R RS BES L O BORGHIRICHTS
EABREDER & BAICED < RISHIE

—H I 1B A ER la kBT IF LD
.

B R 15
SHTER AR A /LRI T603-8555 SRR SASTHALIC 1AL
e |

FUERPE R G ARl T603-8555 HUERIF m#liALX L&A L

TP aBmALRIMENDE/ ADP YR IIEBRTH S Ia &k, 77 F> D ArglTTZ2HEH(C ADP )KL
3%, ADP YRS IIMEDORIGHEZMNDI(ICE, la &7 7 F L DESKEEOBREANEETHSH, AROEET
% NAD* #£8BE LV [a-ADP JRI LT 7 F o OESEEEXHONTE BN >0 TRHDESEDEE
Z/RBINEREESEC X BEITRROEM L ERTHEREBRYERL, NAD* MEELTOAWTRE Ta-7 7 F
CHEARNERER, COTREIa-T I/ F L BARNEREZETAR, NERHISRICEL - EHTRETZ L
TNAD* &8 la-7 7 F> & 1a-ADP YR ILT 7 F L OEAKBEREZEY D TR LICHYIL, S REE

BEZBESMCL7co ADP )RS JMEREDEIEDOEEN D, ADP )RS JMEDRIGHME E LT “strain-allevia-
tion (BE&AEF) EFIL" ZIBIEL 7= (PNAS2008, PNAS2013), A#F YV HIR=ZI LA A D 2 DDHfEkE

BTTYUF> ArglTi~A® ADP )R JUEDEBMIRIENEED LEZIOND,
CDRHTET7RBEESENDD NAD* FEBESERE LV Ia-ADP YR IIUET7 7 F L EEEFROER L,
ZFNOLDOEECEDC ADP Y R JIUEDRIGHEZ BN D,

1. ADP YRIIVLEFE

ADP U R bk i3, ADP Y RV VKRR &
(ART) ICX» CHl&ERRISNALHKILT, NADY 2 5
ADP V) AR — 255 Y0 S NEERY 2 R 7 BIC iz 6
N5 EER®KEMO—>TH 5 (Fig. 1), £/ ADP VRy
IARIE 3 % 5 E OB 7 R ORI E A 1 = X AICBIR T %
CEDPHLMICEIN, FNHDO ART 2N ZENDOER X
VINZBICHEDE, W ODOXA TITHETAHT EPT
&%, Fig.2hiC R4 Lo x4 71 Tal 5k
F, BHMERY LRGBS T o Ry Y
EWBBY, TnHEATFE—0O GTP#EE X VXV ED
VATAVELRTIVF VU ERBEREL TWh, 44T
HichEshbY 750 78R & RHIRE BN elongation
factor 2OV 7 2 I FEREMT 59, 24 FII & LT,
Ry D X AED C3#HFEL, GTPIREA X V/IX\VBEDT A
INSEVREFELD, 24 TIV T, "YU XAED
C2HHESD L 2 IV 2 WDOA X XFROD, TI7F /D
TIWFEZ VA ADP U RV IVILd %, T, BOX A7
IVEIRED T 7F VU EBENET AR TIVEF Tk

{AVF = v % BAid % toxin complex component C3
(TceC3) %, fllox A7 LiFHFA D GTP &% /8
TBEEBERE LGN DT ANGF TRl 7IVa IV
wlBhlid 5 TecCo e EH L W2 4 7O ART b =1
VCV‘%H%

ART ([ ZHIBNC Y 5 712 ADP U IR v )V L EE R
ST Z B RRT  A Fe D, — D OBEROFRICTE ST OBFR
REOLOLBIL, BEFRT D & T A« DY T
Sy P ELTES2LDOLB % (Fig.2h), ART i3, BED
ITVFRYA T =V ZAOBEEFHL TV R Y —A%FIY
ELTHIFEMICA DAL, BEDBEST2TV FY —LA0Y
V) — W EE L G AR % 52 5 B i Y 7 1=y
FMCED IV FY—LapbilEEICRITTAEEZ DN
212-16)

Fexid, xA T E2ATIVOFBEREEHIEANRE L
T\Wb, Higld, MENTOY 7 I IURERICEE LS
T8 G % N7ETH % Rho AT B L~ /a5
B RITL, TOREBEO—-> L L CRIEMICHIEHRIC
LB LU MO EN R TE%<7%% (Fig.2B), 4%
DRAATINBRIT 7 F /B BRNICERTAHZ L TH
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Fig. 1 Catalytic mechanism of ADP-ribosylation reaction. Step 1: Cleavage of nicotinamide moiety and production of
oxocarbenium cation. Step 2: deprotonation of Argl77 of actin and making bond between NC1 of N-ribose and

guanidyl nitrogen of Argl77.

