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Regulation of Rho GTPases Signaling Pathways by
Bacterial Effectors in Host Cells
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Abstract Bacterial virulence often relies on secreted effectors that modulate eukaryotic signal
transduction. Pathogenic bacteria injects effectors into host cells by secretion systems, infecting and disrupting
host innate immune defence. Phagorytosis, a process regulated by actin cytoskeletal rearrangements, plays an
indispensable role in innate immune system. As a pivotal regulator of actin cytoskeleton, Rho GTPases are main
targets of bacterial effectors. Bacterial effectors could act as a GEF or GAP towards a special Rho GTPase, inactive
Rho GTPases by triggering the release of them from membrane by removing carboxyl tail, mimic Rho GTPases

directly, act upstream of Rho GTPases, or direct posttranslational modification of Rho GTPases. All of these help
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to create a favourable environment for bacterial survival, replication, and releasing virulence factors. Dysfunction

of Rho-regulated signaling pathways are implicated in severe human diseases, such as mental retardation,

immunological disorders and cancers.
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A)~ Racl(Ras-related C3 botulinum toxin substrate 1).
Cdc42(cell division cycle 42)%% il 5 W3l 2 (1 40 i &
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RhoJl A 1 40 B 248 d ) 3 24 E I A, BRDIX 28
155 W48 1 2R 35 7T DARH LR A MR /R FH, o V40 B8 7E 18
TN AR A R AT PR Rho HY 1 5
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E)M1SptP(Salmonella protein tyrosine phosphatase)], 7]
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*1 HAEYNELRHELERARESETE(41]1E20)

Table 1 Bacterial effectors and their targets (modified from reference [41])

o S A LA E| PEHIBL AT RURE Vil S 3CHR
Pathogen Effector Target Activity Secretion system References
EPEC/EHEC O157:H7 Map Rho GTPase GEFs 1 [5]
Vibrioparahaemolyticus3 VopS Rho GTPase AMPylation 111 [6]
Shiglla spp. IpgB2 Racl, RhoA GEFs 111 [7]
Legionellapneumophila AnkX Rablb Phosphocholination v [8]
Legionellapneumophila SidD Rablb DeAMPylation v [9]
Legionellapneumophila DrrA/SidM Rablb AMPylation, GEFs v [10-11]
Histophilussomni IbpA Rho GTPase AMPylation 111 [12]
Yersinia spp. YpkA Gog, RhoGTPase Ser/thr kinase, GDI I [13]
Yersinia spp. YopT Rho GTPase Cysteine protease 111 [14]
Yersinia spp. YopE Rho-likeGTPase GAPs I [15]
Salmonella SopE Cdc42, Racl GEFs I [16]
Salmonella SptP Rho GTPase GAPs I [17]

EPEC: Ul K #F i ; EHEC O157:H7: Jig H it K HAF i

EPEC: enteropathogenic Escherichia coli; EHEC O157:H7: enterohemorrhagic Escherichia coli O157.
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DL B 1 Rho & #5185 T B[ 9] 4iMap(major acute
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T8 3 6 Rho#EAT B 4 1 8 158 5 42 i 48 L 2 0 (91 dn
VopS(vibrio outer protein S)], #f1fj 4% 5 = VL 5h & A
) IR O U 0 T NS & e s BV VA s =
1 ERho/ 3 M5 Z B I T EHE— 2518 .

