
proteins
STRUCTURE O FUNCTION O BIOINFORMATICS

The Rho GTPase inactivation domain in
Vibrio cholerae MARTX toxin has a circularly
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INTRODUCTION

Certain gram-negative bacterial pathogens use Type I secretion systems

to export large exoproteins called RTX (repeats-in-toxin) toxins, includ-

ing Escherichia coli a-hemolysin, Pasteurella haefflolytica leukotoxin, and

Bordetella pertussis adenylate cyclase toxin.1 These toxins are character-

ized by repeats of a glycine and aspartate-rich, calcium-binding sequence

motif. A family of multifunctional, autoprocessing RTX toxins (MARTX)

such as RtxA from Vibrio cholerae (VcRtxA)2 has been recently identi-

fied.3 MARTX toxins have several distinct types of repeats present at the

N- and C-termini, and a middle mosaic region containing multiple

domains with virulence activity.3 They also possess a cysteine protease

domain with a caspase-like fold that is essential for autoprocessing of

these toxins to release the virulence activity domains to the cytosol of

host cells.4,5 Two distinct virulence activity domains in VcRtxA have

been characterized that each can cause the host cell rounding phenotype:

an actin cross-linking domain (ACD)6,7 and a Rho GTPase inactivation

domain (RID).8 While the ACD domain modifies the cytoskeleton by

directly acting on the actin molecules, the RID domain induces actin de-

polymerization and rounding of host cells through inactivation of the

small Rho GTPases Rho, Rac and Cdc42.8 The structural and molecular

mechanisms of RID domains are unknown. In this study, we report dis-

tant homology inference, fold recognition, and active site prediction for

RID domains through comparative sequence and structural analyses. We

found that RID domains are remotely related to two experimentally

characterized virulence factors: IcsB of Shigella flexneri9,10 and BopA of

Burkholderia pseudomallei,11,12 as well as a group of uncharacterized

bacterial membrane proteins. RID domain homologs are predicted to

adopt a circularly permuted papain-like thiol protease fold with a con-

served cysteine and histidine catalytic diad. Our prediction results sug-

gest that RID domains in MARTX toxins and virulence factors IcsB and

BopA could function as proteolytic enzymes or acyltransferases acting on

host molecules.
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ABSTRACT

A Rho GTPase inactivation domain (RID)

has been discovered in the multifunctional,

autoprocessing RTX toxin RtxA from Vibrio

cholerae. The RID domain causes actin de-

polymerization and rounding of host cells

through inactivation of the small Rho

GTPases Rho, Rac, and Cdc42. With only a

few toxin proteins containing RID domains

in the current sequence database, the struc-

ture and molecular mechanisms of this do-

main are unknown. Using comparative

sequence and structural analyses, we report

homology inference, fold recognition, and

active site prediction for RID domains.

Remote homologs of RID domains were

identified in two other experimentally char-

acterized bacterial virulence factors: IcsB of

Shigella flexneri and BopA of Burkholderia

pseudomallei, as well as in a group of

uncharacterized bacterial membrane pro-

teins. IcsB plays an important role in help-

ing Shigella to evade the host autophagy

defense system. RID domain homologs share

a conserved diad of cysteine and histidine

residues, and are predicted to adopt a circu-

larly permuted papain-like thiol protease

fold. RID domains from MARTX toxins and

virulence factors IcsB and BopA thus could

function as proteases or acyltransferases act-

ing on host molecules. Our results provide

structural and mechanistic insights into sev-

eral important proteins functioning in bac-

terial pathogenesis.
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MATERIALS AND METHODS

The PSI-BLAST program13 was used to search for

homologs of the experimentally determined RID do-

main-containing region of V. cholerae RtxA (residues

2552-3099, gi|153817921) against the NCBI nonredun-

dant database (November 26 2008; 7,365,651 sequences;

2,547,387,767 letters), with an inclusion e-value cutoff of

0.001. Found homologs were clustered and one represen-

tative sequence from each group was used to initiate new

PSI-BLAST iterations to ensure maximum coverage.