A
Typel: Target
» Cholera toxin (V. cholerae) Gs (arginine)
» Heat labile enterotoxin (E. coli) Gs (Arginine)
« Pertussis toxin (B. pertussis) Gi (Cysteine)
Typell: Target
« Diphtheria toxin (C. diphtheriae) . .
) i eEF2 (Diphthamide)
- Exotoxin A (P. aeroginosa)
Type lll : Target
‘ « C3 toxin (C. botulinum) RhoA (Asparagine)
TypelV: Target

« lota toxin (C. perfringens)
« C2 toxin (C. botulinum)

- CDT (C. diffcile)

* VIP2(B. cereus) Actin (Arginine)
- SpvB (S. enterica)

« VahC (A. hydrophila)

\ ‘ Unknown function

B subunit:
Transporting subunit

A subunit:
Enzyme subunit

B
Type lll Type IV
Rho specific ART Actin specific ART
- v ¥ - =

invasion using host endocytosis

l ADP-ribosylation l

ADP ADP

Effect to Polymgfization
actin/tubulin cytoskeleton N
Cﬁ” aﬁhesion
cell-cell contact
smooth muscle contraction Ce_II death
secretion Diarrhea
endocytosis
transcription activation W
cell cycle progression
cell transmission F-Actin

apoptosis

Fig. 2 A) Classification of ARTs based on their target specificity. B) Effect of ADP-ribosylation by Type III and Type

IV ARTs.

B ERRCER L, M2t < RE I ERE T+, M
B2AEAICA DA

HIGENTH L, 58 & L CHilasens
B EWMTEOHBER & W OBEBER KD N T FIZR & OfE kA
slEk x5 (Fig. 2B) 1719,

Dby A Wk A T B REEAET BN, FDO—DOTH
HAGT R BEIIEET 712y FThH S la & Eigky~

1=y FTHLIb THRENS, A 2@mHRT, 247

IVICGEEINT 7 F O ArglTTn 8 24912 ADP U Ry
WAL 5, Taicid ART IC L RAF SN/ 3 DDOHIBA B
N, Z»O—>IC ADP-ribosylating Turn Turn (ARTT)
W—"T LI N S ADP VR VIV KE<SBELTWA
FIK P D 5, ZOFIKDAIZ T 512 38Glu-X-Glus?
(EXE) £F—7#d1D, T Glud78& Gludg0D —>D
72 2 VEEE ADP U IRV ABIEEICAR AT R TH 5,
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212, 2003417 Ta B 420, 200841212 NAD* 7
F+ 17 ThAHBTAD % i\ 7= la-7 7 o O E A EH
WA BT L, HEEICEES < ADP U RV IUEDRIE
BRICET 2mA e B, Larl, £ROEETHAS
NAD* 23f&E& LB &1k ADP U Rk sni7 7 &
Vg 8 RICEHEDO I LB, 1§ 5N T W REE TSR
B Heo T\,

2. EHRGARICESITIEHRBEROER

CNE T L 290,000 %88 2 AED 2 /N7 HD X
Hi 5 K 55 2 Protein Data Bank IC B &g X T W A
(20149 H)o ZTh X bibih & 3Y—TWENER LW
ARREDTHY, 2/ /N7 ELRRICK L5, DX
VN B ORER R A IDICIRB T LS DA ) —=
THATD . FRHENER T % 2 VR BRIEOEE RO
B7n CIXEOMEFROBRINDEERY, Sbk5 TR
BLETH S,

A A2 wm#EIall BT, NADH % /{3 NADPH 73 #%
HL7cla¥itkd la, BTAD, 77 F v O=FE K%
LT L TE2, oL 7 IVF = 8RN ART
DR THIOBEEHREETH -7 L, AKROILET
» 5 NAD* L OBEEEL, ADP URVIVbZHH 2Tk
59, FORICHEHEOFEMIITHTH - 7=,