1 AENEBE{ARhoRIEATEF
Rho™J PLIEGTPZ: & K HUH IR MGDPES & I
RIS Z WAL, EAEFA LR S VRN TR
ZZ 4 [Fl - (guanine nucleotide exchange factors, GEFs)
FGTP N #E & [ i (GTPase-activiting proteins,
GAPs)HEAL(E1). TR 5Rho ™ A X I8 (switch T
IS & RE TR REIAE . XA X TR
AT T 73 T IO 2 A AR RS 5 1 OB S A
Salmonella T2 73 Wk 2 Gt 43 W 11 200 N 3R
SopE. SopE2#1SptP#B 1] LA #2475 il 75 Rho GTPase
HiBhE A, ARl H I T Rho GTPasefkifi (15 = i@
P17, SopEMISopE2 /2 15 3 41 il Cdcd2 1) & IR i 1%
IR IR 1o 11 TR A i SR 1 3R 11 46 B 1A 3
I W & U SopE /& Cded2 flRac 14 2% 1) 1 12 14 4%
FFER 2 e [H 7, #R1M0, SopE2 X g AICde42 21
F . SopEFISopE2& [A i & H, K+£GEFsI)fg, Al
BB 4 A JF S Cded2, 33 G Cde42 filRacl,
P UM BERE S, AT AR T BN, BT
411 AL () Rho X 1 i 7 M GEFs#R & A — AN 1 57 AU Dbl
[F] Y5 45 #4358 (Dbl homology, DH), XA~ 45 f4 I 2 1% 17
XLy TS PE ) — 873, 4545 FIRhoffswitch |
FIIIX . SopEFISopE2 ] FL 4% £ & JF Wi 1 41 i
Cded2, Al S HRRZHe . AT BoR, DXOIT
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O 1 4 Rho 5K IR, T AN A2 3 i Ak S 8 i
SopEF1SopE2 5 DHZK i £& 1 JF 41 AH ALk B AR A, 15
5e AT VE NGEFs. XN AT 5% A 4 S
M KIRho il — JC B A A%, TR T IR AT 4 R T8 5
Buchwald%"S13#7 T SopEHE AL F BURICded2 40 AR
FARIXO A 4 44, 45 RN, SopE 4514 58 A AN
T DblF¥Rho GEFs, iX 47 I SopEH R 5 DbIFE &
FIRAESS K b5 ANE], (HE AT DIENGEFs. #H)%,
1ESalmonellaff]SptP & /E HRho ZK R JGAPs, 7] LA
SopEEl # SopE21%5 3 {5 5 Ml B& AH K5 1, AT LAAE T

JE B NG, PR IEH A& 424584 . SptP-Racl
HE R ER, 6 0RE R MG HAR
F-1H5 7L 3 ¥R ho-GAPs, {HSptP{ B A I #E 1) 5% 5L,
A% K GAPsHIGTP/K i Ll e -
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2N EE [ YopTH] B YJRho % Ik 2 (1 W, Bl 1k
RhofJGDP/GTPfi¥ . YopT B YIN-K bify 57 [ 4k,
ot 2 2 [FIRhoA . RacFICdc42, # BY U 5 [IGTPase
F8 R B I 2 A o 2 o IO IR HH IR (geranylgeranyl
cysteine methyl ester)", i B UL 2 85 40 B B0
N, 16 F MR R 7EREBEZ 5 D] SCREEN
T 5 R B, Cded2mT H] Yop T &5 1%, 5t B Cded2
s YopTHINE AL il ZE V) EIAL 5FH U % [F) Ar 2
Fr i (%S CysHFI™C Gly#s ic, 1 %= 5 4 B o
fif BT FEL B9 (matrix assisted laser desorption/ionization,
MALD) 7 #r, 45 R 27w, fEIFEI SURT 0 5 4k
B ) 2 IOk 22 R W] A At ) T

SH R W, YopTr B Y] 454 GTPE GDP )
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E A4 P9 1 F 95 2 W, YopTHIRhoA [ 4 ELF FH v] LA
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JEE ORI XA R 5T FL K 2, Yop T 35 U1
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ACAAXE T(C: LA RIS A: NI B IR ik
F X AT R BRI /NG E A n] R TR S AR 1,
Horh, S S0 B L 7% By v] AL R IR, AT R
I, YopTH] 58 42K Rho & Ui [ R L #2 [k i £ L
Rho’Kii

X YopT4E 14 1 Fo0Mll v, & I YopT /e — A = it
AMREON, FEARTETESE = KER
LR IR L Cys139. His258 fll Aspl174, iX =
AN AL B B (C/H/D) AN A 1 A7 B ] 2 1) — 2 454
Y58 T YopT A& 2 D U IR 25 1 B PR T B (carbonic
anhydrase, CA)”Z R ) 71, YopTH It B hr Ta
R E ()L 46 3 7324
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T I LRI, A S8R B [ R B AR/ Rho
VA RS 5 RE, XN A Map. IpgBl1.
IpgB2F1SifA(Salmonella-induced filament A), & 111
FF AU AR RAMEARAG, 1B 2 #8& A — R SF T Wxxx S
s, XTRAEIFIEEA EEAEH . WxxxEREAL T
C-A i, v 5 RLRE S A5 5 B, AN & H 4
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WxxxERUW & 7= AE RN AR 2 o Map ] 5 5 221k
PRI, I HLAT A Cded2 55 S0 4 iz i
%o TpgBIE4RhoG, 75 5 41 i s 45 4% 1 2 120
IpgB2 7] L5 f/jRhoA, 1A #FROCKSE 4 ilF B, IpgB2
4 7T BUERhoA T i AR F-ROCK(Rho coiled-coil
p160 serine/threonine kinases), il ARho A5 5 iM%, LA
A DN ES o e U

