, RElc
DT NG oTe, TORRENG . WHEEROEIZIX AdfL IZ K57 7 F 2 DR
MULETHDH LR ghol, ZOMERITRLEREFRTHD,

—75, WHEERT 7 F v 2 EHAEIEDH EHE X LTV formin @—Ff Diaphanous @
JatE % 7 =90 % W CEl-X7=, 7 = Diaphanous (uDia) ®Hifk % E/LE >~ F TERIL |
%%ﬁ%#%&f%@ﬁﬁ FARTAER, DRI L, IHEER 7 27 T ki

TIEF L VTAFE LT e, 2 OWFEIT B ARG BRMEE 2 F W TRk Cd 5,

it U =0 E RGO BB TR T A Z Lc kY, T TF UM I AT D
A RR 2 AT UT-, RBARAG SO EED — > SIM THBIZT 5 & IUHEBR 7 27 F ik
HED 1K 1 ADHGETE . ZOMICI AT U RNBE O HHERICIFEEL TWD Z 2R Db
Motz ZOREANTT 7 F Ul & 2 43 HEDONLERIR, IUCHEERIE GETE T D
hriERfR O L E ek Ch B,

. WWHEBR D in vitro oY D %

INHEER & In vitro TR S5 Z EMTENIE, TEAGBRE 2 6 HIZ N &IZHliE3 5
ZEMTELD, MRSHEOBIZE LERT D EEDbID, 20 L9 72 RE ¥

194



THHIT, 77U Y ATV OIREaOMILE 2 N TAREBICE AT 2505417
ST, UARY —NIHIREZFH AT D2 & b ARE7ED, VAR Y — LADOLERBEND T,
T A L TCHITE %aﬁﬁ“ﬁdwéﬁﬁbto#é&ﬁ@E¢Kway&ﬁ%Lt
»ﬁﬁ%mén NEE I & X-body (213> CTT 7 F L DN Z ~ 1=, ZDHiH

IEEECTOT 7 F o DEA L X-body TOEAN T v 7NV L TR S Z L THERFS
évtwé Lo T, AL A2 0 ATPase iEMEN VIS - 72, & 512,
77T DWAUIIEE R NEE D b O OEENEFHRE LTz, T D OBGTA X - IR
AP CIHBE SN TV RV, OO 7 N A NOREEMRHEE IR OBERBUE TR
SNDAXIRBET, EEER SN TORW IR O R CHRE SN2 LTk
EHIRR, 2 2 TOMRMROGGLEWETTH D, S®%ITNEERMat Iz ALY
\ZUHRER Z TR S/ 5 i T A R IR S 5,

[F & 0]
1. DREERFOMIVE /R D in vitro W58 DBHFE & iR
T RIERE DAL B | IHEER D In vitro IR DBAFEITHEI L, 53 RERE DGR 73
MO ZNERIETHDL T &, DHEICI AT U BUATH L Z &, Mzl iﬂl
MEHIET A2 AT ANDHL L, T7FURESITIN L & HITHE Z 2 A IHEIC
MIETRNZ &, IHEICITEIE RO T 7 F U MHEZRE 2 NV ERETH 5 = &
e E R BT LT,
2. IUHEBR T OB FE D ST
7 F U EE KR ADF BUFEERTERRIZ I T 27 7 F 2 O FAREICEN TN D Z &
BRI CE -, £, IEROBEIBRRICKB TS I 4T v &7 7 F 0N EREFR
o Lo L TTHEED E BRI TE 2R 0 & O ATE,
3. HEBR D in vitro TRk D BRA%E
AT E T E S T BB 7203, = VIR ORI 7 7 F o EEICL - T
EREN SN DB LWEEIRE NN DD Z LR AT H L), REREANRELNLTND,

[ﬁ%iﬁ]

Mabuchi, I., and Okuno, M. (1977). The effect of myosin antibody on the division of
starfish blastomeres dJ. Cell Biol. 74, 251-263.

2. Motegi, F, Nakano, K., and Mabuchi, I. (2000). Molecular mechanism of myosin-II
assembly at the division site in Schizosaccharomyces pombe. J. Cell Sci. 113,
1813-1825.

3. Kamasaki, T., Osumi, M., and Mabuchi, I. (2007). Three-dimensional arrangement
of F-actin in the contractile ring of fission yeast. J. Cell Biol. 7178, 765-771.

4. Hamaguchi, Y. and Mabuchi, I. (1982). Effects of phalloidin microinjection and
localization of fluorescein-labeled phalloidin in living sand dollar eggs. Cell Motility
2 103-113.

5. Mabuchi, I., Hamaguchi, Y., Kobayashi, T., Hosoya, H., Tsukita. S. and Tsukita, S.
(1985). Alpha-actinin from sea urchin eggs: biochemical properties, interaction
with actin, and distribution in the cell during fertilization and cleavage. J. Cell
Biol. 7100, 375-383.

6. Nakano, K., Sato, K., Morimatsu, A., Ohnuma, M., and Mabuchi, I. (2001).
Interactions among a fimbrin, a capping protein, and an actin-depolymerizing factor
in organization of the fission yeast actin cytoskeleton. Mol. Biol. Cell 12,
3515-3526.

195



7.

Nakano, K., and Mabuchi, I. (2006). Actin-depolymerizing protein Adf1 is required
for formation and maintenance of the contractile ring during cytokinesis in fission
yeast. Mol. Biol. Cell 77, 1933-1945.

DEES 3l
1.

Yano, K., Uesono, Y., Yoshida, S., Kikuchi, A., Kashiwazaki, J., Mabuchi, I., and
Kikuchi, Y. (2013). Mih1/Cdc25 is negatively regulated by Pkcl in Saccharomyces
cerevisiae. Genes Cells 18, 425-441.

Mishra, M., Kashiwazaki, J., Takagi, T., Srinivasan, R., Huang, Y,
Balasubramanian, M. K., and Mabuchi, I. (2013). In vitro contraction of
cytokinetic ring depends on myosin II but not on actin dynamics. Nat. Cell Biol. 15,
853-859.

Nakase, Y., Nakase, M., Kashiwazaki, J., Murai, T., Otsubo, Y., Mabuchi, I,
Yamamoto, M., Takegawa K., and Matsumoto, T. (2013). Fission yeast Anyl, a
B-arrestin-like protein, is involved in TSC-Rheb signaling and regulates amino acid
transporters. J. Cell Sci. 126, 3972-3981.

[kt

1.

AR, SR T B3k (2013). In vitro 235\ 2 IAEER O UL I A2 11
KTFTDWT 7 F o DL A F I ATIFKIF LIV, T4 7 A =0 2

Ea— 7443,
Sk (2013). BB THLOERD Z LD LVBEFHRICEE T, RRORH
V- 64,524-525 .

k. (2014). HMIZED L H I L THREMY KT, 2001 4/ —~YL A
¥« EPEZE Paul Nurse fiit, FEBEREEREL, M LY 33 182.
I B —ik. (2014). INHEBR D in vitro KGR DRSS, £ 54, 201-205.

B —Fk, MR, (2014). MBS 2T IS 5 ISR DILE : in vitrosk DBRYE,

A T 33, 660-665.
Mabuchi, I., Kashiwazaki, J., and Mishra, M. (2016). In vitro reactivation of the

cytokinetic contractile ring of fission yeast cells. Methods in Cell Biol. (Elsevier),

in press.

[AEEFEZE]

1.

FAIRFEE, Mishra, M., Balasubramanian, M., ¥l —ik : D&HERIT—ZX &2 HW=
IUHEBR D in vitro FHEEAL, 85 65 [A] A A EY R RE T AR Y T 4 (2013.6.19-21,
A R) R,

Mishra, M., Kashiwazaki, .J., Takagi, T., Srinivasan, R., Huang, Y,
Balasubrarnanlan M., and Mabuchi, 1. 2013.: In vitro contraction of cytokinetic ring
depends on myosin II but not on actin dynamics. EMBO Conference on Fission

Yeast: Pombe 2013 (24-29 June 2013, London). £ :#H,

dJ., Takagi, T, Subramaman D Xle T., and Mabuchl I.: Cytoklnes,ls in vitro and
in vivo. EMBO Conference in Fission Yeast (24-29 June 2013, London). A1k,

196



10.

11.

12.

13

14.

15.

16.

17.

18.

Balasubramanian, M., Mishra, M., Kashiwazaki, J., Tao, E. Y., Huang, Y., Huang, J.
J., Takagi, T. Subramanian, D., Xie, T. Padmanabhan, A., Haochen, J.,
Wedlich-Soldner, R. and Mabuchi, 1.: Cytokinesis in vitro and in vivo. Cell Biology of
Yeasts, (Cold Spring Harbor, NY, 2013.11.5-9). A7,

Kashiwazaki, J., and_Mabuchi, I. Actin cable motility during interphase in fission
yeast. Cell Biology of Yeasts, (Cold Spring Harbor, NY, 2013.11.5-9)

JEPE 3K In vitro FERA DBFEIZ K D MIE A O, NAIST >R v A Tlka
ZRIDERD ) (KB, 2013.11.28) . RFF#HH,

B — @, M4 MishraM., & A% ¥, Srinivasan, R., Huang, Y., and
Balasubramanian, M. Wﬂﬁfm’@ in vitro %%ﬁ;ﬁ@ﬁ%\é J:ZDWWE’%%@M%O % 36
[B] B ARGy T FaFa (F, 2013.12.3-6),  HAFFRE,

A, Mishra, M., m?ﬁﬁ'% Balasubramanian, M., and Sk : 70 2B RENE
B0 in vitro FIEVE(L, & 36 8] A AL TAEMEAES (M. 2013.12.3-6)

Kashiwazaki. J., Mishra, M., Balasubramanian, M., and Mabuchi, I. In vitro
contraction system of the fission yeast contractile ring. 2013 ASCB Annual
Meeting. (New Orleans, 2013.12.14-18)

Mishra, M., Kashiwazaki, J., Takagi, T., Srinivasan, R., Huang, Y.,
Balasubramanian, M. K., and Mabuchi, I.: In vitro contraction of cytokinetic ring
depends on myosin II but not on actin dynamics. 58ttt Annual Meeting of the
Biophysical Society (15-19 Feb. 2014, San Francisco). £,

Mabuchi, 1.: In vitro reactivation of contractile ring in fission yeast cell ghost. 7th
APOCB Congress and ASCB Workshop (24-27 Feb. 2014, Singapore). #5541,

Mabuchi, I.: Contraction of the contractile ring as studied by using an Iin vitro
system. International Symposium on the Diversity of Cell Division System in
Eukaryotes. (24-25 March 2014, Tokyo). A1,

. HE 5 — Tﬁm‘fi\ JEVA— 3Kk« D REER OIKEERIERIZ 1 D ADFleofilin & 7 ¢ 7

U OERE, 5 66 Al H A AEM SRS (2014.6.11-13, B R)

P HE AL, B —3K : Actin dynamics in Xenopus egg extract encapsulated in a lipid
membrane. Xenopus I % £ N LR EBVNMabCTCoOT 7 F oD XA+ 7 A,
H AR B2 % 52 [l (2014.10.25-27 FLIR)

EJ’EEI EAC ik : Xenopus DR 2 EF AN L7 ARERR AN T/ Naf To 7 7 5 U 8hfg,
% 37 M HAD AWM TFSES (2014.11.25-27, k) . ARREE,

Mabuchi, I. Novel approaches to study mechanism of cytokinesis in animal cells.

OIST Seminar (2015.4.22 JHFERMLHAMNT KFBERT) . AR,

Kashiwazaki, J., Mishra, M., and Mabuchi, I. Behavior of proteins during the
contractile ring contraction in the S. pombe cell-ghost. The 18th International
Fission Yeast Meeting (2015.6.21-26, —'&)

95 H B %&'J* ik . Xenopus IR 2 B LTZIRE R INaIX T 7 F > OBhhE & 4%
L CiEST 5, %5 67 [ A AMAY RS KE (2015.6.30-7.2 fivE)

197



L 0 EEERE Cyclase-associated protein
(CAP) DK Z )V a— ABEE~OMINZIB I 2 %E, 5 67 B AAMAEYM SRS
(2015.6.30-7.2 fii¥)

19. BIRF 1. /AL, Ak £ AR 2 — FE P —3

20. Noda, N., Mabuchi, I. Actin flows in Xenopus egg extract confined in oil and
generates a force for migration of the extract. % 53 FI/EYWELFSHFR T VR T U A
(2015. 9. 13-15, Kanazawa) A1,

21. R E 52, B —ik: v =0F formin/Diaphanous OHME »ZUTIT D J/fE, HARH)

W ds 86 Mk (2015.9.17-19, i)

198



nature

cell biology

LETTERS

In vitro contraction of cytokinetic ring depends on
myosin |l but not on actin dynamics

Mithilesh Mishra'?, Jun Kashiwazaki*®, Tomoko Takagi?, Ramanujam Srinivasan’, Yinyi Huang’,

Mohan K. Balasubramanian'>*°® and Issei Mabuchi®®

Cytokinesis in many eukaryotes involves the contraction of an
actomyosin-based contractile ring!2. However, the detailed
mechanism of contractile ring contraction is not fully
understood. Here, we establish an experimental system to study
contraction of the ring to completion in vitro. We show that the
contractile ring of permeabilized fission yeast cells undergoes
rapid contraction in an ATP- and myosin-ll-dependent manner
in the absence of other cytoplasmic constituents. Surprisingly,
neither actin polymerization nor its disassembly is required for
contraction of the contractile ring, although addition of
exogenous actin-crosslinking proteins blocks ring contraction.
Using contractile rings generated from fission yeast cytokinesis
mutants, we show that not all proteins required for assembly of
the ring are required for its contraction in vitro. Our work
provides the beginnings of the definition of a minimal
contraction-competent cytokinetic ring apparatus.

The understanding of biological processes benefits from the combined
use of genetic analyses and in vitro reconstitution. Early studies in
metazoan cells and embryos have established that an actomyosin-
based contractile ring drives cytokinesis®>*. Isolation of the cleavage
furrow containing the contractile ring has provided some structural
information for the mechanism of cytokinesis®, but the molecular
components responsible for the supramolecular organization and
function are not fully understood. Genetic analysis in various
model organisms has succeeded in the identification of mutants
defective in contractile ring assembly, characterization of which in
turn has led to the identification of components of the contractile
ring"*®. However, mutants defective specifically in ring contraction
have not been identified, possibly because proteins involved in
ring assembly might contribute to its contraction. As a result, the
mechanism for ring contraction and disassembly is poorly understood.
To circumvent the gaps in genetic analysis and to generate a

thorough understanding of ring contraction we have sought to
establish an in vitro system.

The fission yeast Schizosaccharomyces pombe divides by the use of
a contractile ring and an invaginating septum”®. Given the wealth of
cytokinesis-defective mutants and the ease of using live-cell microscopy,
we chose to establish the in vitro ring contraction system in this
organism (Fig. 1a and Methods). We first removed the cell wall
by enzymic digestion to obtain spheroplasts. Time-lapse imaging
of mCherry—tubulin- and Rlc1p-3xGFP (myosin-II regulatory light
chain)-expressing spheroplasts revealed that, like intact cells, sphero-
plasts assembled normal-appearing contractile rings’ (Supplementary
Fig. S1a,b). Then spheroplasts were permeabilized with 0.5% NP-40.
The resultant cell ghosts retained a contractile ring (Fig. 1b) surrounded
by plasma membrane full of holes as seen by FM4-64 staining and
by thin-sectioning electron microscopy, but were devoid of any cyto-
plasmic structures (Fig. 1b,c). Most proteins necessary for contractile
ring formation were contained in the contractile ring in cell ghosts
(Fig. 1d—g and Supplementary Fig. S2a and Table S1) but other cyto-
plasmic components were not (Supplementary Fig. S2b and Table S1).
Biochemical analysis showed that the ring components myosin-II,
actin and tropomyosin Cdc8p were enriched in the ghost preparations,
whereas tubulin was not (Fig. 1h and also Supplementary Fig. S2b).