Manual inspections of PSI-BLAST hits above the default

e-value cutoff were conducted to search for remote

homologs of RID domains, and the same PSI-BLAST

search strategy was used for these remote homologs. RID

homologs were submitted to the web server of

HHpred,14 a sequence similarity search method based on

profile-profile comparison,15 to search for distant rela-

tionships against a nonredundant structure database

(pdb70) and Pfam16 database (version 23.0). Domain

architecture analyses were made by submitting sequences

to protein domain database servers such as CDD,17

Pfam and SMART.18 Multiple sequence alignments were

constructed by using the PROMALS3D program.19 Man-

ual adjustment of the alignments was made with guid-

ance from available three-dimensional structures and sec-

ondary structure predictions by PSIPRED.20

RESULTS AND DISCUSSIONS

Defining the RID domain region

The RID domain-containing region was originally

mapped to residues 2552-3099 in VcRtxA (NCBI gene

identification (gi) number 4455065).8 This region alone

can cause Rho GTPase inactivation and cell rounding.8

The PSI-BLAST13 program was used to search for homo-

logs of residues 2552-3099 in VcRtxA. The first 100 resi-

dues (2552-2651) showed significant sequence similarity

to several domains in known structures. These domains

are also from bacterial toxins including the Pasteurella

multocida toxin PMT [Protein Data Bank (PDB) id:

2ebf]21 and Clostridium difficile toxin B (PDB id:

2bvl).22 They adopt a fold of a four-helix bundle and

have been shown to associate with anionic lipids and

contribute to membrane localization of these toxins. This

helical domain itself in VcRtxA is unlikely to convey the

activity of Rho GTPase inactivation as such an activity

has not been reported in its homologs in other toxins.

The C-terminal regions of this helical domain in both

PMT and toxin B contain putative virulence activity

domains. For example, a glycosyltransferase domain re-

sponsible for inactivation of RhoA is present right after

the helical domain in toxin B.22 Thus the C-terminal

portion (residues 2653-3099) after this helical domain in

the experimentally determined RID region in VcRtxA is

likely to harbor the virulence activity of Rho GTPase

inactivation. We refer to this region (residues 2653-3099)

as the RID domain in this study, as opposed to the origi-

nally proposed region of residues 2552-3099.8

Sequence similarity searches
for RID domains

PSI-BLAST searches were conducted using the rede-

fined region of VcRtxA RID domain. With an e-value

inclusion threshold of 0.001, these searches converged to

18 domains from 17 proteins in the NCBI nonredundant

sequence database. Domain content analysis revealed that

these proteins are MARTX toxins from various strains of

Vibrio cholerae and a few other bacterial pathogens such

as Vibrio vulnificus, Listonella anguillarum, and Proteus

mirabilis. The limited number of RID domains in these

toxins could have prevented generation of diverse

sequence profiles for detection of remote homologs above

the significance cutoff.

To investigate if remote homologs of RID domains

exist, we inspected PSI-BLAST hits above the default e-

value cutoff (0.001). A protein named BopA from Bur-

kholderia thailandensis was found to have a marginal e-

value of 0.05. This protein shares a sequence motif pres-

ent in all RID domains that contains a conserved cysteine

residue. PSI-BLAST searches using BopA as the query

found closely related sequences in various Burkholderia

species as well as an experimentally characterized protein

IcsB from Shigella flexaneri.10 RID domains were also

found as significant hits (e-value <0.001) using BopA as

the query, suggesting that they are evolutionarily related.

Another marginally significant PSI-BLAST hit of the

VcRtxA RID domain is a hypothetical protein from

Methylobacterium radiotolerans (gi|170748086, e-value:

0.062). The region of this PSI-BLAST hit (residues 330-

442) contains the same sequence motif with a conserved

cysteine. PSI-BLAST iterations from this protein detected

a group of bacterial proteins as well as the RID domains

as significant hits (e-value <0.001). Most of these bacte-

rial proteins are annotated as hypothetical proteins, and

a few of them are annotated as ‘‘membrane-bound prote-

ase’’ (e.g., gi|154248066) or ‘‘Zn-dependent proteases’’

(e.g., gi|163857530).