SifA C-K ¥ & A WxxxERAA, 538 8 1 SopE
S5 K — 3, SopEA & — Mk K I GEFIE PE (1) 40 15
RUNLEE o X SopESS M HEAT fE AT B, XA E
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TR VF G, — /NI 2EEE VI AT
B, A B EHGAGARAI Z k. SopE5Cded2
&4, 7 FswitchX [ 5%, X & H T GAGAR £
I N\ Blswitch IFILZ 8], 724 1 HE R B2 3 v] 75 &
15, M A A A IR 1A R 27, X ol AV ) R0 4+
WE A 1% HF R 22 4 R 7 ¥ GDPAZ # A GTPHI AL il 2
Bho FAKIM 5, SopER] 254 £ i GDP-Rho GTPase
switch IFIIL I, #5253 45 & GDP ¥ switch TRITTI R
#HF, H3GDPREIN. BiJE, Rho GTPase 5GTPAH
HAEH, 53 GTP-Rho GTPaselt) % i) B A8, i H4b

THIRIRES . SIFAFISopE M # LE M AL 43 (1 25 1)
S AR R, (E A B AT ESIfATR IR A R I R
Hoim k. MapRURi i B 5 Cded2 5 & 1 & 4 45 1)
I, L SopEMISIFARY AL, HEMIAEMapH 547K
GDPZZH NGTPHIMEATEE . RIR G Tk TEBRAT
548 40 M ot B AR A P, el B0 U
P77 A 0 AN 2R . SopE R g Rac 1 FlCded2, fi
X NOD1(nucleotide-binding oligomerization domain
containing 1)f5 5 B %, NOD1 AT LA %0 41 i i o 43k
AW PR W, B 2 5 S PIP2(phosphatidylinositol 4,5-
bisphosphate) /- 3 [))NF-kBAK #i (17 %8 i [ B & 2
A RBIERY, 0 5 AK5 S HIRho/ NG I BEGE AT
HIINODIUE 5 IE B i 1 kA, WL ah ¥ vl i
NOD & 5 @ A A I R 42

A WETUR I, Map ] 5 7 1k 45 5 2 A % H
R 11Cdc42, N5 S GDPIIBE LG TPII I, 7
41, XfMapHICded2 5 & 1 di PR 45 K il b R B, A&
ANRTEAE S RS T — A Z MR AN — AN DY R R, T
BT VRLEE R, — MBUE R E L E A VT
B o XS 5 SopESS MIAIALL, REFEFF A Bk
[H] Y5 1%, {HMap K SopE-5Cded24 & Ja #e % /2 AH AU
f, Ui B IX W 2 2 8] AH AL GEFE AL AL . Map
A 5 Cded2H ) switch T HAEH, fEMapfEALIR ()
PRI 5 H KA R 1), B2 IRk Ak 5 A
HEERAT KB,

B W5 R B, TE 201 9 K AT B (enteropatho-
genic Escherichia coli, EPEC) " ] EspM(Escherichia
coli secreted protein M)P"'H1 EspT(Escherichia coli
secreted protein T)P'H H A WxxxE#ifk, EspM 5
IpgB2T)j g FHALL, T i 3 MM T-ROCK i B 7 £ 4
A, AR W A5 B T30 fURhoA, JF B
SEIG 3R B, BEspM ] 5 S Rho A% . EspTHIME H 2
7R BCIR I 2 HITE K, X STpgB1AREL, I Bl i &
2P Y0 R A R TR i, ) R AS IR ATL A AT AT B 3 Rac
ANCded2. 2 HRAE L (14 11 P ML AR 3T Rac 1 24 A
¥ WAVE2(WASP/Verprolin homologous protein 2),
WAVE2 & —Fi Lzl 8 H I 7 8 E, AT 154 A8
#Hf.