To determine whether these rings were contractile, we treated cell
ghosts with 0.5 mM ATP. Rings underwent rapid contraction on ATP
addition (Fig. 2a,b and Supplementary Video S1). It has been reported
that contractile rings isolated from spheroplasts of budding yeast
disappeared on ATP addition, although the mechanisms were not
explored!?. As for the intact cells''~"%, the rate of contraction of rings
from fission yeast cell ghosts was almost constant from initiation to
completion, and was 0.2240.09 ums™! (n = 37; Fig. 2b). Contraction
with a slightly reduced rate was observed even when the ATP
concentration was as low as 0.01 mM (Fig. 2c and Supplementary Video
S2), but not in the presence of the non-hydrolysable ATP analogue
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Figure 1 Contractile rings in cell ghosts. (a) Schematic illustration

of procedure to obtain cell ghosts. (b) Maximum projection image of
deconvolved sections of RIc1-3xGFP and the plasma membrane stained
with FM4-64 in a cell ghost. (c) A thin-section electron micrograph of
the mid region of a cell ghost that is not parallel to the ring plane. Actin
filaments in the ring were decorated with skeletal heavy meromyosin. The
plasma membrane (PM) showed numerous gaps as a result of the detergent
treatment. The area surrounded by a dotted rectangle is magnified below.
(d) Maximum projection images of deconvolved sections of Rlc1-3xmDsRed
and F-actin stained with BODIPY-FL-phallacidin in the cell ghosts.

AMP-PNP (Fig. 2d and Supplementary Video S3). The rate of ring
contraction in cell ghosts in the presence of 0.5 mM ATP was more than
20 times faster than that in wild-type cells (Fig. 2e). The measurement
of fluorescence of ring components over time revealed that whereas the
total amount of most contractile ring proteins reduced only marginally,
Cdc8p was rapidly depleted from the constricting ring (Fig. 2f and
Supplementary Table S2). The fast rate of ring contraction in vitro may
be a result of delinking of ring contraction from membrane and division
septum assembly in cell ghosts as the associated membranes did not
invaginate as the ring contracted (Fig. 2g and Supplementary Video
S4). Although slow contraction was observed in the presence of other
nucleoside triphosphates, the lowest K,, and highest V,,, were observed
for ATP (Fig. 2h,i). Thus, ring contraction in fission yeast requires
ATP hydrolysis. Maximal ring contraction was observed at pH 8.0-8.5
with contraction being slower below pH 7 (Supplementary Fig. S3a).
The optimal calcium concentration for ring contraction was pCa 8-9
and free Ca>" lowered the contraction rate (Supplementary Fig. S3b),
suggesting a Ca-sensitive step in ring contraction in fission yeast.

In time-lapse imaging of spheroplasts, contractile rings were
routinely observed to initiate from a single location and occurred
through what appeared as a bi-directionally growing leading cable'*
(Supplementary Fig. S1b). We established that this mode of bi-
directional cable assembly was not a peculiarity of spheroplasts, because

(e) Maximum projection images of deconvolved sections of Myo2-GFP

and Rlc1-3xmDsRed. (f) Maximum projection images of deconvolved
sections of Cdc4 stained with anti-Cdc4 antibody and anti-rabbit 1gG
labelled with tetramethylrhodamine after permeabilization and Rlc1-3xGFP.
(g) Maximum projection images of deconvolved sections of Cdc8-3xVenus
and Rlc1-3xmDsRed. (h) Western blot analysis of several proteins in the
whole-cell lysate of spheroplasts (Sphe) or cell ghosts (CG). The density of
cell ghosts was fourfold higher than that of spheroplasts. The right panel
shows Coomassie-stained gels of total protein in spheroplasts and cell ghosts.
Scale bars, 5um (b,d-g) and 1 um (c).

fission yeast cells rendered spherical also exhibited a similar ring
assembly process (Supplementary Fig. S1c). Whereas fully formed rings
underwent rapid ATP-dependent contraction, incomplete actomyosin
arcs were unable to contract (Fig. 2j and Supplementary Video S5)
although the fluorescence decayed significantly in the presence of ATP,
which is probably due to disassembly (Supplementary Fig. S3¢). This
result is consistent with the observation that the forming ring consists
of two semicircles of predominantly parallel F-actin filaments'®, which
would not support ring contraction.

As the motor protein myosin-II hydrolyses ATP during its walking
along an actin filament, we examined whether myosin-II activity was
essential for ring contraction. Although myosin-II-actin interaction has
been shown to be essential for cytokinesis!®, its molecular function in
cytokinesis is not fully understood. We incubated cell ghosts in the pres-
ence of ATP and the myosin-II ATPase inhibitor blebbistatin (0.1 mM;
ref. 17). Whereas rings underwent rapid contraction in the absence
of blebbistatin, ring contraction was abolished in the presence of
blebbistatin (Fig. 3a, n=8). We also found that incubation of cell ghosts
with dehydroxestoquinone (DXQ; 2.5 mM), an inhibitor of skeletal
muscle myosin II (ref. 18), and kinesin and dynein ATPases blocked
ring contraction (Supplementary Fig. S3d,e). Treatment of cell ghosts
with 0.1 mM sodium vanadate (an inhibitor of dynein and kinesin
ATPases, but not myosin IT ATPase) or microtubule-depolymerizing
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Figure 2 ATP stimulates rapid ring contraction in vitro. Experiments were
done at 25°C. Fluorescence micrographs of RIc1-3xGFP are shown as
maximum projections of Z-stacks. (a,b) Ring contraction is stimulated

on ATP addition in vitro. Os indicates time of ATP addition. Typical
examples of time course of ring contraction are shown. Perimeters were
measured after three-dimensional rotation (Methods). Each measured value
is represented. (c) Ring contraction is slower in the presence of 0.01 mM
ATP. (d) The ring does not contract in the presence of 0.5 mM AMP-PNP.
(e) Ring contraction in a cylindrical wild-type fission yeast cell. Fluorescence
micrographs of RIc1-3xGFP are shown as 30°-tilted maximum projections
of Z-stacks. (f) Disassembly of each ring component after 0.5 mM ATP
addition. Fluorescence intensity is shown as the relative value to that in the
absence of ATP to eliminate the effect of photobleaching. Each mean value

drugs (methyl benzimidazol-2-yl-carbamate (MBC) and thiabenda-
zole (TBZ)) did not affect ring contraction (Supplementary Fig. S4a).
The inhibition of ring contraction by DXQ, but not by vanadate, MBC
or TBZ, taken together with our results with blebbistatin strongly

(mM)

is represented. For the values at 100s, unpaired two-tailed t-tests were
done. Each P value is shown in Supplementary Table S2. (g) The plasma
membrane of Rlc1-3xGFP-expressing cell ghosts stained with FM4-64
during contraction in vitro in the presence of 0.5mM ATP. (h,i) Nucleotide
specificity for ring contraction in vitro. Actual values are shown in
Supplementary Table S3. Each curve was fitted to the Michaelis—Menten
equation. The small graph shows the rates at low concentrations of ATP.
K, and V,, were estimated using Prism-5. R? should be close to 1.0 if
the curve is well fitted. Statistics source data for Fig. 2h can be found in
Supplementary Table S6. (j) Incomplete contractile ring does not undergo
ATP-driven contraction in vitro. ATP (0.5 mM) was added at Os. See
Supplementary Videos S1-S5. Time is indicated in seconds (a,c,d,g,j) or
minutes (e). Scale bars, 5um (a,c—e,g,j). Error bars represent s.d. (f,h).

suggested that the ATPase activity of myosin II was essential for
ring contraction.

We independently confirmed the role of myosin-II in ring
contraction by preparing cell ghosts from myosin-II-mutant strains.
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Figure 3 Myosin-II drives ring contraction in vitro. ATP concentration
in each experiment was 0.5mM. Fluorescence micrographs of
RIc1-3xGFP are shown as maximum projections of Z-stacks. (a) Effect
of blebbistatin on ring contraction in vitro. Rings were pre-incubated
in 0.1 mM blebbistatin for 3 min before perfusion with ATP (time
0s) at 25°C. (b) Rings in wild-type or myosin-1I mutant cell ghosts.
Ring contraction after ATP addition was monitored at the permissive
temperature, 25°C. (c) Contraction rate (ums~!) of contractile
rings in myosin-Il mutant cell ghosts at the permissive temperature.

There are two genes that encode myosin-II heavy chain in fission yeast,
essential myo2™ (ref. 19) and non-essential myp2* (also known as
myo3"; refs 20,21). Spheroplasts were prepared from the temperature-
sensitive (ts) mutant myo2-E1 (ref. 22), the myp2-null mutant (myp2A)
and the myo02-E1 myp2A double-mutant grown at the permissive
temperature of 25°C. Mutant Myo2-Elp has been shown to have
a reduced ATPase activity and an associated reduction in its motor
activity even at the permissive temperature?®. Rings in myo2-E1 or
myp2A cell ghosts showed slower contraction even at 25 °C (Fig. 3b,c
and Supplementary Videos S6 and S7). Most of the rings in myo02-E1
myp2A cell ghosts were either fragmented or deformed and these
rings did not show any ATP-dependent contraction (Fig. 3b and
Supplementary Video S8), suggesting that the contractile ring was
not in a proper organization. Taken together, these experiments
established that ATP hydrolysis by myosin-II powers the fission yeast
ring contraction in vitro. Contractile rings in cell ghosts isolated
from rng3-65" (defective in the UCS-domain-containing myosin-II
activator and chaperone Rng3p; refs 23,24) were also unstable and
did not undergo perceptible contraction even at 25°C (17 out of

¢ 0.5 mM ATP, 36 °C
0.4+

Contraction rate (um s-1)
P

0.3

0.2

0.1

€ cdc4-8, 36 °C 40 min

Each spot represents the rate of contraction of an individual ring.
Medial horizontal lines and error bars represent mean values and
s.d., respectively. Two-tailed t-test was used for statistical analysis.
(d) Ring behaviour in rng3-65 mutant cell ghosts after ATP addition
at the permissive temperature of 25°C. (e) Ring contraction in
cdc4-8 mutant cell ghosts 40 min after the temperature shift to 36 °C.
(f) Contraction rate (ums™!) of rings in cdc4-8 mutant cell ghosts at
the restrictive temperature. The graph is represented as in c. All scale
bars, 5um. See Supplementary Videos S6-S8.

20 rings, Fig. 3d) even though they did retain all of the essential
contractile ring proteins tested (Supplementary Table S4). Rings
prepared from the myosin-II essential light chain mutant (cdc4-8")
underwent complex behaviour, ranging from very slow contraction to
ring disintegration, possibly owing to the multiple roles performed by
Cdcdp in cytokinesis® (Fig. 3e,f).

Previous studies in yeasts and animal cells have proposed the
requirement for actin depolymerization and/or severing in ring
contraction®?. We first established that F-actin fluorescence was
almost completely lost during ring contraction in cell ghosts (Fig. 4a,b).
Using biochemical assays we found that on ATP addition to cell ghosts,
actin was released from the ghosts (Fig. 4c,d). Myosin-II behaved
differently, as most of it remained in the cell ghosts after ATP addition
(Fig. 4e). This is consistent with the presence of myosin in a large spot
following ring contraction on ATP addition (Figs 2a,fand 4a,b).

We next investigated whether this loss of F-actin was essential for
ring contraction in vitro. To this end we first treated the cell ghosts
with an F-actin-stabilizing drug jasplakinolide (Jasp). We found that
on ATP addition ring contraction in cell ghosts occurred at normal
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Figure 4 Contribution of actin dynamics to ring contraction in vitro. (a) Actin
stabilization by Jasp does not block ring contraction. Actin was stained
with 10ugmlI~! TMR-Lifeact before or after contraction. White arrows
indicate the positions of contracted rings. Scale bar, 5um. (b) Fluorescence
intensity of TMR-Lifeact or RIc1-3xGFP in contractile rings before and
after ATP addition. Each spot represents the integrated intensity of actin or
RIc1-GFP in each contractile ring. Medial horizontal lines and error bars
represent mean values and s.d., respectively. (c) Schematic flow chart of
actin disassembly assay (Methods). (d,e) Western blot analysis of actin or
Rlc1 disassembly on ATP addition in the absence or presence of Jasp. S,

kinetics in the presence of 0.1 mM Jasp (Supplementary Fig. S4a
and Video S9). Other F-actin stabilizers, phalloidin or phallacidin at

0.1 mM, also did not affect the rate of ring contraction (data not shown).

Unlike in the contractile rings of untreated cells, actin filaments were

supernatant; P, pellet. Amount of pellet loaded is threefold lower than that
of the corresponding supernatant. Each relative amount was calculated from
the total intensity (S+P x 3). Statistics source data for d,e can be found in
Supplementary Table S6. (f) Sedimentation assay of released actin on ATP
addition in the absence or presence of Jasp. G, G-actin and short F-actin; F,
F-actin. Amount of pellet loaded is one-and-a-half times lower than that of
its supernatant. Each relative amount was calculated from the amount of
actin in the pellet without ATP. Two-tailed t-test was used for all statistical
analyses. Statistics source data for f can be found in Supplementary Table
S6. All error bars represent s.d.

readily visible in rings treated with Jasp, phalloidin or phallacidin
(Fig. 4a,b and Supplementary Fig. S4c).

We reconfirmed the effect of Jasp, phalloidin or phallacidin
treatment on actin stabilization by sedimentation assays. When ghosts
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were treated with ATP and Jasp, most actin was still retained in the
cell-ghost pellet, and a small fraction was released in the supernatant
(Fig. 4¢,d). By performing further sedimentation assays, we found that
actin released into the supernatant in the presence of Jasp was largely
composed of F-actin (Fig. 4c,f). This contrasts with ghosts treated with
ATP alone, in which most actin detected in the supernatant might be
monomeric (Fig. 4f). Similar results were obtained when phalloidin-
or phallacidin-treated cell ghosts were biochemically characterized
(Supplementary Fig. S4d). These results suggest that actin filament
depolymerization is not required for ring contraction in vitro.

The small amount of actin filaments released during ring contraction
in vitro suggested that, although actin filament depolymerization
and monomer release were not required for this process, actin
severing might be important. We therefore examined whether the
F-actin-severing protein ADF/cofilin Adflp, which is known to
function in actin turnover and contractile ring formation?, plays an
essential role in ring contraction. Rings in adf1-1* cell ghosts contracted
at rates comparable to those in the wild type at 36 °C (Supplementary
Fig. S4b and Video S10). These results implied that actin severing
by ADF/cofilin was not required for ring contraction in vitro. The
experiments with Jasp and the adfI-1" mutant collectively established
that neither actin severing nor depolymerization was essential for
ring contraction in vitro.

It has been proposed that actin polymerization itself might generate
the force required for ring contraction!?, We directly examined whether
actin polymerization was required for contractile ring contraction by
pre-incubation of cell ghosts with the actin polymerization inhibitor
latrunculin A (LatA) or cytochalasin A (CytA) before ATP addition.
These rings contracted at a rate comparable to that of the control
(Supplementary Fig. S4a and Video S11). The formin Cdcl2p is
an actin nucleator essential for cytokinesis**?°. The F-BAR domain
protein Cdc15p recruits Cdc12p to the division site®. Contractile rings
in cell ghosts of both cdcI2-112"% mutants and cdcl15-140" mutants
incubated at the restrictive temperature underwent normal contraction
(Supplementary Fig. S4b and Videos S12 and S13). Contractile ring
in cell ghosts of cdc3-124" cells (defective in the formin-binding
protein profilin)” also contracted at wild-type rates (Supplementary
Fig. S4b). Taken together these experiments demonstrated that actin
polymerization was not essential for ring contraction.

We then tested investigated whether yeast tropomyosin Cdc8p
is required for ring contraction. Cdc8p is essential for cytokinesis
and is known to regulate actin stability and modulate actomyosin
interaction, possibly by competing with fimbrin Fim1p and/or Adflp
for binding to actin filaments**"32. Contractile rings in cdc8-110" cell
ghosts were capable of undergoing ATP-dependent contraction at the
permissive temperature (1 =5, data not shown). Although these rings
retained most essential contractile ring components at the restrictive
temperature (Supplementary Table S4) they became discontinuous and
did not contract to completion at the restrictive temperature (8 out of 9
rings, Fig. 5a and Supplementary Video S14). Thus, we concluded that
Cdc8p is required for ring integrity during contraction.