NOLOBEAENMEELHIL, ADP URY LA it
F 57 la, 77F v, NAD* OfEdilb =17 C&
7o L2L, la, 7275, NAD* O=&%EH L
L ATHFEMEBEL N TERP -7, THIE, =
E0REE L ADP URVIVIERT 7 F /1S mains & la
EADP ViRV IULEINIT 7 F VDREET 5720 Th 5
EEZ NIz, ZORITEBROPT, Fxldla T 7
VD&, DF D NADT OfEE L Tz W7 RO Ja-7
7 FUEEEOR RS LI L7 (Fig. 3R), %
72, XHREHTEROBE DK D X SO RKFORE & 705
728, KDL ZBFIE T 5720 OPidfEAl & L TAH A
Vo, 7 m— VS A O TR ST OB A T 5 7ok
B, TFL V7Y a— LBV TRbEBEVWKHEBELN
72e TF L7 ) a—)LD ADP VRV LA D84 |
JoETh, HOEALLITF L V7Y a—)L ADP UR
VIEEIET S C ARSI NIz, CNHOHRR AR E
2T, THREEE KRS L L FOEREZ 1T - 72 (Fig.
3B),

Q7 REGE & k% NAD- L =1L V7Y a—)b
% G kG e LR ISR

@7 REKE G545 w NAD T % & 3k a b B IR I 12
Bk, TFL V7 a— L& RMERICK
LR

ZOFER, EEOTIE, NAD*Y i3f54& L C\Wwzs ADP
YRV IEIREE & T Wik A B 5 2 LT &7 (Fig.

A apo-la-actin crystal

I
©

active
site

i

B procedure 2 Sgllﬁtti’;n
procedure 1@

/‘»i?\

NAD*+ Ethyleneglycol
Solution

Ethyleneglycol
Solution

"’J‘ acll a-l

inhibition of
a‘ ADP-ribosylation

Observed electron density from data set of X-ray diffraction

Fig. 3 Soaking method to create NAD* binding la-actin complex
and Ia-ADP-ribosylated actin from common apo-Ia-actin
crystal.

30, i, BIFQD%E, ADP URYIUEARIEHE DK
i 45 Z LA TE T/, (Fig. 3C),

3. ESHIBED 5 D1ER

DX DICHTe BIRPLDO T T NAD RIC 7 R Ta-
T IV OE AR TR LIC k- T, NADY-Ta-7
7F v & 1a-ADP VIRV IUMLT 7 F v DF—2 v &
ZINZENLIBA L22 A D5 REETHE 72, WM O
R, WEEOEEREELT RE (Fig. 4R), NAD* #5528
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la

Actin

BTAD-la-actin

la-ADPR-actin

Fig. 4 Overall structures of Ia-actin complex during the reaction. A) Apo-la-actin, B) NAD*-Ia-actin, C) Close-up
view of NAD*-la-actin, D) STAD-Ia-actin, E) Ia-ADP-ribosylated actin, and F) Close-up view of Ia-ADP-
ribosylated actin. ARTT loops are shown with dotted line in C and F.

(Fig. 4B), Ta—ADP VRy k7 7 F/ (Fig. 4E) & H13
ER U TH > 7o, EWEEGTICH O i nwA R 50
7%

NAD*-Ta-7 7 F VIZBW THRERE GBI ITiT-> &0
L L7 NAD* OFEF#EH» A 5n/: (Fig.3C), ADP
4513 Ta @ Asn335, GIn300, Arg295, Arg352iC L DIEH N
HEDIC Lo EEESN, NUR—AH5 & oaF
V7 X FEaIE e nZE N Glu380 & Arg296F 812 X 0 [H
EIN, ZaFVT I FEGAEI L /S A &% (Fig.
4C), ART IZ 51 % NAD* DRl L /& o ART
THLRHEINTEVHEL TV AHERNTESE Th 5,

[a-ADP VR IUbL T 7 v Tid, ADP U R— AF45
I NAD* AR L FERICITaD 4 >DOT 2 JFEICL - 220
LREIESNTWz, UL, NADT #E&RIC /6 7o
I N2 > T N UR—Af 5 a5 7 I F
WA T, —aF VT I Py ORTEESHEAL, N
UR—2ZORTHEE L7210 Argl77: 01 RH Sz,
DL E, ADP URVIULT 7 F v D Argl77(3 Ta O )
AFlEH S, ADP UR—2 LfE46 L Tz (Fig. 4F),

ADP ViR a iz G-7 7 F v Ofild, SpvBic
roEfixhsizd O Margarit 512 L D& S h -
(PDB: 2GWJ, 2GWK)22 75, 7 7 F v/ KIKOHE & 138 &
MICENT WL DD ADP URVIVEEE, ZF086 EIC
FORLZZLFITEC L7, LrL, AL, BHE
SR T ADP U RVILIRIG & 1T - 72728, RIGHK
D la & ADP VRV IALT 7 F 2 OFFEEN T B, %
OfEHE, ADP VRV IVEN A ICEEINAHT LTRSS
L, TOFBYLIZH LB 2 T 53,