4 ZHEN R B EE L Rho LifF5T FGagq
7 B IR #% 1K T & (Yersinia) ™, % B IS 43
W 2 48 47 Wb B RN R A YpR AT 22 &R/ 75 &R %
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fiff(Ser/Thr kinase)i 1, H. 7EC-A i #8 7> 47 2K LA 15
#F Rho-GDI(Rho-guanine nucleotide dissociation in-
hibitor) F¥) 3 1, 72 £ T 20 i B 4 . YpkAFIGDI
I 1% B A7 P 5 Rho%h & 4 i) A% 1 R 22 Ht, B3R ¥
AL YEA M E R . AWK, YpkARSer/
Thrif i 1% P ] A 2 i 2 1. Gaq(G q protein alpha
subunit), fHN-A 5 R 57 I Go B R 45 & 11 [X 15S47
WERR A, R AT BAs D> 5 H IR 46 &, FH 1EGoq ) ¥
. GoqRGH A ZK W P Gz 5 i, A2 A I
o, AIEGEBEIRBECSE N AR 5 1. i
YpkASr T HIGaq i iR A6 AT LA 1 22 A4S T i {5 5 1
H o 1ENE A BRAM TN, Gaq Rl % HIRho A 5 1)
LBl 5 L) 27 48, Gaqff) 2% 3% 7] LA YpkA 5 3
WUsh & B 4T 4 R oA, IR 3 R AN T YpkA
fJRho GDI P ). [K I, YpkAFIC-K %Rho GDI
SERL I T ELAEAT T RhoARY,

Pha%F P 5T 1 YpA(E 5 1% F AL, L TTSS
N BIYpRAT] BLAS & JF B BE R 1 Goq, #1#]Goqfs
S M. N T T YpkAT W I 5 R A A I ik
K, LRV T ANN-R i Gk 2K AR 1 GFP(green
fluorescent protein)-YpkA, 5 JEIHEAT 508 JLUTIE L
5. SR04 AR, YPKAT 2E40~4907 & 2 R 2 K
Wt G I, 1ESEE Y, YpRA R 2 40~4907 2 5L 1R
HIER T F IR S &, TR BE R AL AR P40 1
N T VRN M YpkAfE A5 5 BONLH, I HVORH i
B BRE r, L HI BRI R 22 E IR
R AL AL 5y R 435 ) R YK A ) C- A S [X A
T AR T HOVE B e ok B R
BHARIFE] T ZAEE R 1) L Z R B N R R
A HIYPRA LS 1, 45 REIR, FEN-AR i i) 2 A 3 B R
AL 51T YpR ARG 11 . 7E YpkAZ M KA H
BERR AL, W REE Y T e g 12 AR I R B PR
TR

5 MEMNEBSNRhoMEZNEIER
(X%

— BN 2R 38 1] BLXT Rhodk 47 B 122 1 B i
JEAE, H RTHRE 1 R — A IR B &, BT
£ RhoAH 2 3747 75 % Bk - Rac1 A Cded2H 5 3547
AR B A I — A R — B R 2 A
(AMP), iX 275 % R #5 /2 switch T_E {57 (& 3
R — M, AR E Rho 2yl & i@ it pHIEH 5

B R 454, Rho GTPasefE switch 1[X )4 J&
PR ke P SRR R K 1 40 1, e N R B 4 6 )
HBAL BN, RhoARIEE 3747 752 B8 (Racl A Cded2 25
3SHLIF AR RS EE B ) 2 B IR R R A, M\
3 — 77 THIIE B 7 3 1 B L i i 225 2 Rho 2 # 4 H 1)
HIELH BB 5Y . VopSaE K H T3 J5 A4 il v if A B
(Vibrio parahemeolyticus)III ¥ il 2 G5 (TTSS) I Rk
N E, 7] PLiE T {#Rho GTPasesk i i ¥ 1 3= L
FE TS, VopSa| fEswitch IS 75 % B2 (RhoA
H 553707 75 & BR, Racl F1Cdcd2 553507 75 & R ¥4
B FRE e M AR I — AN IR — B R 4R A1 (AMP), {f
HRUE. ST, AMPY B IR — B g LA & B 2
AL ). VopSHL & A C-AK Ui Fich #4 I (cAMP 5 3
() 22 4R W), IR AN G5 R 3Rt 1 e A 0 1 A B AR
F o Lo PEAR T (EFic &5 M 385 5 AR ((HPFX(D/
E)GN(G/K)R]) A —/AMRSFIIHEARRS . fHift 7t
KW, VopSHHIHINF-«B15 5 &A% 1 H0E, I AL
Rho2x 72 A 2 P ROR, & B R ENIZ) &
SEY RS @RI e