The contractile ring contains F-actin-crosslinking proteins «-actinin
Ainlp, the IQGAP Rng2p and Fim1p (refs 33—35), which are essential
for proper organization of the actin bundles in the ring. We investigated
whether an excess of actin crosslinker(s) impeded ring contraction
by addition of these actin-crosslinking proteins to the cell ghosts

a +0.5 mM ATP
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36 °C 15 min
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Figure 5 Effect of tropomyosin and actin-crosslinking proteins on ring
contraction /n vitro. (a) Ring behaviour in cdc8-110 mutant cell ghosts
15min after the temperature shift to 36 °C. Fluorescence micrographs

of RIc1-3xGFP are shown as maximum projections of Z-stacks. ATP
concentration was 0.5 mM. (b,c) Addition of purified amino-terminal region
of IQGAP (Rng2Ns, 1 uM) or fimbrin (Fim1, 0.9 uM) blocks ring contraction
in vitro. ATP concentrations were 0.1 mM. F-actin was stained with Alexa
568—-phalloidin 7 min after ATP addition. (d) Contraction rate of rings in
rng2-D5 mutant cell ghosts 40 min after the temperature shift to 36°C.
(e) Contraction rates of rings in fimIA and ainlA cell ghosts at 25°C.

All scale bars, 5um. Each spot represents the rate of contraction of an
individual ring. Medial horizontal lines and error bars represent mean values
and s.d., respectively. Two-tailed t-test was used for statistical analysis. See
Supplementary Videos S9-S16.

before ATP addition. When cell ghosts were pre-incubated with
purified Rng2Ns possessing the actin-bundling activity®, contraction
was blocked in a dose-dependent manner with a complete block at
1uM (n =4, Fig. 5b and Supplementary Fig. S5a and Video S15), a
concentration that promoted robust actin filament bundling in vitro
(Supplementary Fig. S5¢). Phalloidin staining of these rings showed
that actin filaments remained in the ring (Fig. 5b). Fim1p showed a
similar dose-dependent inhibition of ring contraction in vitro with
0.9uM Fimlp completely blocking ring contraction (n = 3, Fig. 5¢
and Supplementary Fig. S5b and Video S16). To determine whether
a defect or absence of each crosslinker caused an increase in ring
contraction rate, we prepared ghosts from rng2-D5" mutant cells
or cells deleted for fimI™ or ainl™. Curiously, rings from rng2-D5%
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spheroplasts contracted at a normal rate at 36 °C, and in the absence of
Fim1p or Ainlp rings showed a slower rate of contraction (Fig. 5d,e).
These experiments suggested that a balance of activity of crosslinking
proteins was essential for proper ring contraction.

We have established an in vitro contractile ring activation system
in which we have shown that fully formed contractile rings, but not
partially formed arcs, undergo ATP-dependent contraction. The fact
that the rings in cell ghosts undergo rapid contraction establishes that
neither a constant supply of cytoplasmic material nor the concomitant
ingression of septum is required for the mechanics of ring contraction
in fission yeast. Our analysis, using this in vitro approach, therefore
leaves us with the minimal requirements for ring contraction; namely,
F-actin, myosin-II ATPase and the appropriate actin-crosslinking. [J

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

METHODS

Strains, genetic techniques, chemicals and spheroplasting. S. pombe strains
used in this study are listed in Supplementary Table S5. Standard procedures
for S. pombe genetics were used®. Blebbistatin and Jasp were purchased from
Calbiochem and CytA, MBC and TBZ were purchased from Sigma. Strains
expressing epitope-tagged proteins were constructed using a PCR-based approach?’.
Spheroplasts were obtained as described previously’. The use of a synchronous
cell culture of cdc25-22 cells carrying Rlc1-3xGFP enhanced the proportion of
spheroplasts and cell ghosts with a contractile ring. Cells were first grown at the
permissive temperature of 25 °C to early log phase in minimal medium containing
0.5% glucose. These cells were then shifted to the restrictive temperature of 36 °C
for 4h before spheroplasting. The time for cell wall digestion was different among
various strains and varied from 20min to a 1h. Typically more than 90% of
the cells were spheroplasted in all experiments. These spheroplasts were then
grown in minimal medium with 0.8% sorbitol at 25°C with slow shaking (80
r.p.m.). Contractile ring formation was monitored by fluorescence microscopy.
For a typical experiment, at the point of spheroplasting Rlc1-3xGFP signal was
detected in a single bright dot-like structure in 100% of the spheroplasts and
actomyosin arcs or contractile rings were not seen. After 5h of incubation at
24°C, actomyosin arcs could be detected (in 3—7% of cells) and 25-35% of the
spheroplasts had a fully formed contractile ring. At this point spheroplasts were
collected for permeabilization and the analysis of the contraction competence
of arcs and rings is described in the manuscript. For preparation of cell ghosts
from various cytokinesis mutants, mutant cells expressing Rlc1-3GFP or Rlc1-GFP
were grown at the permissive temperature of 25 °C overnight in minimal medium
containing 0.5% glucose and spheroplasted at 25°C. To determine the time taken
for inactivation of various ts mutant proteins, intact mutant cells were shifted to the
restrictive temperature of 36 °C and their inability to compact the contractile ring
was monitored.

Permeabilization of spheroplasts and preparation of cell ghosts. Spheroplasts
were washed twice with wash buffer (0.8 M sorbitol, 2mM EGTA, 5mM MgCl,
and 20mM PIPES-NaOH, at pH7.0) and incubated for 5min in isolation
buffer (0.16 M sucrose, 50mM EGTA, 5mM MgCl,, 50mM potassium acetate,
50mM PIPES-NaOH, at pH 7.0, 0.5% NP-40, 10 ugml™" leupeptin, 10 ugml™
aprotinin, 10ugml™"' pepstatin, 0.5mM phenylmethylsulphonyl fluoride and
1 mM dithiothreitol) on ice. Spheroplasts were homogenized with a Teflon/glass
homogenizer. Cell ghosts were washed twice with reactivation buffer (0.16 M
sucrose, 5mM MgCl,, 50mM potassium acetate, 20mM MOPS-NaOH, at
pH7.0, 10ugml™" leupeptin, 10 ugml™" aprotinin, 10 ugml™" pepstatin, 0.5 mM
phenylmethylsulphonyl fluoride and 1 mM dithiothreitol). About 30% of the
resultant cell ghosts retained intact contractile rings and another 5-10% had
actomyosin arcs or discontinuous or fragmented contractile rings. Most intact fully
formed contractile rings were competent for in vitro contraction on ATP addition.

Protein localization in cell ghosts and immunofluorescence microscopy.
Cell ghosts were prepared from strains carrying the protein of interest fused
to fluorescent proteins as described above. Indirect immunofluorescence
was used to label Cdc4p and Adflp. F-actin was stained with BODIPY-
FL-phallacidin, Alexa 568—phalloidin (Molecular Probes-Invitrogen) or synthesized
tetramethylrhodamine-labelled Lifeact peptide (Operon Biotechnologies). For im-
munofluorescence microscopy, cell ghosts were fixed with 3.8% paraformaldehyde
in PEM buffer (1mM EGTA, 1 mM MgCl, and 0.1 M PIPES-NaOH, at pH 6.9)
for 30 min. After washing with PEM buffer, cell ghosts were blocked in PEM
buffer containing 1% BSA, 0.1% NaNj; and 10 mM r-lysine-HCI for 1h at room
temperature. Rabbit anti-Cdc4 polyclonal antibody* (1:100) and rabbit anti-Adf1
(ref. 27) polyclonal antibody (1:500) were used as a primary antibody for Cdc4p and
Adflp detection, respectively. Tetramethylrhodamine-conjugated anti-rabbit IgG
was used as a secondary antibody at 1:1,000.

Electron microscopy. Cell ghosts for electron microscopy were prepared as
described previously”. Actin filaments were decorated with skeletal heavy
meromyosin for easy visualization. Sections were examined with a JEM 1400 electron
microscope (JEOL) at 80-100 kV.

Reactivation of contractile ring and microscopy. The reactivation of the
contractile ring in the cell ghost was assessed with a hand-made perfusion chamber.
The base of the chamber was constructed with a large coverslip (Matsunami
Glass, 24 x 36 mm, No.1) coated with 0.01% poly-L-Lysine (Sigma, P1524) and
double-sided tape (Nichiban; NW-5S, 60 um wall thickness). Cell ghosts in
suspension were adhered to the base of the chamber and then covered with a
small coverslip (Matsunami, 18 x 18 mm, No. 1). The volume in the chamber
was around 10 pl. Cell ghosts were washed with reactivation buffer by perfusion.

DOI: 10.1038/ncb2781

Reactivation was performed by perfusion with reactivation buffer containing an
appropriate concentration of ATP. Most intact contractile rings in wild-type cell
ghosts underwent ATP-mediated contraction.

Conventional fluorescence microscopy, three-dimensional reconstruction and
time-lapse observations were made using a DeltaVision system (Applied Precision)
attached to an Olympus IX-70 wide-field inverted fluorescence microscope
equipped with an Olympus UplanSApo x100 oil-immersion objective lens (NA
1.4, Olympus), and a Photometrics CoolSNAP HQ camera (Roper Scientific).
Temperature was controlled by both the thermo-plate and a lens heater (MATS-
55RAF20, MATS-LH; TOKAI HIT). More than 14 optical sections (0.5um
spaces) were acquired every 10s. Images were captured and processed by iterative
constrained deconvolution using SoftWoRx (Applied Precision), and analysed by
SoftWoRx and ImageJ (W. S. Rasband, National Institutes of Health, Bethesda,
MD) incorporated with the McMaster Biophotonics Facility ImageJ for Microscopy
collection of plugins (T. Collins, McMaster Biophotonics Facility, Hamilton,
Ontario, Canada). For measurement of the contraction rate, stacks of optical
sections were reconstructed in a horizontal direction using the three-dimensional
rotation tool of SoftWoRx and the perimeter of each ring was measured. Each
contraction rate was determined by using values of the most linear phase of
contraction. For measurement of fluorescence intensity in Fig. 4b, sum projections
of six deconvolved sections were used. Integrated intensity was calculated from
mean value and area, after subtracting the background mean value of the same area.
Graphical images were established using Prism-5 (Graphpad Software).

Actin disassembly assay and western blotting. Cell ghosts suspended in
reactivation buffer were split into three. A half-volume of reactivation buffer
containing 15% dimethylsulphoxide or 0.3 mM Jasp was added and gently mixed.
After three minutes, a one-quarter volume of reactivation buffer containing 5%
dimethylsulphoxide, 5% dimethylsulphoxide and 2mM ATP, or 0.1 mM Jasp and
2mM ATP was added and gently mixed to induce ring contraction. After five
minutes incubation at 25°C, suspensions were centrifuged at 16,000¢ for 5min
at 4°C. The pellet was frozen at —80°C. Supernatant with 0.02% deoxycholate
added was left for 30 min on ice followed by 10% trichloroacetic acid addition
and overnight incubation on ice. Precipitates were washed with cold acetone
and dried. The pellet and supernatant were analysed by SDS-PAGE and western
blotting. The volume of pellet loaded was one-third that of the supernatant. For the
sedimentation assay, half of the supernatant was centrifuged at 200,000g for 15 min
at 4°C. As primary antibody, mouse anti-actin monoclonal antibody MAB1501
(1:1,000, Millipore), rabbit anti-GFP polyclonal antibody 598 (1:2,000, MBL), rabbit
anti-Cdc8 polyclonal antibody (1:250; ref. 40) or mouse anti-a-tubulin monoclonal
antibody TAT-1 (1:1,000, gift from K. Gull) was used. Appropriate HRP-conjugated
secondary antibody was used at 1:5,000. Western blots were developed using
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific,
Waltham) and luminoimage analyser LAS3000 (Fujifilm). Each integrated intensity
was calculated from the mean value and the area measured using Image].

Measurement of ATPase activity. Motor proteins used were a mixture of
rabbit skeletal muscle myosin chymotryptic S1 (0.18 mgml™"') and rabbit skeletal
muscle F-actin (0.89 mgml™'), sea urchin sperm axonemal dynein (Tris~EDTA
extract, 0.21 mgml™'), and recombinant rat brain kinesin-1 motor domain (relative
molecular mass 430,000, 0.17mgml~!, gift from Y. Toyoshima). These were
incubated in 0.1 M KCl, 2.8 mM MgCl,, 10mM TES (pH7.0) and 2.6 mM ATP
at 25°C. EDTA (0.55mM) was also included for dynein and kinesin. Inorganic
phosphates released were measured by the method of ref. 41 after removing proteins
as trichloroacetic-acid-induced precipitates.

Statistical analysis. Statistical comparisons of mean values were made using the
unpaired two-tailed t-test for two data sets and one-way analysis of variance for
multiple data sets. The actual P values for each test are represented in each figure.
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Figure S1 Examples of contractile ring formation in intact wild type cell, spheroplast and spherical mutant. (a) Maximum projections of deconvolved sections
of Rlc1-3xGFP and mCherry-Atb2 images in an intact fission yeast cell. White doted lines indicate the cell outline. (b) Maximum projections of deconvolved
sections of Rlc1-3xGFP and mCherry-Atb2 images in an intact spheroplast. White dotted line represents the outline of the spheroplast. (c) Maximum
projections of contractile ring formation in orb3/nak1 null cell (orb3A) expressing Rlc1-3xGFP at 25°C. Contractile ring initiates from one predominant
location on the surface of the spheroplast (shown by arrowhead at time O min) and grows in a bidirectional manner (shown by yellow arrows) to form a mature
ring. Scale bars, 5 um.
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Figure S2 Cell-ghosts contain essential contractile ring proteins but

lack other cytoplasmic components. (a) Essential components of the
contractile ring are retained in cell-ghosts. Images are shown as maximum
projections of Z-stacks. Spheroplasts expressing fluorescent-tagged
proteins as indicated on each image were permeabilised before imaging.
Adfl was stained with anti-Adf1 antibody and anti-rabbit 1gG labeled with

SUPPLEMENTARY INFORMATION

tetramethylrhodamine after permeabilisation of spheroplasts expressing
RIc1-3xGFP. (b) Most cytoplasmic components are not retained in cell-
ghosts. Fluorescence images are shown as maximum projections of
deconvolved sections. Spheroplasts expressing fluorescent-tagged proteins
as indicated were imaged before and after permeabilisation. Scale bars,

5 um.
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Figure S3 General features and myosin ATPase dependency of ring contraction in vitro. Experiments were done at 25°C. (a) pH sensitivity of ring contraction
in vitro. ATP concentration was 0.25 mM. Each spot represents the rate of contraction of an individual ring. Medial horizontal lines and error bars represent
mean values and standard deviations, respectively. One-way analysis of variance (ANOVA) was used for statistical analysis. See Table S6 for statistics source
data. (b) Ca** sensitivity of ring contraction in vitro. ATP concentration was 0.25 mM. Statistical analysis in panel b was done as in panel a. See Table S6
for statistics source data. (c) Reduction of relative fluorescence intensity after 0.5 mM ATP addition. Integrated fluorescence was calculated from mean
values of area of region of interest and were normalised to the value at time O. It is apparent that the photobleaching and/or spontaneous loss of RIc1-3GFP
from contractile ring or from the arc in the absence of ATP are relatively minor. (d) Effect of dehydroxestoquinone (DXQ) on ATPase activity of motor proteins.
DXQ has been reported to be an ATPase inhibitor that inhibits ATPase activity of muscle myosin II. Since DXQ had not been tested on other ATPase-motors,
we tested its effects on kinesin (from brain), dynein (flagella), and myosin Il S1 fragment (skeletal muscle) as a control. DXQ showed strong inhibition of
ATPase activity of myosin Il and dynein and a weaker inhibition of kinesin. Mean values of two measurements are plotted. See Table S6 for statistics source
data. (e) Ring contraction was inhibited by the addition of 2.5 mM DXQ. Vanadate, which at 100 uM inhibits kinesin and dynein ATPases, did not affect ring
contraction. Fluorescent images of Rlc1-3xGFP are shown as maximum projections of Z-stacks (0.5 um spaces). ATP concentration was 0.5 mM for DXQ or
0.1 mM for vanadate. Scale bar, 5 um.
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Figure S4 Neither actin polymerization nor depolymerization are required

for ring contraction in vitro. (a) The effects of drugs (Jasp, 0.1 mM
jasplakinolide; Cyt A, 0.1 mM cytochalasin A; Lat A, 10 uM latrunculin A;
MBC+TBZ, 50 ug/ml MBC and 50 ug/ml TBZ) on ring contraction in vitro.
5% dimethyl sulfoxide (DMSO) was used for control experiment. Each spot
represents the rate of contraction of an individual ring. Medial horizontal lines
and error bars represent mean values and standard deviations, respectively.
(b) 0.5 mM ATP was added after appropriate incubation at 36°C (cdc3-61,
20 min.; cdc12-112% cdc15-140% and adfI-1%, 15 min). Wild-type cell-
ghosts were incubated at 36°C for 30-40 minutes before ATP addition. A
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graphical representation of the data is shown. (c) Phalloidin and phallacidin
prevent release of actin from contractile ring after ATP addition. Actin was
stained with 10 ug/ml TMR-Lifeact before or after contraction. Fluorescent
images of RIc1-3xGFP and TMR-Lifeact are shown as maximum projections
of Z-stacks (0.5 um steps). Scale bar, 5 um. (d) Western blot analysis of actin
disassembly upon ATP addition in the presence of phalloidin or phallacidin.
S, supernatant; P, pellet; G, G-actin and short F-actin; F, F-actin. Each
relative amount was calculated from the amount of actin in the pellet without
ATP. Each spot represents relative amount in individual experiment. See Table
S6 for statistics source data. See also Fig. 4c, f.
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Figure S5 Dose dependent inhibition of ring contraction by purified actin-
bundling proteins in vitro. (a-b) Cell-ghosts were incubated in the presence
of purified proteins at the indicated concentrations for 3 minutes before
addition of 0.1 mM ATP. Experiments were done at 25°C. Fluorescent images
of Rlc1-3xGFP are shown as maximum projections of Z-stacks (0.5 um
steps). Each spot represents the rate of contraction of an individual ring.
Medial horizontal lines and error bars represent mean values and standard

deviations, respectively. See Table S6 for statistics source data. (c) Actin-
cross-linking activities of purified actin- bundling proteins. Skeletal actin (3
uM) was polymerised in the reactivation buffer including purified proteins
for 30 minutes at room temperature. F-actin was stained with BODIPY-
FL-phallacidin. Both, 1 uM Rng2Ns and 0.5 uM Fim1 show robust actin-
bundling activity. Images are deconvolved from single focal planes. Scale
bars, 5 um.
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Figure S6 Full scans of original blots. (a-b) Full scan of blot shown in Fig. 1 h. (¢) Full scan of blot shown in Fig. 4 d-e. (d) Full scan of blot shown in Fig. 4 f.
(e) Full scan of blot shown in Fig. S4d.
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Supplementary Table Legends:

Table S1. Proteins in the contractile rings. Intact cells and cell-ghosts expressing fluorescent-tagged proteins as indicated were imaged. Indirect
immunoflurosence was used to label Cdc4p and Adf1p. Actin was detected by Alexa 568- phalloidin.