4. RIGHEE

7 RF, NAD* &R, Ta-ADP U RIUMLT 7 F v/,
BTAD &8, Zh ZNOE GRS BB L/l
ORGSR A I < 12U T O X 51T “Strain-Allevia-
tion model (BXiR LM €T IV) " Z W L 7 (Fig.
BA)21.23)_

NAD*-la-7 7 F V&N &, RERTFTHHT 7 F v
Argl77fI88D N i & N U 7R — A NC1 & O o i
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Fig. 5 Schematic illustrated mechanism of ADP-ribosylation. A) Cartoon representation of ‘‘Strain-Alleviation
model’’, B) Schematic mechanism of ADP-ribosylation. Arrowheads indicate the nitrogen atoms of N-ribose

(NC1) and side chain of Argl77 (N).

1382A Th -7 COMMTREHERIET S LIFTE
T, BETHICRMEADOHETID8.2A #iFd 5 hE
BdbH, UL, ArglT7h580 < 220 TIRENKZ O fi
DiEE A 2137 < NAD* #& ¢ [afii L HOT 7
VaVhRIALEDRDH EE X T,

NAD* 28 # & 4 % B 1 ADP & 4 1% Ia @ Asn335,
GIn300, Arg295, Arg352iC L VEE SN 5, HC Asn335
377 =, Gn300i& A VR—A%, %L T Arg29 &~
Arg352(3, 250 VEEX M E/EMAL C, NAD* % g
I 0 B E WV EBSIRIREE ORIk 1L Tk,
D & 5 IR 7 NAD* ORE», NAD+*<ADP U R—
A ATFIANVRZTAAFA V) +=aF VT I FOF
fim /264 S HEMI9 % (Fig. 5A, 5B (i), =127 7 F
VIMEAT AT L Tla, BT ARTT L— 7S L L
(Fig. 4C, 4F), —oF 7 I FHAUMis g —hRlikTh
HEFV NIRRT ANAF AV PERSND, —aF VT
I FUMitE, AV VR A F A S Tyr251 & 8
FAV-n HAEFRIZ LV RELSNTWE, ZaF Y

7 RN TIE8.2 A oM E &7\ (Fig.

5A, 5B (ii) ),

ADP U Ry AL # ORERE I 35\ T ADP 50 13 4R AR L
SN EEEIN TV LG, NADYEZaF V7 3
RPN/ Z & TArg296I1c L5 =057 2 ROREEMN
Ry, NUBR—ZADRERELOHT S, T,
ARTT V—7 D7 X /OB I LD N UR—2fjv) v
g% &ds 2 KO P-OfE & TEER L 4 WL Ah

F AV HBRESEZAL L T rp A AR S %, (Fig. BA,
5B (iii)) CHIZ LV N UR—ZADNCL & Argl77D 77
ZVNEROEREAREIC Lz, SHICARTT LV—70
TI/BBBENTHT LT, R AglTTAG EH S
N, BEIICN U R— 2 & Argl77OFEHEE82A 7 6
1.49 A 10 & CTfed B ADP U RV L EE A Argl77 & 54
T&5 L5275 (Fig.5A, 5B(iv)),

5. ADP YRIIMLENETIF D
B leADRE

T 7 F VMRS KEICETEL, K< RESNZ Y
NZBETHY, MIEBE, BoEE, Aarms, fao
T &R OHI 7 & EE e MR IC B 5L T b, &
7o, MRBERKOFELBRELE LT, G-77F v (#
BK) 745 AV IRTHLEF-T7FV (HEEK) O
TIREEDOHTEML Tw 5, ML 727 7F /132K
PROEND LI LTT VF VT 45 AV FRIEERL T
% (Fig.6A), @I G-T 7 F v & F-7 7 F /DO IRiE
DO TFg e bin s Hifa O LTE LR L T\ 5
75, MR OETE LM S e ERBEITIN LT 7 I T 4
S AV P OMFEPER IO, e B CEER R E A R
L-’Cb\za)24,25)o

T, TOADP VRVIMLI N T 7 F /i3 ED LD
ICHRAME L R R+ D72 A S, F-7 7 F /0%, HER
ThAHGTI7FV/EEFREVEERTHY, 74T AV
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(-) pointed end

”ation direction

disturbance of neighbouring
actin molecule binding

Fig. 6 Fitting an ADP-ribosylated actin into the filamentous actin
structure. A) Actin filaments undergo treadmilling. Actin
monomers add at the (+) barbed end and dissociate from
the (—) pointed end. B) The structure of intact actin molec-
ules are fitted into the cryo-microscopy electron density map
(EMD-5168). C) Superposed structure of ADP-ribosylated
actin on (B).