TE WU 22 48 30995 TR B FIR P 2H 21 1 (Hiistophilus
somni) R I, FRETHITbp At Fic4h M8t X Rho
JUR T Ak % 7% B 09 7% 1E' . IbpA(immunoglobulin-
binding protein A){EHC- R i £ % P ANFic 4 1435
5 VopSAH 1L, TbpAH Fic4h #) 38 5 i 7] T 12 1fiRho-
GTP, J H X Pl (175 M AR 115 5 B T &
. IbpALjVopSAs[F &, 774E T IbpAH i) — Fic
SRy ] DA R R AL Rho A 553747 5 2 2, Racl Al
Cdcd2 53507 75 2 1R . (H &, AMPHH 1] 22 B (cross-
linked)#|RhoA switch 1[X 35, 75 — 3447 57 I % 2=
TRk FE . fERhoAH, Thr34 Fll Thr377E switch I[X 2 {f
SF IR, AMPIE i £ BHFSRho GTPaseXt | 5 5 7 1
(AR5 . XS Tbp AT VopS [ i 4 45 K i At & B (P2 70
K13), P& A AL B2 e Fic 4 /) ik 3 &, R 541 A
J5 M 1) S 55 7E [HPEX(D/E)GN(G/K)R A A (1) ZM]
IbpA Fic-Cded2 52 & 1A 45 4 Je ik | Cded23% 42 [X 481
AL 7 AlTbpA Fic2 3 2 i AH B E F 2R e,

TEIbpA Fic2H, M %% switch ITFIHE /K B fil (hy-
drophobic contact) [ #¥1& H T-VopS, B A7ECdc42iE
BEILIX [ 98 48 7] LS Wi Ibp A Fic2 A1 VopS I i it
1o BEANEL I AR S A0 LTI T TbpA Fic2F1VopS
KA A switch TIX &5 A5, X Wl fdre 17 vt
P T DA I A switch TIX AN AR L . difd
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SopEs

YopT YpkA

SptP mimic

N2
I
)
iﬂ

Cdc42/Map

RhoG/lpgB1 RhoA/lpgB2

Bl N EBXEERhofESEEEETERRESE T 42112250
Fig.1 Regulation of Rho GTPases signaling pathways by bacterial effectors (modified from reference [42])

Arm domain

HPFAEGNGR

Fic domain

IN- R S R A A 0,458 5 (10 45 A 3 W 3RO o e 2 MBI €
R, LB FRNHPFAEGNGREIR . — J 45 K4 oA Rl 45 ) FTN- A
FIC-Auf EAEE P FRC . a9 Fal OFFBERIR, [ T 2k R o
The N-terminal helical motif including the arm domain is colored in
blue. The Fic domain is colored in orange. The HPFAEGNGR motif
is highlighted in red. Secondary structure elements and the N- and
C-termini of the structure are labeled. Part of the alf9 and alf10 loop is
disordered and shown as dash lines.
B2 HIREFARIbpA Fic2 IEHIIRTESE 36112250
Fig.2 Ribbon representation of IbpA Fic2 structure

(modified from reference [36])

PR AL R R R AL 5, IbpA Fic245 1438 W] L4
AR BEAL SN P2 ). IXSCHF TR TEN B3R

Pl EU bR C-t  N-3iir o C- 2R 3 B 35 2 (. 2R 45 1) b AR ST IR Fie B4,
(HPFX(D/E)GN(G/K)R)#& I H 4T % o

The C-terminal, N-terminal are labeled. The C-terminal conserved Fic
domain is colored in green. The (HPFX(D/E)GN(G/K)R) is colored in red.