Table S2. Pvalues for comparison of relative intensities of contractile ring components in Fig. 2f. Values at 100 seconds were compared. Unpaired two-tailed
t-test was used for this analysis. Pvalues less than 0.05, are represented in bold.

Table S3. Contraction rates in various nucleotide concentrations. Mean+SD was indicated. These datasets were used for the graph shown in Fig. 2h and
calculation of K, and V,,, in Fig. 2i.

Table S4. Contractile ring components in the mutant rings. Cell-ghosts were prepared from the mutant cells expressing the indicated fluorescent-tagged
proteins. Cell-ghosts were incubated at restrictive temperature to inactivate the mutant protein before imaging. Indirect immunofiuorescence was used to
label Cdc4p

Table S5. List of strains used in this study. *YGRC, Yeast Genetic Resource Center Japan. (http://yeast.lab.nig.ac.jp/nig/index_en.html).

Supplementary Video Legends:

Video S1. ATP drives ring contraction in vitro. The video of a contracting ring in the presence of 0.5 mM ATP at 25°C corresponds to the frames shown in Fig.
2a. X-Y and Y-Z images were shown as non-tilted and 90°-tilted maximum projections of Z-stacks, respectively.

Video S2. ATP drives ring contraction. The video of a contracting ring in the presence of 0.01 mM ATP at 25°C corresponds to the frames shown in Fig. 2c.
X-Y and Y-Z images were shown as non-tilted and 90°-tilted maximum projections of Z-stacks, respectively.

Video S3. AMP-PNP does not induce ring contraction in vitro. Experiment was done at 25°C. The video corresponds to the frames shown in Fig. 2d. X-Y and
Y-Z images were shown as non-tilted and 90°-tilted maximum projections of Z-stacks, respectively.

Video S4. The plasma membrane of RIc1-3xGFP expressing cell-ghosts stained with FM4-64 during contraction in vitro. Experiment was done at 25°C. The
membrane did not ingress as the ring contracts. The video corresponds to the frames shown in Fig. 2g.

Video S5. Incomplete actomyosin arcs do not show ATP-dependent contraction in vitro. The GFP fluorescence decays the presence of 0.5 mM ATP but the
actomyosin arc do not show any contraction at 25°C. The video corresponds to the frames shown in Fig. 2j. X-Y and Y-Z images were shown as non-tilted and
90°-tilted maximum projections of Z-stacks, respectively

Video S6. Contractile ring of myo2-E1's undergoes slow in vitro contraction even at the permissive temperature of 25°C. The video corresponds to the frames
shown in Fig. 3b.

Video S7. Contractile ring of myp2 null mutant (myp2A) in vitro. Experiment was done at 25°C. The video corresponds to the frames shown in Fig. 3b.

Video S8. Contractile ring contraction of the double mutant of myo2 and myp2 (myo2-E1' myp2A) in vitro. These rings did not show any contraction and
instead fragmented and disassembled in presence of ATP at 25°C. The video corresponds to the frames shown in Fig. 3b.

Video S9. Addition of Jasplakinolide does not affect ring contraction in vitro. Experiment was done at 25°C.
Video S10. ADF/cofilin (Adf1p) is not required for ring contraction in vitro. Cell-ghosts from adfI1-1's were held at 36°C for 15 minutes before ATP addition.
Video S11. LatA has minimal effect on ring contraction in vitro. Experiment was done at 25°C.

Video S12. Formin (Cdc12p) is not required for ring contraction in vitro. Experiment was done at 36°C. Cell-ghosts from cdc12-112t were held at 36°C for
15 minutes before ATP addition.

Video S13. F-BAR protein (Cdc15p) is not required for ring contraction in vitro. Experiment was done at 36°C. Cell-ghosts from cdc15-140' were held at
36°C for 15 minutes before ATP addition.

Video S14. Tropomyosin (Cdc8p) is required for integrity and contraction of ring in vitro. Cell-ghosts from cdc8-110' were held at 36°C for 15 minutes before
ATP addition. The video corresponds to the frames shown in Fig. ba.

Video S15. Addition of 1 uM purified N-terminal region of IQGAP (Rng2Ns) completely blocks ring contraction in vitro. Experiment was done at 25°C. The
video corresponds to the frames shown in Fig. 5b.

Video S16. Addition of 0.9 uM purified fimbrin (Fim1p) completely blocks ring contraction in vitro. Experiment was done at 25°C. The video corresponds to
the frames shown in Fig. 5c.
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Abstract

Cytokinesis is a process by which a mother cell is divided into two daughter cells after
chromosome segregation, In both animal and fungal cells, cytokinesis is carried out by the
constriction of the contractile ring made up of actin, myosin-II, and other conserved
proteins. Detailed genetic and cell biological analysis of cytokinesis has led to the iden-
tification of various genes involved in the process of cytokinesis including the cytological
description of the process. However, detailed biochemical analysis of the process is
lacking. Critical questions that aim to understand aspects, such as the organization of actin
and myosin in the contractile ring, the architecture of the ring, and the molecular process of
ring contraction, remain unanswered. We have developed a method to address these aspects
of cytokinesis. Using the fission yeast Schizesaccharomyces pombe, we present a method

Methods in Cell Biolopy, Volume 137, ISSN 00%1.679X, htp=/fdx.doi.org/ L1 016Ds. 0. 20£6.03.037
© 2017 Elsevier Inc. All rights reserved.
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1.2 IN VITRO CONTRACTION ASSAY

1.2.1 Chamber assembly, sample application, and reactivation of
contractile ring

The reactivation of contractile ring in the cell-ghost is assessed with the handmade
perfusion chamber shown in Fig. 2. The base of the chamber is constructed with a
large coverslip (Matsunami Glass Ind., Ltd., Tokyo, Japan; 24 x 36 mm, Ne. 1)
coated with 0.01% poly-L-lysine (Sigma, P1524) and double-sided tape (Nichiban,
Tokyo, Japan; NW-58, 60-pum wall thickness). The coverslip should be used within
2—3 h after adhering poly-L-lysine. Suspension of cell-ghosts are adhered to the base
of chamber and then covered by a small coverslip (Matsunami, 18 x 18 mm, No. 1).
Volume in the chamber is around 8 uL. Cell-ghosts are washed with reactivation
buffer by perfusion to wash away cell-ghosts, which did not attach to the glass sur-
face. Reactivation is performed by perfusion with reactivation buffer containing
appropriate conceniration of ATP. A majority of intact contractile rings in wild-
type cell-ghosts undergo ATP-mediated contraction. If 0.5 mM ATP is perfused,
contraction is usually accomplished in 30—60 s at 25°C.

1.2.2 Microscopy

Myosin-II is visualized by Rlc1-3xGFP as described previously. F-actin can be
stained with BODIPY-FL-phallacidin, Alexa 568-phalloidin (Molecular Probes-
Invitrogen, Eugene, OR) or synthesized tetramethylrhodamine-labeled Lileact
pepiide (Operon Biotechnelogies, Tokyoe, Tapan). Conventional fluorescence micro-
scopy, three-dimensional reconstruction, and time-lapse observations are performed
using a DeltaVision system (Applie_d Precision, Issaquah, WA) attached to an
Olympus IX-70 widefield inverted fluorescence microscope equipped with Olympus
UplanSApo x 100 oil immersion objective lens (NA 1.4, Olympus, Tokyo, Japan),
and a Photometrics CoolSNAP- HQ camera (Roper Scientific, San Diego, CA).

FIGURE 2

Assembly of flow chamber for reactivation analysis. Twa strips of double-stick fape are
attached an a coverslip (24 x 36 mm) to which paly-L-lysine had been applisd. A smaller
coverslip (18 x 18 mm) is mounted on the double-stick tapes.
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FIGURE 3

Reactivation of a contractile ring with an ATP-containing reactivation medium. {Pictures are
taken by DeltaVision system.) Numbers indicate time in seconds after addition of 0.5 mM
ATP. The lowest images are obtained from the middle images by rotation so that the ring
plane is perpendicular to our view axis. Scale bar, 5 pm.

Temperature is controlied by both, the heated stage and a lens heater (for example,
MATS-35RAF20, MATS-LH; TOKAI HIT, Shizuoka, Japan). More than 14 optical
sections (0.5 pm spaces) can be acquired every 10 s. Images are captured and pro-
cessed by iterative constrained deconvolution using SoftWoRx (Applied Precision),
and analyzed by SoftWoRx and Imagel (W.5: Rasband, National Institutes of Health,
Bethesda, MD) incorporated with the McMaster Biophotonics Facility “Image] lor
Microscopy” collection of plugins (T. Collins, McMaster Biophotonics Facility,
Hamilton, ON, Canada). T

For measurement of contraction rate, stacks of optical sections are reconstructed
in a horizontal direction using the three-dimensional rotation tool of SoftWoRx and
the perimeter of each ring is measured (Fig. 3). Each contraction rate is determined
by using values of the most linear phase of contraction. For measurement of fluores-
cence intensity sum projections of six deconvolved sections were used. Integrated
intensity is calculated from mean value and area, after subtracting the background
mean value of the same area. Graphical images are established using Prism-3
(Graphpad Software, La Jolla, CA, USA).

We presented a method to isolate a cell-ghost from a fission yeast cell and reactivate
the contractile ring retained in the cell-ghost. This method enables in vitro manipu-
lation of the contraction of the contractile ring so that the conditions which are

required for the contraction of the ring can be studied. This will also enable ultra-
structural studies of the contractile ring because the potency of contraction is proof
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that the contractile ring possesses its normal ultrastructure, and loss of cyloplasm
would benefit EM observation of the ring.
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Among the bacteria that glide on substrate surfaces, Mycoplasma
mobile is one of the fastest, exhibiting smooth movement with
a speed of 2.0-4.5 pm-s~" with a cycle of attachment to and de-
tachment from sialylated oligosaccharides. To study the gliding
mechanism at the molecular level, we applied an assay with a fluo-
rescently labeled and membrane-permeabilized ghost model,
and investigated the motility by high precision colocalization mi-
croscopy. Under conditions designed to reduce the number of mo-
tor interactions on a randomly oriented substrate, ghosts took
unitary 70-nm steps in the direction of gliding. Although it remains
possible that the stepping behavior is produced by multiple inter-
actions, our data suggest that these steps are produced by a uni-
tary gliding machine that need not move between sites arranged
on a cytoskeletal lattice.

bacteria tracking | gliding ghost | leg protein | pairwise distance function |
Fi-ATPase

he fastest of the Mycoplasma species is Mycoplasma mobile

(M. mobile); they glide with a speed of 2.0-4.5 pm-s™* (1, 2).
Under an optimal-growth condition, cultivated single M. mobile
cells are flask-shaped (Fig. 14) and glide smoothly across a sub-
strate covered with surface-immobilized sialylated oligosaccharides
(3) in the direction of protrusion at a constant speed (Movie S1).
Genomic sequencing and analysis have revealed that the mecha-
nism must differ from other forms of motor protein systems and
bacterial motility, because M. mobile lacks genes encoding con-
ventional motor proteins in eukaryotes, such as myosin, kinesin,
and dynein, in addition to lacking other motility structures in
bacteria, such as flagella and pili (4). So far, three proteins
have been identified as a part of the gliding machinery (Fig. 1B,
Bottom): Glil123 (5), Gli521 (6), and Gli349 (7). The machinery
units localize around the cell neck, and their number has been
estimated to be ~450 (2, 5, 8). Gli349 extends out from the cell
membrane and shows a rod structure, ~100 nm in total, with two
flexible hinges when isolated (9). Notably, the machinery is
driven by hydrolysis of ATP to ADP and inorganic phosphate,
caused by an unknown ATPase (10). Because of the large size
and characteristic structure of Gli349, and a series of studies with
mutants and inhibitory antibodies (2, 11), it has been hypothe-
sized that Gli349 works as a “leg” by binding to and releasing
from a substrate covered with randomly arranged sialylated oli-
gosaccharides (2) consuming the chemical energy of ATP. In
addition, the pivoting movement of an elongated cell suggests
that there are units working not simultaneously but rather in-
dependently to propel the cell forward (12). To test this hy-
pothesis and identify conformational changes of a key part of
the gliding machinery, we here designed an assay to detect
the movement of M. mobile by high precision colocalization
microscopy. In the presence of an excess number of binding
targets in the solution, which decreased the number of active
legs, stepwise displacement was shown for the first time, to our
knowledge, to occur in gliding bacteria.

www.pnas.org/cgi/doi/10.1073/pnas.1310355111

Results

Construction of an Assay for Tracking a Ghost with High Accuracy. To
track M. mobile with nanometer-scale precision, its cell surface
was stained with a fluorescent probe, Cy3, and its position was
localized by an EMCCD camera with a time resolution of 2 ms.
Note that the shape of the cell is mostly symmetric and its size
is less than 1 pm, which is close to the wavelength of visible light
(Fig. 1 C and D). These two features made it possible to track
the movements of the bacteria with nanometer-scale precision by
fitting the intensity profile of a fluorescent cell with a 2D
Gaussian function (Fig. 1E and Fig. S1), a technique (13) that
has been successfully applied to submicron-scale plastic probes
to detect the rotation of a single F;-ATPase, the smallest rotary
molecular motor made of a single molecule (14, 15). Because
motility at the cellular scale likely involves a large number of
motors, isolating unitary conformational changes is essential for
a complete understanding of the gliding mechanism. To dissect
the movement, we used a permeabilized ghost model (10), in
which the cell membrane was damaged with Triton X-100 and,
thus, we could regulate the activity of ATPase by changing
[ATP] (Fig. 1 B and F and Fig. S2). Finally, to reduce the
number of functional gliding machinery units, sialylated oligo-
saccharides, which have been identified as the binding target of

Significance

The mechanism of movement of bacteria shows extensive di-
versity, and some bacteria glide on the substrate surface via an
unknown process. Mycoplasma mobile is one of the fastest,
exhibiting smooth gliding movement with a speed of 2.0-4.5 pm/s.
By applying the modified in vitro ghost model of Mycoplasma
mobile to high precision colocalization microscopy, steps of the
regular size, ~70 nm, were detected for the first time in bacteria,
to our knowledge. The binding target of the gliding machinery,
sialylated oligosaccharides, was expected to be randomly oriented
on the surface and, thus, our results suggest that the machinery
can drive the steps with a cycle of attachment and detachment
even if there is no periodic structure on the substrate.