FERERT A G-T7 7 FVOEBP—ETIE R\ T 1T
AV W —Is R SICHET 5 EDRHETH - 1o7- 0k
2lrFEEERHCONTER, F-7 7 F VO &E3E
HEVHA TR Do 72 19904, G-7 7 FVDJFET L
NV ORE 7> DNase [ & O#E A4 & L T Holmes 512 &
DEIG PIC S N7220, & I B i X R MkAE [Ed 525 C
F-707F D G-7 7 FVORMEBLEL, Thrw i
T4 TGAVET I FVOETIVIESHREL 227, <6
ICHRGE T, 794 AR AW/ FEIC L D6.6
A0 35 X 176.0 A2829) 53 fiRBE O R T E 5318 /- (Fig.
6B), COETHEIC X MAEmHSEIMC L 06 2ICS
NI-G-T7 7 F Vv ERTEIDHAH T ETEIE S LDEE
W7 7 F T 45 AV OREERHELNMCS NI, ZO
IEfERT 7 F V7 05 AV FOREEIC ADP U RV ILEL
o7 7 FVEERENRSL EICLD, ADP URVIVELSBED
TIFUGTFENREELRILTEY, METEhnw
RGP/ (Fig.6C), CHIZXODT 7FV 7 4
FGAV R ZENU EMERS 5 R TEFRETRS &7

0, MRE & LB HERF T E 72 <R D RIS OREG L
7RI 3\ TR O FREE AN C 0 M7 & OfER 7 35 C
TEEZON D,

6. ¥&H

UEDESICTRIa-7 7 F VEEKROR % ADP U
RO IR & LT L, S 612 NADT & Jiiss
HIOBE LM & L TNADY TV v 7 ) a— LR
V=% 7L LIRBE Y —F 7y, NSO
75 NAD+-la-7 7 5/ & 1a—ADP U iR LT 7
DESREEDOREE R L NIC LTz COT Z7F VDT ILE
ZVICH 5 E N/ ADP USRIV EOR AL, X5
NAD* & Ia-7 7 5V #E &K, ADP URVILLT 75
L la ODBEEHRIEFOTORETHY, ChHOREND
T IF DT IVEZ D ADP U R VLD RSERE & L
“C “Strain-Alleviation model-84E & 2 FIE IV %R
L7

FTRCOBHBEFE-FEE S V7 BICOWTSEOD LD
7 RRAEEHERAEONS LIER 520, COES
EERR AL S LA TENTIREORBEOML SR T la-
T 7 F LRI ROGHTER O M35 2 N TE, KIG
BEZHONCTALGEL TS CEMTEH EEZ T
Do

ROFFE L HTA skt oe [l 70 v 7\ A RIS X
DLy T FIOVEA AR - IS ORISR | (DFoeitE s
5123121529, 25121733) I3 J UVRAST K2k IS 1Y I 22 4L
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Modification reaction mechanism based on the
complex structure of enzyme-substrate protein at
pre- and post-reaction states

—The reaction mechanism of iota toxin from
Clostridium perfringens—

Toshiharu TSURUMURA Kyoto Sangyo University, Kamigamo Motoyama Kita-ku, Kyoto, 603—
8555 Japan

Hideaki TSUGE Kyoto Sangyo University, Kamigamo Motoyama Kita-ku, Kyoto, 603—
8555 Japan

Abstract lais mono-ADP-ribosylating toxin secreted by Clostridium perfringens, which ADP-ribosylates to
arginine 177 of actin specifically. To understand the mechanism of ADP-ribosylation, it is neces-
sary to reveal the complex structure of la-actin, which is enzyme-substrate protein. However, the
complex structure of NAD*-la-actin and la-ADP-ribosylated actin are open question. To obtain
these structures, we refined the conditions of crystallization and X-ray diffraction experiment.
Through trial and error, we succeeded to obtain the la-actin complex crystal without NAD*.

Using two different conditions of crystal soaking, we obtained the la-actin complex crystal hold-
ing NAD* and la-ADP-ribosylated actin complex crystal, and then we revealed high-resolution
structures of them. These structures are correspond to pre- and post-states of ADP-ribosylation,
respectively. According to these results, we suggested ‘‘strain-alleviation model’’ as an ADP-
ribosylation mechanism in two articles (PNAS2008, PNAS2013). In this model, la ADP-ribosy-
lates actin arginine 177 via two oxocarbenium ion intermediates.

We introduce ADP-ribosylation mechanism based on these structures using complex crystals of
modification enzyme and substrate protein; NAD*-la-actin and la-ADP-ribosylated actin.
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