3 VopS FicZEHig (1R 155 % Lk 43115850
Fig.3 Fic domain of VopS (modified from reference [43])

A R AL, RN Fickh i) dal f6 A0 IR 7 Ak, 73X
AN AR, R SR SR A% I ATP-ol R 2 ], 1E
HPFX(D/E)GN(G/K)RAE A H (1 4 2 18, 7T Il 5] K 2
i v ) B 1 DA SE G I R el A E ARG,
Ty —ANFicZh S R I A 2% 7% i 1) 25 44 T DA iR
VIFIATPIIB. yBERRHE 45 & R e,
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KR T B0 (Drosophila melanogaster), & 2%
LL T Fickh 14 45 1) £ 1 oL AE AR Ah S B b BoR, A H
JiR A T . B K AT 1 (Escherichia coli)
P P14 S 1 8 oA T 2 B B M 1R (Pseudomonas
syringae)[] AvrB(avirulence protein B)H & I ) 5 4
HoA 54938, FrNDoc, ¥ 5 Fict M AE 7 51 M 25 7
A TFVENE . KinchZF P H X 26 25 f I3 M Fic 45 14
B G — L, MRS — A D e 4 R IR SR, A
4, NFido(Fic. DocHlAvrB). H Rij i 4%1iF B, DocHll
AvrBJe 5 A I H A VE F, X Fls v e 15 2
XfRhoft] .

VopSH& i 1 75 28 IR 11 A& X ME AR IR 28 M AT B4
(Clostridium difficile)7F Z BRI HIAL A, E Lk 3EAL
ffiRho GTPase’& i, X 581 | fERhofE 5 1@ i
R R E AN, fECded42H, TbpA Ficl& i 175
AR RO I VIR A 2, Xt omii
7 1ERho GTPaseswitch I#4 R o] B PE. 7F i #%
AW, Fieh M8 2 A7 AE, AT LA AE JR A% A2 )
HAAE R E MR E B IS

TE W i 14 2. [4] 9% AT B (Legionella pneumophila)
1 % IR, DrrA T % Rablb switch TTIX 35 o i % 2
(Tyr)bk 25 B 7 B ALY (HDrAR . AR A G H
Fic&E F 38, A7 LN g0 T 23 208 5 B 1 I A0 4 7% il
(glutamine-synthetase adenylyltransferase, GS-ATase)
T, XA — R T FicHR 5 AR T AR P AL
il o

6 TESRE

Tod SR AR 7= A 22 b 2R B gk N A 32 A i
FRho, RN & [ 7] X Rhof 5 il % AT 2 75 AL 11
o RhofE 701198, HORAS 1) A8 ] B 42 5 i
iy AP R A S A s = K7/ N 23 OAS e R
Rho &K HH EAEH, A AH A5 ik, Gl A
FIF 95 J B AL A7 IR o 3 R T 808 R 1 T AR
Rho 1) ¥ 5 7 B A5 S il i sBTv). B e
J& FIRho, A1 H 23 AT LB B 07 1 40 i 1
Rho, 75 N5 5 IHE; iR BiE 5 i+
f1Gaq, [8]4 % Rhoi 4T 4 15; B Rhoidk 47 IR H M
SRS 2 . Rho AN AT LSk AR L) £ 1 48
YR, LW S S REAT R 1) 22 J7 TH R R %, i A
Wi 4EMT R, JERIFRIASE . BRI I B AR B
VAT RhoMAE AL, 7T LLATEYT 5 Rho s A DG

PRI S —For R, I H AT I I 5 24 %
JEARIE IR EAT A RGBT, LLBH B Ji 1 R
A S B A o 09 S B RN E ]
CAYE DR IR B 1 T 240 P A5 5l e 1) TR, S ml DA
0 A5 5 B A O E 1 R B, AT T AT
ZHE RS T IR T AR SR .

SE ik (Reference)

1 Enninga J, Rosenshine I. Imaging the assembly, structure and
activity of type III secretion systems. Cell Microbiol 2009;
11(10): 1462-70.

2 Aspenstrom P. The Rho GTPases have multiple effects on the
actin cytoskeleton. Exp Cell Res 1999; 246(1): 20-5.

3 Ridley AJ, Hall A. The small GTP-binding protein rho regulates
the assembly of focal adhesions and actin stress fibers in response
to growth factors. Cell 1992; 70(3): 389-99.

4 Nobes CD, Hall A. Rho, Rac, and Cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with
actin stress fibers, lamellipodia, and filopodia. Cell 1995; 81(1):
53-62.

5 Huang Z, Sutton SE, Wallenfang AJ, Orchard RC, Wu X, Feng
Y, et al. Structural insights into host GTPase isoform selection
by a family of bacterial GEF mimics. Nat Struct Mol Biol 2009;
16(8): 853-60.