Author contributions: Y.K., D.N., M.M., and T.N. designed research; Y.K. and D.N.
performed research; M.S. and T.M. contributed new reagents/analytic tools; Y.K. and D.N.
analyzed data; Y.K., D.N.,, M.M., and T.N. wrote the paper; M.S. developed a framework
of step fitting algorithm and applied it to data; T.M. verified the observation system; K.M.
initially designed the assay to observe gliding through a fluorescently labeled M. mobile;
and T.N. constructed the optical setup, microscope, and analysis software.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

'Y.K. and D.N. contributed equally to this work.

2present address: Department of Physics, Gakushuin University, Toshima-ku, Tokyo 171-
8588, Japan.

3Present address: Department of Applied Biological Science, Faculty of Science and Tech-
nology, Tokyo University of Science, 2641 Yamazaki, Noda City, Chiba 278-8510, Japan.

“To whom correspondence may be addressed. E-mail: takayuki.nishizaka@gakushuin.ac.jp
or miyata@sci.osaka-cu.ac.jp.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1310355111/-/DCSupplemental.

PNAS | June 10,2014 | vol. 111 | no.23 | 8601-8606

232

>
o
=]
=
]
@
[=]
13
I~
=



http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1310355111/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310355111/-/DCSupplemental/pnas.201310355SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310355111/-/DCSupplemental/pnas.201310355SI.pdf?targetid=nameddest=SF2
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1310355111&domain=pdf
mailto:takayuki.nishizaka@gakushuin.ac.jp
mailto:miyata@sci.osaka-cu.ac.jp
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310355111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1310355111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1310355111

Fig. 1. Nanometer-scale tracking of Mycoplasma gliding. (A) A dark-field
image of M. mobile. The image was captured with center-stop optics to
maintain the high numerical aperture of the objective, which enabled a high
spatial resolution (35). (Scale bar: 1 pm.) (B, Upper) lllustration of the fluo-
rescent ghost. The gliding machinery was distributed around the neck por-
tion, but only the active machinery bound to the glass is shown for simplicity.
(Bottom) A construction model of the gliding machinery comprising three
proteins: Gli123, Gli521, and Gli349. See the review by Miyata (2) for more
detail. (C) A fluorescent image of the labeled ghost was acquired with a time
resolution of 2 ms. (Scale bar: 1 pm; pixel size: 240 nm.) (D) The intensity
profile of C. The XY area is 5 x 5 pm. (E) Gaussian fitting to D. Nanometer-
scale tracking is achieved by positioning the peak of the 2D Gaussian func-
tion fitting to the intensity profile of the ghost. (F, Left) The speed of gliding
ghosts at different [ATP]s in the solution (n = 129). The cyan curve shows
a fit with Michaelis-Menten kinetics; V224 and K, are 2.6 pms~" and 61 pM,
respectively. The dotted cyan curve shows a fit with the kinetics including
the Hill coefficient; VP, [ATPso] and n are 2.2 pm-s™', 43 pM, and 2.4,
respectively. (Right) The speed of living cells with no ATP in the solution
(2.1 £ 0.1 um-s~"; n = 22). (G) Effect of SL on the gliding velocity of the ghost
at saturated [ATP]s, 0.3-1.0 mM (n = 50).

Gli349 (3, 16) and serve as a scaffold for M. mobile gliding, were
added to the solution in the form of N-acetylneuraminyllactose
(sialyllactose, SL). Notably, the gliding speed became slower
with higher concentrations of SL (Fig. 1G), and the ghosts fi-
nally became unbound from the glass when [SL] was higher
than 1.0 mM, presumably because the number of legs acting on
the sialylated oligosaccharides on the glass was decreased as free
SL was added to the solution. To optimize the conditions of the
motility assay, 0.1% methylcellulose was also added to the so-
lution to suppress the detachment of ghosts. Because the glid-
ing speed did not alter much with or without methylcellulose
(Fig. S3), we judged that the viscous drag against the gliding
movement caused by a 0.1% concentration of methylcellulose
was negligible.
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Detection of Steps. We recorded sequences of the gliding of ghosts
under various [ATP]s at [SL] = 1.0 mM, and carefully observed
their traces. Typically, the ghost glided with repetition of pauses
and sudden displacements as shown in dense dots in Fig. 24. This
tendency was also confirmed at the high concentration of ATP
(Fig. 2B), suggesting that the ghosts move not smoothly but rather
intermittently under the condition where the number of acting
legs was expected to be decreased. To check whether the dis-
placements included a regular dispersion, we analyzed 937 ghosts
at various ATP concentrations in the range of 6—1,330 pM. The
period in which the ghost moved in a nearly straight line (e.g., the
black portion in Fig. 24) was further extracted. Although most
runs showed creeping displacement and few intermittent pauses
in the irregular manner, 196 ghosts showed more than two step-
wise displacements. Among them, 134 records in 105 ghosts at
[ATP] = 8-500 pM showed more than four clean steps. We also
extracted 70 time courses in 60 ghosts that showed instantaneous
stepping motion and could successfully be fitted with a step
function by the step-finding algorithm as described in a later-
section.

An example of multiple steps is shown in Fig. 2C, Left. The
unfiltered trajectory along the displacement direction showed
clean steps with regular intervals, indicating that the movement
driven by the gliding machinery of M. mobile may involve unitary
steps. The existence of a step becomes apparent when the pair-
wise distance function (PDF) is applied to each run. As exem-
plified in Fig. 2C, Right, the intervals between pauses appeared
as peaks of the PDF. The position of the peaks was precisely
correlated with multiples of the size of a single step, suggesting
that the gliding machinery repeats the stroke cycle for movement
with high precision. The tendency was barely shown even in the
absence of SL (Fig. S4); however, stepping was not instantaneous
but gradual, possibly because the number of functional legs was
still too large under this condition (Discussion). Displacements
with regular steps were observed under a variety of [ATP]s (Fig.
2D), and particularly at a high [ATP], under which condition the
dwells awaiting ATP binding were expected to be negligible from
the estimation based on Fig. 1F. Fig. 2E shows a histogram of the
step value determined from the PDF. The size of the step under
these conditions was 72 + 14 nm, assuming that the histogram
comprises a single peak.

Characteristics of Dwell Time. As reported for other molecular
motors, the dwell time allows us to better understand the
mechanism of motors at the molecular level in terms of chemo-
mechanical coupling, i.e., the relationship between a chemical
reaction (nucleotide binding and subsequent hydrolysis) and
mechanical event (conformational change(s) of a motor). We
applied a “step-finding algorithm” that was originally developed
to analyze the position of tips of microtubules growing in a reg-
ular manner (17) to quantify the frequency and position of
pauses. The fitting was performed to minimize the variation
based on the algorithm (for details of the analysis, see Materials
and Methods). As shown by the rectangles in Fig. 2 C and D,
moments when stepping occurred were roughly estimated from
the raw trajectory in each run. Histograms of the dwell time at
various [ATP]s, 8-500 uM, were thus constructed from the fitting
(Fig. 34).

Note that, in our assay at this point, we were not able to de-
termine the exact number of legs interacting with the surface,
although steps of the regular size were successfully detected in
each run. It may be possible that dwells with several or multiple
motor units are incorporated in the histograms, which makes the
interpretation of results quite complicated, as considered below
in Discussion. The average of the dwell times at various [ATP]s is
summarized in Fig. 3B. The maximum rate was estimated to be
24 s7' at [ATP] = 500 pM, at which concentration the binding
rate was expected to be almost saturated (Fig. 1F). A small in-
crease in the dwell time was observed at the low [ATP]s of 8
and 16 pM, compared with that at 500 pM (arrows in Fig. 34;
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Fig. 2. Steps of single ghosts of M. mobile driven by ATP. (A) A typical example of the XY trace of the single gliding ghost. Black points in the trace show the
range in which we judge that the ghost moved in a nearly straight line and were subsequently analyzed with the pairwise distance function in C. (B) Examples of
the trace at various concentrations of ATP. Red, blue, green, black, magenta, and orange represent [ATP] = 8, 16, 55, 90, 285, and 500 pM, respectively, and their
colors coincide with those of the time course of the displacement in C and D. (C, Left) A typical example of the displacement along the gliding direction. Open
circles are unfiltered data points, and rectangles in the displacement time course were the lines fitted with the step-finding algorithm. (Right) Histograms of the
pairwise distance function (PDF) of the run. The green solid line is fitted to the sum of eight Gaussians. (D) Other examples of the displacement time course at
various [ATP]s. (E) Histogram showing the distribution of step sizes estimated from the PDF analysis (n =70 runs in 60 ghosts; each run contains 4-9 steps)

separated by 10-nm bins for clarity. The green solid curve shows the Gaussian distribution with 72 + 14 nm.

P =84 % 107° and 1.0 x 107, respectively, < 0.05 by Welch’s
t test). Notably, the dwell time was merely doubled in the presence
of SL at [ATP] ~10 pM (Fig. 3B), whereas, in the absence of SL,
the average gliding speed was ~10 times lower compared with that
at saturated [ATP] (Fig. 1F). This discrepancy may suggest that
legs in the holding state could increase drag and, thus, reduce the
speed of the movement driven by the leg in the power-stroke state
only in the case that the number of legs was huge, while they
immediately detached from the surface when they were fewer in
number. This interpretation coincides with the observation of
stepping without SL, in which the creeping displacement be-
tween steps was observed as shown in Fig. S4B, Inset.

Steps of Intact M. mobile. To check whether the properties of steps
in the ghost, especially their average size, were specific to the
intact gliding machinery, we also analyzed the movement of
M. mobile that was not treated with the detergent. Note that in
this assay, we were not able to control the concentration of ATP
inside the cell, and so we only reduced the number of legs by
adding SL to the solution. As expected from the results of the
ghost assay (Fig. 1G), the fraction of cells binding to the glass
also depended on the concentration of SL in the solution (Fig.
44). Gelatin was added to increase the solution viscosity, to
make the fraction higher, and to maintain a sufficient number of
cells on the surface for recording. The gliding speed decreased as
SL was added to the solution (Fig. 4B), suggesting that the
number of legs was successfully minimized. A single fluorescent
particle was nonspecifically attached to the surface of the cell
and was tracked with a nanometer-scale precision based on a
technique for individual fluorescent probes (13) that has also
been successfully applied to submicrometer-scale plastic probes
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to detect the rotation of a single F;-ATPase (15). As the speed
decreased, the gliding showed intermittent pauses and, finally,
stepwise movement appeared when 4-8 mM SL was added
(Fig. 4C), although creeping was not eliminated during stepping.
PDF analysis showed clear peaks being precisely correlated with
multiples of the size of a single step (e.g., Fig. 4D). The size of step
was estimated as 69 + 11 nm (Fig. 4E; n = 35 runs in 23 cells),
which was similar to the case of the ghost assay (P = 0.377 > 0.05
by Welch’s ¢ test). We conclude that the gliding machinery moves
in unitary steps even when it operates under an intact condition
where it is buried in the nontreated cell membrane, and the size of
the step is ~70 nm for both the ghosts and intact cells.

Discussion

In this study, we established an assay in which the gliding motion
of M. mobile was localized with nanometer-scale precision under
an optical microscope. Cells were stained with a fluorescent
probe and subsequently permeabilized on the glass to prepare
the ghost model. Although the ghost showed frequent pauses
and the histogram of PDF barely showed peaks of multiple
numbers (Fig. S4), the steps were not clear because the stepping
between pauses was not instantaneous but rather gradual (Fig.
S4B, Inset). We further modified the motility assay system. The
addition of free SL to the solution hindered the attachment of
each leg to the sialylated oligosaccharides on the glass. Inversely,
a high concentration of methylcellulose in the solution sup-
pressed the detachment of M. mobile. By balancing these two
conditions, stepwise displacement was finally achieved for the
first time in gliding bacteria. Note that the concentration of SL
approached that at which the ghost fully detaches from the
surface. In fact, with the addition of SL, the average speed of
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Fig. 3. Dwell-time analysis of displacements. (A) Histograms of dwell times
under various concentrations of ATP. Arrows indicate the average in each
graph, and dashed lines indicate the average at 500 uM ATP. There was
aslight, barely detectable increase at 8 and 16 uM, relative to that at 500 yM
ATP, as shown by the gaps between the arrows and dashed lines. (B)
Average of the dwell times (filled circles). The dashed line is the value at
500 pM ATP.

ghosts decreased by about one-fourth (Fig. 1G). In the case that
the duty ratio-the fraction of binding time over the single ATPase
turnover—of the motor is low, it is generally considered that the
average speed should decrease as the density of the motor
decreases (18, 19). This model coincides with our observations.

Although the number of gliding machines involved in forward
movement during the unitary step was not conclusively determined
in our assay, we can infer a possible mechanism of the gliding
machinery from the fact that the ghost showed clean and repetitive
steps, as depicted in Fig. 2 C and D. One simple interpretation is
that each 70-nm stepwise displacement corresponds to a single
turnover in a single motor unit. In conventional linear motors such
as myosin V, the size of a step is determined by the conformational
change and additional Brownian search to land the next binding
site on its track (20). However, the scenario including the track
with a periodic structure is not the case for the gliding machinery
of M. mobile, because its binding target is randomly oriented
on the substrate surface. There might be unique and inherent
characteristics that realize the huge but precise size of the steps.
Probably, the specific conformational change in one of three (or
more) machinery proteins directly determines the forward 70-nm
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movement of the ghost. Such conformational change itself could
fluctuate largely and, thus, an additional mechanism would be
needed to explain the occurrence of precise repetitive steps like
those in Fig. 2. For example, it may be that the tip of the leg can
bind to the target only when it makes a certain angle to the
surface, as proposed for the mechanism of myosin (21, 22).

If the gliding machinery of M. mobile is a processive motor in
the manner of kinesin-1 and myosin V, each of which has two
functional domains in a single molecule and walks in a hand-
over-hand manner by alternately using them (23, 24), then the
dwell time between steps would be equal to the inverse of the
rate of a rate-limiting chemical step of the single motor unit. In
contrast, in the case that multiple active motors independently
interact with the surface-immobilized sialylated oligosaccharides
to move the ghost forward, the apparent dwell time would be
expected to be shorter, because, in this case, one motor would
stochastically induce the displacement before the rate-limiting
chemical step in the other motor completed. With the above
arguments in mind, we cannot evaluate the histograms in Fig. 3
without an assumption.

The increase in the dwell time was barely observed at low
[ATP] (compare 8 and 16 pM), suggesting that the histograms

Fig. 4. Steps of intact M. mobile without the detergent treatment. (A)
Binding activity of intact M. mobile at various [SL]s. (B) Gliding speed. In A
and B, filled and open circles show the data with or without, respectively,
gelatin in the solution (n = 40); 100% means the number of cells bound to
the glass surface at [SL] = 0 mM. (C) Gliding of intact M. mobile at various
[SL]s. The displacement appeared smooth at 0 mM, whereas it became rather
stepwise at 8 mM. (D) An example of histograms of the PDF analysis. The
black line is fitted to the sum of seven Gaussians. (E) Histogram showing the
distribution of step sizes of intact M. mobile from PDF analysis separated by
10 nm bins (n = 35 runs in 23 cells). The black curve shows the Gaussian
distribution with 69 + 11 nm.
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may include a component that depends on [ATP]. Additionally,
at high [ATP], the dwell time reached 42 ms, indicating the ex-
istence of a rate-limiting step, apart from ATP binding, on the
order of 20 s™' at most. The estimation of the average speed,
(step size) x (rate) = (~70 nm) X (~20 s') = 1.4 pm-s™,
roughly coincides with the maximum speed of M. mobile. Addi-
tionally, if we assume that the number of legs is single, then k,,, of
ATP and kg, of ATPase are estimated to be 15 x 107¢ s™--M™
and 15 s™', respectively (Fig. S5, red curves), by the global fitting
through histograms. Two chemical steps may be included at
saturated [ATP] (Fig. S5, blue curve at 500 uM).

To address whether these estimations are proper, a recon-
structed in vitro motile system, in which the number of gliding
machineries is known to be one, is inevitable, as in cases of
conventional motors such as myosin, kinesin, and dynein. The
assay has not been established yet for the gliding machinery of
M. mobile, because at least four proteins are needed and the legs
are assumed to protrude from the membrane. In the future,
some additional techniques, which incorporate protein arrange-
ments in nanodiscs or liposomes, will be needed to reconstruct
the unit as a whole active motor.