6 Yarbrough ML, Li Y, Kinch LN, Grishin NV, Ball HL, Orth K.
AMPylation of Rho GTPases by Vibrio VopS disrupts effector
binding and downstream signaling. Science 2009; 323(5911):
269-72.

7 Alto NM, Shao F, Lazar CS, Brost RL, Chua G, Mattoo S, et al.
Identification of a bacterial type 111 effector family with G protein
mimicry functions. Cell 2006; 124(1): 133-45.

8 Pan X, Lithrmann A, Satoh A, Laskowski-Arce MA, Roy CR.
Ankyrin repeat proteins comprise a diverse family of bacterial
type 1V effectors. Science 2008; 320(5883): 1651-4.

9 Neunuebel MR, Chen Y, Gaspar AH, Backlund PS Jr, Yergey A,
Machner MP. De-AMPylation of the small GTPase Rabl by the
pathogen Legionella pneumophila. Science 2011; 333(6041):
453-6.

10 Miiller MP, Peters H, Blimer J, Blankenfeldt W, Goody RS,
Itzen A. The Legionella effector protein DrrA AMPylates the
membrane traffic regulator Rab1b. Science 2010; 329(5994):
946-9.

11 Machner MP, Isberg RR. A bifunctional bacterial protein links
GDI displacement to Rabl activation. Science 2007; 318(5852):
974-1.

12 Worby CA, Mattoo S, Kruger RP, Corbeil LB, Koller A, Mendez
JC. et al. The fic domain: Regulation of cell signaling by
adenylylation. Mol Cell 2009; 34(1): 93-103.

13 Dukuzumuremyi JM, Rosqvist R, Hallberg B, Akerstrom B,
Wolf-Watz H, Schesser K. The Yersinia protein kinase A is a host
factor inducible RhoA/Rac-binding virulence factor. Biol Chem
2000; 275(45): 35281-90.

14 Shao F, Vacratsis PO, Bao Z, Bowers KE, Fierke CA, Dixon
JE. Biochemical characterization of the Yersinia YopT protease:



T 5 20 1 A0 2R 10 1 4R R ho/ NG ER FUAE 53 4 14 1 4 A 209

20

21

22

23

24

25

26

27

28

29

Cleavage site and recognition elements in Rho GTPases. Proc
Natl Acad Sci USA 2003; 100(3): 904-9.

Black DS, Bliska JB. The RhoGAP activity of the Yersinia
pseudotuberculosis cytotoxin YopE is required for antiphagocytic
function and virulence. Mol Microbiol 2000; 37(3): 515-27.
Friebel A, Ilchmann H, Aepfelbacher M, Ehrbar K, Machleidt
W, Hardt WD. SopE and SopE2 from Salmonella typhimurium
activate different sets of RhoGTPases of the host cell. J Biol
Chem 2001; 276(36): 34035-40.

Mattoo S, Lee YM, Dixon JE. Interactions of bacterial effector
proteins with host proteins. Curr Opin Immunol 2007; 19(4):
392-401.

Buchwald G, Friebel A, Galan JE, Hardt WD, Wittinghofer A,
Scheffzek K. Structural basis for the reversible activation of a
Rho protein by the bacterial toxin SopE. EMBO J 2002; 21(13):
3286-95.

Vonaesch P, Sellin ME, Cardini S, Singh V, Barthel M, Hardt
WD. The Salmonella typhimurium effector protein SopE
transiently localizes to the early SCV and contributes to
intracellular replication. Cell Microbiol 2014; 16(12): 1723-35.
Shao F. Biochemical functions of Yersinia type 111 effectors. Curr
Opin Microbiol 2008; 11(1): 21-9.

Popoff MR. Bacterial factors exploit eukaryotic Rho GTPase
signaling cascades to promote invasion and proliferation within
their host. Small GTPases 2014; doi: 10.4161/sgtp.28209.

Seema M, Yvonne ML, Jack ED. Interactions of bacterial effector
proteins with host proteins. Curr Opin Immunol 2007; 19(4):
392-401.

Zumbihl R, Aepfelbacher M, Andor A, Jacobi CA, Ruckdeschel
K, Rouot B, ef al. The cytotoxin YopT of Yersinia enterocolitica
induces modification and cellular redistribution of the small
GTP-binding protein RhoA. J Biol Chem 1999; 274(41): 29289-
93.