Because we cannot be certain about the number of active units
when clean steps were detected in our present assay, one could
argue that 70 nm is not the step size driven by the single assembly
of the gliding machinery, but the sum of smaller steps driven by
multiple motors. One possible scenario is that the clean 70-nm
displacement is comprised of cooperative and sequential dis-
placements of smaller steps. For example, repetitive small steps
without an intermission longer than the time resolution of the
observation system may appear as a large step, although strong
cooperativity would be needed to explain the clear peaks in the
histogram of PDF (Fig. 2C). Alternatively, the unbinding process
of legs holding the ghost may directly determine the apparent
size of each step. If the leg(s) that has just finished the confor-
mational change still attaches to the ghost, it is probable that the
leg subsequently works as a load when the other leg strokes and
induces pauses at the halfway point of each step. This scenario
would be similar to that reported for kinesin, in which the step
sizes half those of a single motor were found as the result of force
balance between two motors (25). To examine the above possi-
bilities, again, a reconstructed in vitro motile system will be needed
in the near future; in addition, it should be checked whether the
motor in M. mobile can function as a processive motor.

From the structural point of view, what possible mechanisms
can explain the regular step size of ~70 nm? For the 8-nm step of
kinesin and 36-nm step of myosin V, the sizes are determined by
the repetitive structure of their substrate filaments, i.e., the mi-
crotubule and actin filaments, respectively. In contrast, M. mobile
glides on a surface on which the binding target (16) is distributed
randomly rather than being arranged in a regular manner. Ad-
ditionally, because the leg protein, Gli349, is expected to be
flexible rather than rigid (9), a simple stroke model like that of
skeletal myosin (26), in which the lever part executes a stroke at
a regular angle, is unlikely to explain the clear peaks of the PDF
observed in Figs. 2C and 4D. Here, we propose a model in which
stepwise movement is induced not by the tilting of the leg pro-
tein, but by the movement of the protein that connects the leg to
ATPase. Gli521, which is assumed to work as a crank, is a rod-
like structure with a size of 120 nm (27). The unidirectional
movement and the large size of Gli521, in either the lateral,
tilted, or rotating direction, could explain the step we observed.
Because a protein similar to the catalytic subunit of F,-ATPase
is located at the cytoskeleton-like structure that may arrange
Gli123, Gli521, and Gli349 (28, 29), we hypothesize a model in
which Gli521 converts a rotational motion of ATPase to a directed
linear motion, much like a connecting rod between the wheels
of a steam train. The movement of Gli521 may be effectively
transmitted to Gli349 to make Gli349 pull against sialylated
oligosaccharides on the glass. The broad distribution shown
in Fig. 2F might be attributable to the variation of the binding
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configuration of Gli349 to the glass. In addition, to consistently
maintain the regular steps, the detachment process of a leg is
also important and could be regulated in terms of load de-
pendence and directionality. This point, which is essential for
elucidating the gliding mechanism in greater detail, will be
addressed by measuring the unbinding force of a single leg of
a ghost as in the case of myosin (30, 31), by using an optical
trapping of the bead applied to the cell surface (32).

Materials and Methods

Preparation of the Fluorescent M. mobile. A mutant strain of M. mobile, the
P476R gli521 mutant, which binds to sialylated oligosaccharides more tightly
than the wild-type strain (10, 11), was used in this study. Cells were cultured
in Aluotto medium [2.1% (wt/vol) heart infusion broth, 0.56% yeast extract,
10% (vol/vol) horse serum, 0.025% thallium acetate, and 0.005% ampicillin]
at 25 °C (33) until the absorbance at 600 nm reached 0.06-0.10. Cells in a
culture with 1 mL of volume were collected by centrifugation at 12,000 x g
for 4 min at 25 °C, resuspended in Aluotto medium, and subsequently in-
cubated for 30 min before labeling. Cells were incubated in buffer A (75 mM
sodium phosphate at pH 7.4 and 68.4 mM NaCl) containing 50 mM glucose
and Cy3-NHS ester (GE Healthcare) for 2 h at room temperature and sub-
sequently cleaned by two rounds of centrifugation after suspending with
500 and 200 pL of buffer A containing glucose.

Assay for Tracking the Gliding of Ghosts. The flow chamber was comprised of
two coverslips (No. 1, 0.12-0.17 mm thickness; Matsunami Glass) with dif-
ferent sizes (24 x 24 and 24 x 36 mm). Two pieces of double-sided tape,
which were cut approximately 5 mm wide and 30 mm in length, were used
as the spacers between coverslips (7). The resulting flow chamber had an
internal volume of ~7 pl. Aluotto medium was infused to the chamber and,
thus, sialylated oligosaccharides included in the serum in the medium was
nonspecifically bound to the glass surface. Fluorescent cells were infused
into the chamber from one side and kept for 30 min. Unbound cells were
removed with 20 pL of buffer B (buffer A containing 2 mM MgCl,, 1 mM
DTT, and 1 mM EGTA). The solution in the chamber was replaced with 10 pL
of buffer B containing 0.01% Triton X-100 (MP Biomedicals). Gliding cells
were permeabilized with the surfactant and their movement was stopped
and, thus, ghosts were prepared (10), typically within 1 min. The membrane
permeabilization was judged by eye as the cytosol was ejected from the
body and, thus, the density of the cells was reduced. At the moment when
their density was reduced in the observation field, the solution was imme-
diately replaced with 10 pL of buffer C [10 mM Tris-HCl at pH 7.5, 50 mM
NaCl, 1 mM DTT, 1 mM EGTA, 2 mM MgCl,, and 0.5 mg/mL bovine-serum
albumin (Sigma-Aldrich)] containing 1 mg-ml~' DNase (Sigma-Aldrich). The
chamber was subsequently washed with 10 pL of buffer C containing 0.1%
methylcellulose (M0512, 4,000 cps at 2% solution; Sigma-Aldrich). Note that
the drag force on the ghost from the viscosity of the surrounding fluid was
calculated to be Fy = 2xnb/(In(2b/a) - 0.5) x vg4jig = 0.008-0.07 pN and, thus,
negligible (34), where the viscosity n is 1-5 cps for 0.1% methylcellulose
solution; the half length of the ghost b is 0.5 pm; half of the size of the waist
of the ghost a is 0.3 pm; and the gliding velocity vgiq is 2-3 pm-s~". The value
of 5 cps was estimated from an extrapolation of the product information,
and was used as the maximum viscosity of 0.1% methylcellulose solution,
whereas 1 cps, equivalent to water, was used as the minimum viscosity in the
case that M. mobile was too small to apply the macroscopic viscosity. Finally,
to activate ghosts and observe their gliding, the solution was replaced with
30 pL of buffer C containing a desired amount of ATP (Sigma-Aldrich),
0.2 mg~mL‘1 creatine kinase (Roche), 0.8 mg-mL'1 creatine phosphate (Roche),
1 mM N-acetylneuraminyllactose (SL; Sigma-Aldrich), and 0.1% methylcellu-
lose. After the fluorescent image of the moving ghosts was captured, their
phase-contrast image was also recorded to check whether each cell was
successfully permeabilized and converted into a ghost; the density of ghosts
was clearly lower than that of the living cells.

Gliding Assay of M. mobile with Fluorescent Beads. After the infusion of un-
labeled cells into the flow chamber, fluorescent beads of 100-nm diameter
(Invitrogen) were infused. An individual bead could be nonspecifically at-
tached to the cell membrane by chance, and the bead could be easily detected
during its continuous movement on the glass surface when the flow chamber
was observed under a fluorescence microscope.

Microscopy. Fluorescent M. mobile was visualized under an inverted fluo-

rescence microscope (Ti-E; Nikon Instruments) equipped with a 100x objec-
tive (Fluor 100 with Ph and 1.3 N.A.; Nikon Instruments), a filter set (TxRed-
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4040B; Semrock), an EMCCD camera (iXon* DU860; Andor), a highly-stable
customized stage (Chukousha), and an optical table (RS-2000; Newport).
Projection of the image to the camera was made at 240 nm per pixel. Phase-
contrast images of ghosts were also taken with another CCD camera
(CS8420i; Toshiba TELI) to determine whether the cells were permeabilized
by a surfactant. To acquire the image in Fig. 1A, a custom-made dark-field
microscope (35) was used with a 100x objective (Plan Apo TIRF 1.4 N.A;;
Olympus) and a CCD camera (CCD-300-RCX; Dage-MTI) under an inverted
microscope (IX71; Olympus). In the gliding assay of M. mobile with a fluo-
rescent bead, images were recorded by using a high-speed CCD camera
system (HDR1600; Digimo).

Data Analyses. Sequential images of the gliding of fluorescent ghosts were
captured as 14-bit images with an EMCCD camera under 2-ms resolution and
converted into a sequential TIF file without any compression. The position of
single ghosts, (x, y.), was determined by fitting each image with a 2D Gaussian
including the cross-correlation term, cor, as Iy +Aexp[—((x—x()2/2rs§+
(y—yc)z/chz/ —2cor(x —xc)(y —yc)/oxoy)/2(1 - cor?)], where I, is the back-
ground intensity; A is a peak of the intensity of the ghost; and o, and o, are
intensity variances along the x and y axis, respectively. For tracking of
M. mobile, the parameters o,, 6y, and cor were required to achieve a proper
fitting, because single ghosts often appeared not as spherical but as ellip-
soidal shapes. A was typically 800-2,000 under our capture conditions. In
Fig. 1F, V = VP4 ATP] /(K + [ATP]) and V = VRS [ATP)" /([ATPso]” + [ATP|™)
were used as formulae for Michaelis-Menten kinetics and the kinetics in-
cluding the Hill coefficient, respectively. To estimate the size of the unitary
step, a PDF was independently adopted for each run showing stepwise
displacement. A histogram with 5-nm bin width is shown in Fig. 2B and was
fitted with the sum of the Gaussians with periodic intervals, A, as
A exp[—(x —iA)? /(262)] + Ag exp[—(x —x9)? /(263)]. Note that, in the case
that stepwise displacements are always clean and pauses are stable, xo
should be 0 as indicated in the processive motor dynein (36). In contrast,
creeping motions were observed to some extent in our measurement and,
thus, we set the parameter xp in the fitting. Back steps, i = -1 or less, were not
included in the fitting, because they were not observed in our measurement.
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Step-Finding Algorithm. The step-finding algorithm was initially developed
for quantitative detection of the growth and shrinkage of microtubule ends
(17). The algorithm consists of three processes: (i) finding steps, (ii) evalu-
ating the quality of the step fits, and (iii) finding the step distribution. ()
This process is the same as in the original method (17). Briefly, by fitting
a single large step to the data based on a calculation of the y? statistics, the
first step is determined. Next, the subsequent steps are found by fitting new
steps to the dwells of the previous fitting, in the same way as for the first
step. (ii) The second process was modified as follows: The quality of the
fitting was based on evaluation of the variance of the displacement in each

dwell, which was defined as Q= 1/ (62 — (62)). N is the number of steps.

o? is a variance of the displacement in the i-th dwell. (c?) is a mean of the

variances in each dwell. In addition, Q weighed by w=1/{c?) (O:WQ) was

used for the third process. In the case of under-fitting, the large values of
(ciz —((72))2 and the weight (w) contribute to the low value of Q. In the case
of overfitting, the values of (c? —(6%))? are small but N is large, so that the
summation of (c;i2 —<c52))2 allows the value of Q to be low. (iii) The highest 0
value basically represents the best fitting. In practical terms, a value of @
that was not the highest value (usually the second highest value) toward the
overfitting, was often adopted as the best fitting, especially when some data
had nonuniformity of fluctuation of the displacement.
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Bacteriocin Protein BacL, of Enterococcus faecalis Targets Cell
Division Loci and Specifically Recognizes 1-Ala,-Cross-Bridged
Peptidoglycan
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Bacteriocin 41 (Bac41) is produced from clinical isolates of Enterococcus faecalis and consists of two extracellular proteins,
BacL, and BacA. We previously reported that BacL, protein (595 amino acids, 64.5 kDa) is a bacteriolytic peptidoglycan p-iso-
glutamyl-1-lysine endopeptidase that induces cell lysis of E. faecalis when an accessory factor, BacA, is copresent. However, the
target of BacL, remains unknown. In this study, we investigated the targeting specificity of BacL,. Fluorescence microscopy anal-
ysis using fluorescent dye-conjugated recombinant protein demonstrated that BacL, specifically localized at the cell division-
associated site, including the equatorial ring, division septum, and nascent cell wall, on the cell surface of target E. faecalis cells.
This specific targeting was dependent on the triple repeat of the SH3 domain located in the region from amino acid 329 to 590 of
BacL,. Repression of cell growth due to the stationary state of the growth phase or to treatment with bacteriostatic antibiotics
rescued bacteria from the bacteriolytic activity of BacL, and BacA. The static growth state also abolished the binding and target-
ing of BacL, to the cell division-associated site. Furthermore, the targeting of BacL, was detectable among Gram-positive bacte-

ria with an L-Ala-1-Ala-cross-bridging peptidoglycan, including E. faecalis, Streptococcus pyogenes, or Streptococcus pneu-
moniae, but not among bacteria with alternate peptidoglycan structures, such as Enterococcus faecium, Enterococcus hirae,
Staphylococcus aureus, or Listeria monocytogenes. These data suggest that BacL, specifically targets the L-Ala-L-Ala-cross-
bridged peptidoglycan and potentially lyses the E. faecalis cells during cell division.

E nterococcus faecalis is a commensal Gram-positive bacterium
in the intestinal tract of healthy humans or animals and is also
known to be an opportunistic pathogen causing various infectious
diseases, including urinary infectious disease, bacteremia, infec-
tive endocarditis, and others (1-3). The infection-derived E.
faecalis strains often produce various plasmid-encoded bacterio-
cins (4, 5).

Bacteriocins are bacterial peptides or proteins with antimicro-
bial activities (6). Heat- and acid-stable bacteriocin peptides pro-
duced by Gram-positive bacteria are divided into class I and class
II according to posttranslational modifications (7, 8). Class I bac-
teriocins are lantibiotics that contain nonproteinogenic amino ac-
ids generated by posttranslational modification (9). Only two
class I bacteriocins have been identified in enterococci: 3-hemo-
lysin/bacteriocin (cytolysin) and enterocin W (10-14). In con-
trast, most enterococcal bacteriocins belong to class II and are
nonmodified antimicrobial peptides, such as AS-48, enterocin A,
and others (7, 15, 16). We have found the enterococcal class II
bacteriocins, including Bac21, Bac31, Bac32, Bac43, and Bac51, in
clinical strains of E. faecalis or Enterococcus faecium (17-21). Un-
like the low-molecular-weight peptide-type class I and IT bacterio-
cins, heat-labile antimicrobial proteins are referred to as bacterio-
lysins, previously named class III bacteriocins, and show
enzymatic bactericidal activity (22, 23). In enterococci, the bacte-
riolysins enterolysin A and bacteriocin 41 (Bac41) have been iden-
tified (24-26).

Bac41 was originally found expressed from the pheromone-
responsive plasmid pYI14 carried by the clinical strain E. faecalis
Y114 (26, 27). The Bac41-type bacteriocins were also found in the
E. faecalis VanB-type vancomycin-resistant E. faecalis (VRE) out-
break strains (27). Bac41 is specifically active only against E. faeca-
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lis (26, 28). The determinant region of Bac41 contains six open
reading frames (ORFs), including bacL;, bacL,, bacA, and bacl
(Fig. 1A). The bactericidal activity of Bac41 is actually expressed
by the two extracellular components, the bacL;- and bacA-en-
coded proteins BacL; and BacA (26). BacL, and BacA are secreted
proteins that coordinately exert bactericidal activity against E.
faecalis (26, 28). BacL, positively regulates the transcripts of bacL,
and bacL, itself (unpublished data). Bacl is the specific immunity
factor protecting a Bac41 producer from Bac41 activity (26).

We previously demonstrated that BacL, is a peptidoglycan D-
isoglutamyl-L-lysine endopeptidase (28). BacL, has 595 amino ac-
ids with a molecular mass of 64.5 kDa and consists of two distinct
peptidoglycan hydrolase homology domains and three repeats of
the SH3 domain (Fig. 1B). The two peptidoglycan hydrolase do-
mains located in the regions from amino acid 3 to 140 and amino
acid 163 to 315 show homology to the bacteriophage-type pepti-
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FIG 1 Schematics of Bac41 gene organization and BacL, structure. (A) Orga-
nization of Bac41-related genes (GI 169635857). (B) Molecular structure of
BacL, (GI 169635864). Two domains with homology to distinct peptidoglycan
hydrolases, bacteriophage-type hydrolase and NlpC/P60 family hydrolase, are
present in the regions from amino acid (a.a.) 3 to 140 and amino acid 163 to
315, respectively. Three repeats of the bacterial SH3 domain are present in the
region from amino acid 329 to 590.

doglycan hydrolase and the NIpC/P60 family peptidoglycan hy-
drolase, respectively (26, 29, 30). The second peptidoglycan
hydrolase homologue, with similarity to NIpC/P60, has D-isoglu-
tamyl-L-lysine endopeptidase activity against the purified pepti-
doglycan component from E. faecalis (28). On the other hand, the
molecular function of the first peptidoglycan hydrolase domain,
with similarity to bacteriophage-type peptidoglycan hydrolase, re-
mains to be elucidated but is still required for the bactericidal
activity against viable E. faecalis cells (28). The SH3 repeat domain
is located in the region from amino acid 329 to 590 and functions
as the binding domain to the peptidoglycan (28). However, BacL,;
is not sufficient for bactericidal activity. BacA appears to be essen-

TABLE 1 Bacterial strains and plasmids used in this study

Bacteriocin Protein BacL, Targets Cell Division Site

tial for bactericidal activity, together with BacL,, although its
function also remains to be determined (26, 28).

On the basis of cell morphology, enterococciare grouped in the
ovococci, whose cell shapes are elongated ellipsoids (31-33). In
ovococci, the model of the dividing cell wall assembly process is
distinct from that of other shaped bacteria, such as spherical cocci.
The cell division of ovococci is achieved by two distinct cell wall-
synthesizing machineries that manage peripheral and septal cell
wall growth. The peripheral cell wall growth is responsible for the
longitudinal cell elongation. On the other hand, the septal cell wall
growth occurs to allow splitting into separated daughter cells. In
this study, by using fluorescent dye-conjugated recombinant pro-
teins, we demonstrated that BacL, localized to the cell division-
related cell surface of target E. faecalis cells and that cell division
was required for susceptibility to the bactericidal activity ex-
pressed by BacL, and BacA.

MATERIALS AND METHODS

Bacterial strains, plasmids, oligonucleotides, media, and antimicrobial
reagents. The bacterial strains and plasmids used in this study are shown
in Table 1. A standard plasmid DNA methodology was used (34). Entero-
coccal strains were routinely grown in Todd-Hewitt broth (THB; Difco,
Detroit, MI) at 37°C (35), unless otherwise noted. Escherichia coli strains
were grown in Luria-Bertani medium (LB; Difco) at 37°C. Gram-positive
bacterial species (other than Enterococcus) were grown in brain heart in-
fusion (BHI) medium (Difco) at 37°C. The antibiotic concentrations for
the selection of E. coli were 100 mg liter~' ampicillin and 30 mg liter "
chloramphenicol. The concentration of chloramphenicol for the routine
selection of E. faecalis carrying plasmid pAM401 or its derivatives was 20
mg liter !, unless otherwise noted. All antibiotics were obtained from
Sigma Co. (St. Louis, MO).

Recombinant proteins and antibodies. The histidine-tagged recom-
binant proteins of full-length BacL,, its truncated derivatives, and BacA

Strain or plasmid Description

Source or reference

Strains
E. faecalis OG1S
E. faecalis OG1X

str, derivative of OG1

35
35

E. faecalis OG1RF

E. faecalis FA2-2

E. faecium BM4105RF
E. hirae 9790

S. aureus F-182

S. pyogenes MGAS315
S. pneumoniae 262

L. monocytogenes EGD
E. coli DH5a

E. coli BL21

Plasmids

PAM401
pHT1100
pET22b(+)
pET::bacL,
pET:bacL, Al
pET::bacL, A2
pET::bacL; A1A2
pET:bacL, A3
pET::bacA

str, protease-negative derivative of OG1

rif fus, derivative of OG1

rif fus, derivative of JH2

rif fus, derivative of BM4105

Type strain

Clinical isolate, resistant to methicillin and oxacillin

Clinical isolate, serotype M3

Quality control strain, serotype 19F

Serovar 1/2a

endAl recAl gyrA96 thi-1 hsdR17 supE44 relAl A(argE-lacZYA)U169,
host for DNA cloning

ompT hsdSB(rg~ my~ ) gal(\cI 857 ind1 Sam7 nin5 lacUV5-T7genel)
dem(DE3), host for protein expression

E. coli-E. faecalis shuttle plasmid; cat tet

PAM401 derivative containing wild-type Bac41 genes
Expression plasmid for His-tagged protein in E. coli
pET22b(+) derivative expressing BacL,

pET22b(+) derivative expressing BacL,A1
pET22b(+) derivative expressing BacL,A2
pET22b(+) derivative expressing BacL, A1A2
pET22b(+) derivative expressing BacL,A3
pET22b(+) derivative expressing BacA

35

60

61

ATCC 9790

ATCC 43300

ATCC BAA-595

ATCC 49619

ATCC BAA-679

Bethesda Research Laboratories

Novagen

62
26
Novagen
28
28
28
28
28
28
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were prepared by the Ni-nitrilotriacetic acid (NTA) system as previously
described (28). The green or red fluorescent dye-labeled recombinant
proteins were prepared with NH,-reactive fluorescein or NH,-reactive
HiLyte Fluor 555 (Dojindo, Kumamoto, Japan), respectively. By perform-
ing a soft-agar bacteriocin assay, we confirmed that fluorescent dye-con-
jugated BacL, remains active (see Fig. SI in the supplemental material).
Anti-BacL, antibody was prepared by immunization of rabbits with re-
combinant BacL,-His protein as previously described (Operon Technol-
ogies, Alameda, CA) (28).

Fluorescence microscopy. Bacteria diluted with fresh medium were
mixed with fluorescent recombinant protein as indicated and incubated
at 37°C for 1 h. The bacteria were collected by centrifugation at 5,800 X g
for 3 min and then fixed with 4% paraformaldehyde at room temperature
(RT) for 15 min. The bacteria were rinsed and resuspended with distilled
water and mounted with Prolong gold antifade reagent with 4',6-di-
amidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA) on a glass
slide. The sample was analyzed by fluorescence microscopy (Axiovert 200;
Carl Zeiss, Oberkochen, Germany), and images were obtained with a
DP71 camera (Olympus, Tokyo, Japan).

Immunogold TEM. Bacteria in early exponential phase were treated
with recombinant BacL, and BacA as indicated and incubated at 37°C for
1 h. The bacteria were fixed with 3% paraformaldehyde—0.1% glutaralde-
hyde for 10 min at RT and mounted on an electron microscopy (EM) grid.
After fixation, the sample grid was treated with 10-fold-diluted anti-BacL,
antibodies in phosphate-buffered saline (PBS) containing 2% bovine se-
rum albumin (BSA) at 37°C for 1 h, followed by a wash with PBS. Then,
the grid was treated with 10-fold diluted colloidal gold (15 nm)-conju-
gated anti-rabbit IgG in PBS containing 2% BSA for 30 min at RT, washed
with PBS, and then negatively stained with 2% ammonium molybdate for
1 min at RT. The resulting samples were analyzed by transmission elec-
tron microscopy (TEM) (JEM-1010; JEOL Ltd., Tokyo, Japan).

Bacteriolytic assay. The soft-agar assay or liquid-phase assay for bac-
teriocin activity was performed as described previously (36). Briefly, the
test bacterial strain or 1 .l of the recombinant protein solution was inoc-
ulated onto THB soft agar (0.75%) containing the indicator strain and was
then incubated at 37°C for 24 h. The formation of an inhibitory zone was
evaluated as susceptibility to the bacteriocin. For the agar-based bacterio-
Iytic assays using Streprococcus pyogenes and Streptococcus pneumoniae, the
indicator bacteria were spread on agar plates by swab instead of using the
soft agar. In this swab method, E. faecalis OG1S and E. faecium BM4105
RF were used for the positive control and the negative control, respec-
tively. For the liquid-phase bactericidal assay, an overnight culture of the
indicator strain was diluted with fresh medium, and then the recombinant
proteins were added and the sample was incubated at 37°C. Changes in
turbidity were monitored by using a spectrometer (DU730; Beckman
Coulter, Fullerton, CA) or microplate reader (Thermo Scientific, Wal-
tham, MA).

Cell wall degradation assay. For the cell wall degradation assay, a cell
wall fraction was prepared as described previously, with slight modifica-
tions (28, 37). The bacterial culture was collected by centrifugation and
rinsed with 1 M NaCl. The bacterial pellet was suspended in 4% SDS and
heated at 95°C for 30 min. After rinsing with distilled water four times, the
bacterial pellet was resuspended with distilled water and mechanically
disrupted with 0.1-mm glass beads (As One, Osaka, Japan) using a Fast-
Prep FP100A (Thermo Scientific, Waltham, MA). After unbroken cells
were removed by centrifugation at 1,000 rpm for 1 min, the cell wall
fraction in the supernatant was collected by centrifugation at 15,000 rpm
for 10 min and was then treated with 0.5 mg ml ™" trypsin (0.1 M Tris-HCl
[pH 6.8], 20 mM CaCl,) at 37°C for 16 h. The sample was further washed
with distilled water four times and was resuspended in 10% trichloro-
acetic acid (TCA), followed by incubation at 4°C for 5 h, and then given
additional washes with distilled water four times (38). Finally, the cell wall
fraction was resuspended in PBS and quantified by measuring the turbid-
ity for the cell wall degradation assay. Mutanolysin (Sigma) was used as a
positive control for the cell wall degradation enzyme.
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RESULTS

BacL, targets the cell division-associated region on the E. faeca-
lis surface via its cell wall binding domain. To investigate the
localization of BacL, on target E. faecalis cells, we coincubated E.
faecalis cells and the recombinant BacL, labeled with red fluores-
cent dye in the absence or presence of BacA, followed by analysis
using fluorescence microscopy (Fig. 2A and B). A specific local-
ization signal of BacL, in the midcell was observed independently
of BacA (Fig. 2A). Furthermore, the four characteristic localiza-
tion patterns closely correlated with cell growth division were de-
tected (31, 33, 39). First, the most typical localization signal of
BacL, was detected in the midcell, which corresponds to the equa-
torial ring (Fig. 2B). The equatorial ring structure of the BacL,
localization in the midcell was clearly recognized by the recon-
structed image of fluorescence microscopy analysis (see Movie S1
in the supplemental material). Second, the duplicated equatorial
ring structure was detected as the source of the localization signal
of BacL, in the cells initiating elongation prior to cell division.
Third, in the cells where the cell division process had progressed
further, to formation of the division septum, the localization sig-
nal of BacL, was distributed in the area from the equatorial ring to
the division septum, where the cell wall is newly synthesized (nas-
cent cell wall) (32). Furthermore, when cell division was com-
pleted, localization at the division septum between separated
daughter cells, as well as at the equatorial ring, was detected. In
addition, immunogold TEM analysis using anti-BacL, antibodies
in E. faecalis cultures treated with BacL, and BacA also showed the
equatorial ring localization of BacL, (Fig. 2C).

We previously reported that BacL, binds to peptidoglycan of E.
faecalis via a C-terminal SH3 triple repeat domain localized in the
region from amino acid 329 to 590 (28). To investigate the domain
required for the specific targeting, domain deletion derivatives of
BacL, were labeled with green fluorescent dye (Fig. 3A) and mixed
with E. faecalis cells, followed by analysis of their location signal by
fluorescence microscopy (Fig. 3B). BacL,;A3, the derivative with
deletion of the C-terminal SH3 repeat, failed to localize to the
equatorial ring and did not show any detectable signal. In contrast,
BacL,A1l, BacL;A2, and BacL,;A1A2, derivatives with deletion of
the phage-type peptidoglycan hydrolase homology domain,
NIpC/P60 family peptidoglycan hydrolase homology domain, or
both domains, respectively, were targeted to the equatorial ring
similarly to wild-type BacL,. These results indicate that the SH3
repeat was sufficient for the targeting to the equatorial ring on the
cell surface of E. faecalis. Collectively, BacL, appeared to target
the cell division-related cell surface, including the equatorial ring,
the division septum, and the nascent cell wall, via its C-terminal
SH3 repeat domains.

Cell division is required for the septum targeting of BacL,
and for the cell lysis triggered by BacL, and BacA. To analyze the
involvement of cell division in Bac41 activity, we investigated the
relationship of growth phase and susceptibility to Bac41-induced
lysis. E. faecalis was grown in fresh THB broth, and a mixture of
recombinant BacL, and BacA was added at different points in the
growth phases (Fig. 4A). Adding BacL, and BacA at the start of
incubation (time zero) completely inhibited the increase of the
bacterial suspension’s turbidity (cell growth). When BacL, and
BacA were added at early or mid-exponential phase, bacterial tur-
bidity was also dramatically decreased, indicating that cells were
lysed. In contrast, treatment with BacL, and BacA at the stationary
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FIG 2 Localization of BacL, on the E. faecalis cell surface. (A) An overnight culture of E. faecalis OG1S diluted 5-fold with fresh THB broth was incubated with
HiLyte Fluor 555 fluorescent dye-labeled (red) BacL, (5 pg/ml) in the presence (bottom) or absence (middle) of BacA, followed by analysis using fluorescence
microscopy. Bacteria grown without red fluorescent conjugate are also shown as a negative control (top). Phase contrast (Ph) is pseudocolored (green) in the
merged image. (B) Extensive representation of the localization pattern of red fluorescent dye-labeled BacL,. The sample preparation was performed exactly as
described for panel A. DNA was visualized with DAPI (blue). The schematic on the right illustrates the four characteristic patterns of BacL, localization and cell
division states. (C) E. faecalis treated with BacL, and BacA (5 pg/ml each) was subjected to immunogold transmission electron microscopy using anti-BacL,

antibodies. The arrow indicates the septum localization of gold particles.

phase did not affect the bacterial turbidity, similar to the results
for the untreated culture. The bacterial viability test by colony
formation assay also indicated that the bactericidal activity of
BacL, and BacA was effective only in early or exponential phase
but not stationary phase (Fig. 4B). In contrast, egg white lysozyme
was able to decrease the viability of bacteria even in stationary
phase (Fig. 4B). These observations indicated that E. faecalis in
stationary phase was not susceptible to the cell lysis induced by
BacL, and BacA. Then, to test the growth phase dependence of the
septum targeting of BacL,, the red fluorescence-labeled BacL, was
incubated with E. faecalis cells in early exponential or stationary
phase, and the BacL, localization was analyzed by fluorescence
microscopy (Fig. 4C). In the case of the bacteria in early exponen-
tial phase, BacL, localized at the division septum. In contrast, the
septum localization of BacL, was not observed in bacteria in sta-
tionary phase. BacL,; also failed to even bind to the cell surface in
stationary-phase bacteria (Fig. 4C). These results suggested that
BacL, recognized the dividing cell surface. Furthermore, we inves-
tigated the susceptibility to bactericidal activity of BacL, and BacA
when bacterial cell growth was artificially restricted with various
antibiotic reagents (Fig. 5). Treatment with bacteriostatic antibi-
otics, such as chloramphenicol and tetracycline, almost com-
pletely rescued the cells from the bacteriolytic activity of BacL,
and BacA (Fig. 5A and B). The localization of BacL, to the equa-
torial ring was also abolished in the chloramphenicol- or tetracy-
cline-treated bacteria (Fig. 5C). Treatment with vancomycin, a
bactericidal drug blocking cell wall synthesis, resulted in relief of
the sensitivity of E. faecalis to lysis by BacL, and BacA and abol-
ished BacL, targeting to the cell surface (Fig. 5A, B, and C). Inter-
estingly, the bacteria treated with ampicillin, which has an elon-
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gating effect on bacterial cells by inhibiting the penicillin binding
protein (PBP) functions, appeared to be more susceptible to the
bactericidal activity of BacL, and BacA (Fig. 5A and B) and to the
septum targeting of BacL, (Fig. 5C).