Schmidt G. Yersinia enterocolitica outer protein T (YopT). Eur J
Cell Biol 2011; 90(11) :955-8.

Orchard RC, Alto NM. Mimicking GEFs: A common theme for
bacterial pathogens. Cell Microbiol 2012; 14(1): 10-8.

HandaY, Suzuki M, Ohya K, Iwai H, Ishijima N, Koleske AJ, et
al. Shigella IpgB1 promotes bacterial entry through the ELMO-
Dock180 machinery. Nat Cell Biol 2007; 9(1): 121-8.

Buchwald G, Friebel A, Galan JE, Hardt WD, Wittinghofer A,
Scheffzek K. Structural basis for the reversible activation of a
Rho protein by the bacterial toxin SopE. EMBO J 2002; 21(36):
3286-95.

Bulgin R, Raymond B, Garnett JA, Frankel G, Crepin VF, Berger
CN, et al. Bacterial guanine nucleotide exchange factors SopE-
like and WxxxE effectors. Infect Immun 2010; 78(4): 1417-25.
Keestra AM, Winter MG, Auburger JJ, Friassle SP, Xavier

30

31

32

33

34

35

36

37

38

39

40

41

42

43

MN, Winter SE, et al. Manipulation of small Rho GTPases is
a pathogen-induced process detected by NOD1. Nature 2013;
496(7444): 233-7.

Arbeloa A, Bulgin RR, MacKenzie G, Shaw RK, Pallen MJ,
Crepin VF, et al. Subversion of actin dynamics by EspM effectors
of attaching and effacing bacterial pathogens. Cell Microbiol
2008; 10(7): 1429-41.

Bulgin RR, Arbeloa A, Chung JC, Frankel G. EspT triggers
formation of lamellipodia and membrane ruffles through
activation of Rac-1 and Cdc42. Cell Microbiol 2009; 11(2): 217-
29.

Navarro L, Koller A, Nordfelth R, Wolf-Watz H, Taylor S, Dixon
JE. Identification of a molecular target for the Yersinia protein
kinase A. Mol Cell 2007; 26(4): 465-77.

Pha K, Wright ME, Barr TM, Eigenheer RA, Navarro L.
Regulation of Yersinia protein kinase A (YpkA) kinase activity by
multisite autophosphorylation and identification of an N-terminal
substrate-binding domain in YpkA. J Biol Chem 2014; 289(38):
26167-77.

Visvikis O, Maddugoda MP, Lemichez E. Direct modifications
of Rho proteins: Decon-structing GTPase regulation. J Biol Cell
2010; 102(7): 377-89.

Woolery AR, Yu X, LaBaer J, Orth K. AMPylation of Rho
GTPases subverts multiple host signaling processes. J Biol Chem
2014; 289(47): 32977-88.

Xiao J, Worby CA, Mattoo S, Sankaran B, Dixon JE. Structural
basis of Fic-mediated adenylylation. Nat Struct Mol Biol 2010;
17(8): 1004-10.

Mattoo S, Durrant E, Chen MJ, Xiao J, Lazar CS, Manning G, et
al. Comparative analysis of Histophilus somni immunoglobulin-
binding protein A (IbpA) with other fic domain-containing
enzymes reveals differences in substrate and nucleotide
specificities. J Biol Chem 2011; 286(37): 32834-42.

Cui J, Shao F. Biochemistry and cell signaling taught by bacterial
effectors. Trends Biochem Sci 2011; 36(10): 532-40.

Kinch LN, Yarbrough ML, Orth K, Grishin NV. Fido, a novel
AMPylation domain common to fic, doc, and AvrB. PLoS One
2009; 4(6): e5818.

Aktories K, Barbieri JT. Bacterial cytotoxins: Targeting
eukaryotic switches. Nat Rev Microbiol 2005; 3(5): 397-410.
Alto NM, Orth K. Subversion of cell signaling by pathogens.
Cold Spring Harb Perspect Biol 2012; 4(9): a006114.

Aktories K, Barbieri JT. Bacterial cytotoxins: Targeting
eukaryotic switches. Nat Rev Microbiol 2005; 3(5): 397-410.
Luong P, Kinch LN, Brautigam CA, Grishin NV, Tomchick DR,
Orth K. Kinetic and structural insights into the mechanism of
AMPylation by VopS Fic domain. J Biol Chem 2010; 285(26):
20155-63.