Specific recognition by BacL, of 1-Ala,-type peptidoglycan
cross-bridging structure. The composition and length of the
cross-bridge peptide-linking stem peptides bound to N-acetyl-
muramic acid are diverse among bacterial species (Fig. 6A) (40,
41). Lu et al. reported that the SH3 domain of ALE-1, a bacterio-
lytic peptidoglycan hydrolase of Staphylococcus aureus, specifically
recognizes the pentaglycine cross bridge, which is a specific struc-
ture in the peptidoglycan of S. aureus (42). As shown by the results
in Fig. 3, the SH3 domains appeared to be necessary for targeting
the cell division-related region. To investigate whether the SH3
domain of BacL, also specifically recognizes the cross-bridging
structure in the peptidoglycan of E. faecalis, we analyzed the cell
division-associated targeting of BacL, in various Gram-positive
bacterial species, including E. faecalis OG1S, E. faecalis OG1X, E.
faecalis OG1RF, E. faecalis FA2-2, E. faecium BM4105RF, Entero-
coccus hirae 9790, S. pyogenes MGAS315, S. pneumoniae 262, S.
aureus F-182, and Listeria monocytogenes EGD (Fig. 6B and Table
2). In bacteria with L-Ala-L-Ala-cross-bridging peptidoglycans,
including E. faecalis strains OG1S, OG1X, OG1RF, and FA2-2 and
S. pyogenes, BacL, clearly localized in the equatorial ring (38, 43—
45). In contrast, the BacL, signal was not detected on E. faecium, E.
hirae, or S. aureus, which have L-Asp-, D-Asn-, or penta-Gly-cross-
bridging peptidoglycan, respectively (37, 46, 47). L. monocyto-
genes, which has direct bridging between stem peptides, was also
notbound with BacL, (48, 49). In the case of S. pneumoniae, which
has a hetero-cross-bridging structure consisting of 1-Ala-L-Ala
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FIG 3 Domain of BacL, that is responsible for septum targeting. (A) Sche-
matics of truncated BacL, constructs. (B) Overnight culture of E. faecalis OG1S
diluted 5-fold with fresh THB broth was incubated with the fluorescein dye-
labeled (green) truncated BacL, proteins (5 pg/ml) depicted in panel A, fol-
lowed by analysis using fluorescence microscopy. Phase contrast (Ph) is
pseudocolored (red) in merged images.

and L-Ala-L-Ser, the equatorial localization was not observed;
however, localization in the division septum was detected (50).
Collectively, these observations suggest that BacL, specifically
binds to the L-Ala-L-Ala-cross-bridged peptidoglycan. On the
other hand, the bactericidal phenotype of BacL, and BacA was
observed only in E. faecalis strains and not in the other bacterial
species in soft-agar bacteriocin assays (Table 2). It is notable that S.
pyogenes and S. pneumoniae were not susceptible to BacL, and
BacA despite the targeting of BacL, to their cell surface (Table 2).

Immunity factor does not alter the BacL, equatorial target-
ing. The BacL,- and BacA-producing E. faecalis has a self-resis-
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FIG 4 Growth phase dependence of the susceptibility to Bac41. (A) An over-
night culture of E. faecalis OG1S diluted 100-fold with fresh THB broth was
incubated at 37°C. A mixture of recombinant BacL, and BacA (5 pg/ml each)
was added at different growth phases corresponding to 0 h,2h, 3.5h, or 5h, as
indicated with arrows. An untreated culture served as the negative control. The
turbidity (optical density at 600 nm [ODy,]) was monitored in each culture.
The data are presented as the mean results = standard deviations (SD) of three
independent experiments. (B) E. faecalis was treated with BacL, and BacA at
different growth phases as described for panel A. After further incubation for 1
h from each time point of addition, the bacterial suspensions were serially
diluted 10-fold with fresh THB broth and then spotted onto a THB agar plate,
followed by incubation overnight. Colony formation was evaluated as a mea-
sure of bacterial viability. Lysozyme was used as a control. (C) E. faecalis was
treated with HiLyte Fluor 555-labeled (red) BacL, (5 pg/ml) in the early-
exponential (2 h) or stationary (5 h) phase of growth. After further incubation
for 1 h from each time point of addition, the cells were fixed and analyzed by
fluorescence microscopy. Phase contrast (Ph) is pseudocolored (green) in the
merged images.
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FIG 5 Effects of antibiotics on the susceptibility to Bac41. (A) An overnight culture of E. faecalis OG1S diluted 5-fold with fresh THB broth was incubated with
(Bac+) or without (Bac—) a mixture of recombinant BacL, and BacA (5 pg/ml each) in the presence or absence of ampicillin (ABPC; 20 pg/ml), chloramphen-
icol (CP; 100 wg/ml), tetracycline (TC; 12.5 wg/ml), or vancomycin (VCM; 10 pg/ml). The turbidity at 600 nm was measured with a microplate reader during
the incubation period. The data are presented as the mean results = SD of three independent experiments. (B) E. faecalis was treated with (+) or without (—) a
mixture of BacL, and BacA in the presence of antibiotics as described for panel A. After incubation for 6 h, the bacterial suspensions were serially diluted 10-fold
with fresh THB broth and then spotted onto a THB agar plate, followed by incubation overnight. Colony formation was evaluated as a measure of bacterial
viability. (C) An overnight culture of E. faecalis diluted 5-fold with fresh THB broth was treated with HiLyte Fluor 555-labeled (red) BacL, (5 pg/ml) in the
presence of antibiotics as shown. After incubation for 1 h, the cells were fixed and analyzed by fluorescence microscopy. Phase contrast (Ph) is pseudocolored

(green) in merged images.

tance factor, Bacl, encoded in the vicinity of the bacA gene (Fig.
1A) (26). E. faecalis carrying the bacl gene is completely resistant
to the bacteriolytic effect of BacL, and BacA (26, 28). Therefore, by
fluorescence microscopy, we investigated whether the immunity
factor bacl affects the BacL, targeting. The equatorial localization
of BacL, was observed in E. faecalis carrying pHT1100 (a plasmid
containing all Bac41 genes, including immunity factor bacl), as
well as in E. faecalis carrying pAM401 (a vector control without the
bacl gene) (Fig. 7A). Furthermore, the peptidoglycan purified
from E. faecalis carrying pHT1100 was still degraded by BacL,
(Fig. 7B). These results suggest that the specific immunity factor,
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Bacl, has no effect on the BacL, activities of binding, targeting, and
degrading peptidoglycan.

DISCUSSION

In this study, we report that BacL, targets the cell division-associ-
ated site, including the equatorial ring, division septum, and nas-
cent synthesized cell wall (Fig. 2), to exert potential bactericidal
activity against E. faecalis cells in the dividing state (Fig. 4 and 5).
We also demonstrate that BacL, specifically recognizes pepti-
doglycan structures cross-linked by L-Ala-L-Ala but not by other
peptide linkers (Fig. 6). Although the entire cell wall in E. faecalis is
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FIG 6 BacL, localization in various Gram-positive bacterial species. (A) Pep-
tidoglycan structure of E. faecalis, representing an example of the organization
of peptide chain-cross-linking by a dipeptide. The dotted-line frame indicates
the cross-bridging peptide between stem peptides bound to N-acetylmuramic
acids. Arrows indicate the sites of cleavage by the endopeptidase activity of
BacL,. (B) Overnight cultures of Gram-positive bacteria, diluted 5-fold with
fresh THB broth, were treated with HiLyte Fluor 555-labeled (red) BacL, (5
wg/ml). After incubation for 1 h, the cells were fixed and analyzed by fluores-
cence microscopy. Phase contrast is pseudocolored (green) in the merged
images.
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composed of L-Ala-LAla-cross-bridged peptidoglycan that is likely
to be recognized by BacL,, there must be an additional determi-
nant(s) for the localized targeting of BacL, to the cell division-
associated sites. The equatorial ring is a characteristic structure
observed at the middle of ovococcus cells (32, 51, 52). This ring
structure marks the initiation site for the peripheral cell wall-syn-
thesizing machinery to construct the new peptidoglycan during
cell elongation. Therefore, BacL; might recognize the cell wall-
synthesizing machinery complex that is formed at the equatorial
ring or division septum during cell division. Alternatively, the
relatively extended distribution of BacL,, from equatorial ring to
division septum, raises the possibility that BacL, preferentially
binds to newly synthesized nascent cell wall. Martinez et al. dem-
onstrated that a bacteriocin of Lactococcus lactis, lactococcin 972,
inhibits the septum formation to cause abnormal cell morphology
in sensitive target cells. Although they have not shown this, lacto-
coccin 972 itself might be associated with the cell-dividing struc-
ture, like BacL, (53). Understanding the determinant(s) restrict-
ing the targeting site of BacL, to cell division-related areas requires
further analysis.

As shown by the results in Fig. 3, the SH3 repeat moiety of
BacL, was required and sufficient for its localized targeting. These
repeats are present in the region from amino acid 329 to 590 of
BacL, (see Fig. S2A in the supplemental material). These individ-
ual SH3 repeats are nearly identical to each other (see Fig. S2B).
The SH3 domain sequences of BacL, also show significant homol-
ogy to SH3 domains from other bactericidal proteins (see Fig.
S2C), such as ALE-1 from S. aureus (54). Crystal structure analysis
of the SH3 domain in ALE-1 revealed that the N-terminal con-
served motif YXXNKYGTXYXXESA is a recognition groove that
specifically binds to penta-Gly-cross-bridging peptides in S. au-
reus peptidoglycan (42). The YXXNKYGTXYXXESA motif (see
Fig. S2C, blue frames) is not present in the SH3 domain of BacL,.
Instead, extra conserved residues (see Fig. S2C, red frames) are
present among the SH3 domains targeting bacteria with an L-Ala-
L-Ala-cross-bridged cell wall, including E. faecalis, Streptococcus
agalactiae, and S. pneumoniae. Furthermore, amino acids 15 and
14 in the N terminus and C terminus, respectively, are highly
conserved motifs (see Fig. S2C, magenta highlighting) among the
three SH3 domains of BacL,, suggesting that these conserved mo-
tifs in BacL, may play a role in the specific recognition of the
L-Ala-L-Ala-cross-bridged peptidoglycan structure.

Lysostaphin, with activity specific against S. aureus, is able to
distinguish the penta-Gly-cross-bridging structure in the pepti-
doglycan of S. aureus from the cross-bridging structures of other
peptidoglycans (55). The lysostaphin-specific immunity factor
Lif, a FemABX-like protein, incorporates serine into the cross-
bridging peptides in peptidoglycan of S. aureus and converts it
from the penta-Gly-type cross bridge (56). This conversion of the
cross-bridging peptide in peptidoglycan results in resistance to
lysostaphin. Zoocin A is a bacteriolytic endopeptidase against the
cell wall of sensitive bacteria produced by Streptococcus equi subsp.
zooepidemicus strain 4881 (57). The cross bridge in peptidoglycan
of S. equi is an L-Ala-L-Ala peptide and is susceptible to the pepti-
doglycan hydrolase activity of zoocin A (57). Zif, an immunity
factor of zoocin A, belongs to the FemABX-like protein family
(58). It additively increases L-Ala residues in the cross bridges of
peptidoglycans and converts L-Ala-L-Ala into L-Ala-L-Ala-L-Ala,
resulting in resistance to zoocin A activity. Meanwhile, Bacl,
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TABLE 2 Summary of cross-bridge structure and phenotypes against Bac41 in various bacterial species

Presence of phenotype”

Targeting Susceptibility
Species Strain Cross-bridging peptide of BacL,” to Bac41¢
Enterococcus faecalis OG1S L-Ala-L-Ala + +
Enterococcus faecalis OGI1X L-Ala-L-Ala + +
Enterococcus faecalis OGIRF L-Ala-L-Ala + +
Enterococcus faecalis FA2-2 L-Ala-L-Ala + +
Enterococcus faecium BM4105RF L-Asp - -
Enterococcus hirae 9790 D-Asn - -
Streptococcus pyogenes MGAS315 L-Ala-L-Ala + -
Streptococcus pneumoniae 262 L-Ala-L-Ala/L-Ser * -
Staphylococcus aureus F-182 Gly, - -
Listeria monocytogenes EGD NA“ - -

@ +, clear/positive; *, obscure/weak; —, negative.
b Targeting of BacL, was determined from the results shown in Fig. 6B.

¢ Susceptibility to Bac41 (BacL, and BacA mixture) was determined by a soft-agar-based bacteriocin assay.

9 NA, not applicable; L. monocytogenes has direct bridging between stem peptides.

FIG 7 Involvement of Bac41 specific immunity factor Bacl in the susceptibil-
ity of cell wall to BacL,. (A) An overnight culture of E. faecalis carrying
PAM401 (a vector control without the bacl gene) or pHT1100 (a pAM401
derivative containing all Bac41 genes, including immunity factor bacl) diluted
5-fold with fresh THB broth was treated with HiLyte Fluor 555-labeled (red)
BacL, (5 pg/ml). After incubation for 1 h, the cells were fixed and analyzed by
fluorescence microscopy. Phase contrast (Ph) is pseudocolored (green) in
merged images. (B) A cell wall fraction prepared from E. faecalis carrying
PAM401 or pHT1100 in exponential phase was diluted with PBS. Recombi-
nant BacL, (5 pg/ml) or mutanolysin (1 wg/ml) was added to the cell wall
suspension, and the mixture incubated at 37°C. The turbidity at 600 nm was
quantified at the indicated times during incubation. The values presented are
the percentages of the initial turbidity of the respective samples. The PBS-
treated sample is presented in each graph as a negative control. The data are
presented as the mean results = SD of three independent experiments.
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which is the cognate immunity factor against Bac41, did not affect
the BacL, targeting (Fig. 7A). In addition, the cell wall fraction
prepared from E. faecalis that is resistant to Bac41 due to the pres-
ence of bacl was still susceptible to the peptidoglycan-degrading
activity of BacL, (Fig. 7B), suggesting that Bacl is not involved in
the activity of BacL,. This result suggests the possibility that Bacl
confers immunity by acting on the function of BacA rather than
that of BacL, or that another factor(s) of target cells, such as mol-
ecules or receptors that are only present in the growing cells, is
involved in the Bacl-mediated resistance.

The bactericidal activity of Bac41 (BacL, and BacA) is strictly
specific against E. faecalis, and Bac41 does not show any activity
against the other bacterial species tested (Table 2). The specificity
could be partially explained by the diversity of cross-bridging pep-
tides of peptidoglycan among bacterial species. As demonstrated
by the results in Fig. 6B, BacL, appears to discriminate target bac-
terial species from nontarget species by specific recognition of
L-Ala-L-Ala-cross-bridged peptidoglycan. Indeed, BacL, is able to
target bacteria with L-Ala-L-Ala-cross-bridged peptidoglycan,
such as S. pyogenes and S. pneumoniae, regardless of the bacterial
genus. In contrast, E. faecium and E. hirae, with peptidoglycans
cross bridged by L-Asp and D-Asn, respectively, were not recog-
nized by BacL, although they are phylogenetically classified in the
same genus as E. faecalis. These observations demonstrated that
the activity of BacL, is specific against bacteria with L-Ala-L-Ala-
cross-bridged peptidoglycans. However, the bacteriolytic pheno-
type in the copresence of BacL, and BacA appears to be more
complex (Table 2). The bactericidal effect of BacL, and BacA
(Bac41) was observed only against E. faecalis even though other
bacteria are of the L-Ala-L-Ala-cross-bridge type. Interestingly, S.
pyogenes and S. pneumoniae were not susceptible to BacL; and
BacA although they were targeted with BacL,. One possibility is
that BacA is not able to access S. pyogenes and S. pneumoniae.
Furthermore, the susceptibility of E. faecalis FA2-2 to BacL, and
BacA was lower than that of E. faecalis OG1-derived strains, such
as OG1S, OG1X, and OGIRF. Thurlow et al. reported that entero-
coccal capsular polysaccharide is present in FA2-2 but not in OG1
strains (59). Thus, probably the capsule on the cell surface of strain
FA2-2 cells limits the access of BacA, resulting in the decreased
susceptibility to Bac41-induced lysis. To reveal the detailed mo-
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lecular mechanism of the Bac41 module, further functional anal-
ysis of BacA is needed.

The Bac41l-mediated fratricide module excludes E. faecalis
strains without the Bac41-encoding plasmid. Therefore, this mod-
ule is inferred to play a role in the effective expansion of the Bac41-
carrying plasmid. Our conclusion that cell growth is required for
cell lysis by BacL, and BacA (Fig. 4 and 5) is consistent with the
hypothesis because selection is involved in possible plasmid loss
during distribution to daughter cells. Hence, it is reasonable that
the Bac41 system works only when bacteria are allowed to grow,
replicate DNA, and distribute plasmid to daughter cells. Our re-
sults in this study suggest a novel player involved in the plasmid
maintenance system.
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