The RID domains and the homologous regions in the

detected remote homologs do not contain known

domains in public protein domain databases, such as

CDD,17 Pfam16 and SMART.18 None of their structures

has been solved in the current PDB database. We used

the HHpred server14 of profile–profile comparison to

search for their remote homologs against a nonredun-

dant structure database (pdb70) and Pfam database.

Weak sequence similarities were detected against a pro-

tein named PPPDE1 (permuted papain fold peptidases

of dsRNA viruses and eukaryotes) with a known struc-

ture (PDB id: 3ebq, solved by Structural Genomics

J. Pei and N.V. Grishin
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Consortium, unpublished results). For example, the hy-

pothetical protein from Methylobacterium radiotolerans

(gi|170748086) found 3ebq with a probability score of

47.2. Originally described in a sequence analysis work,23

PPPDE family proteins have a circularly permuted

papain-like fold with a conserved cysteine and histidine

diad for protease or acyltransferase activity. In the

HHpred alignment, the conserved cysteine residue in

RID domain homologs was aligned to the catalytic cyste-

ine in the PPPDE1 protein. Multiple sequence align-

ments19 of RID domain homologs also revealed an

invariant histidine residue N-terminal to the conserved

cysteine residue (see Fig. 1), which is also reminiscent of

the active site arrangement of a circularly permuted

papain-like fold.

Sequence and structure characterization
of RID domain homologs

In the MEROPS24 peptidase database, papain-like

thiol proteases belong to clan CA. With 24 distinct fami-

lies, this clan represents the most divergent group of evo-

lutionarily related cysteine peptidases. The circularly per-

muted papain-like proteases are grouped in clan CE, cur-

rently comprising six peptidase families. Several bacterial

virulence factors, such as Yersinia YopJ (peptidase family

C55), Yersinia YopT and Pseudomonas AvrPphB (pepti-

dase family C58), have been shown to be (circularly per-

muted) papain-like proteases.25,26 In the Structural

Classification of Proteins (SCOP) database,27 papain-like

proteases and circularly permuted papain-like proteases

are grouped in the same superfamily under the ‘‘cysteine

proteinases’’ fold, suggesting that they are evolutionarily

related. Aside from structural similarities, significant

sequence similarities have been observed for papain-like

proteases and their circularly permuted versions.23,28

Catalytically active members of these proteins possess a

conserved cysteine residue (in rare cases substituted by a

serine residue) that uses the sidechain thiol group as the

nucleophile to attack the peptide bond of the substrate.

A conserved histidine residue functions as a general base/

acid for proton transfer. These domains basically act as

acylhydrolases such as peptidases or acyltransferases. For

example, the SCOP fold of ‘‘cysteine proteinases’’ also

includes transglutaminases that transfer the g-carboxyl
group of glutamine to the e-amino group of lysine or

other primary amines.29,30

The structural core of the papain-like fold consists of a

mainly antiparallel b-sheet forming a barrel-like subdo-

main, and one or several surrounding a-helices. The cata-
lytic histidine and cysteine are located at the beginning of

one b-strand and at the beginning of one a-helix, respec-
tively. In papain-like proteases, the catalytic cysteine

resides N-terminal to the catalytic histidine [Fig. 2(b)],

whereas in circularly-permuted papain-like proteases the

order is reversed [Fig. 2(a)]. Regions outside the struc-

tural core exhibit great diversity in different structures.28

For example, two circularly permuted papain-like struc-

tures PPPDE1 (PDB id: 3ebq) and Senp2 (PDB

id:1th0)31 only share three b-strands (Fig. 1, b1, b2, b3)
and one a-helix (Fig. 1, A2) as superimposable core sec-

ondary structural elements.

Multiple sequence alignments of RID domain homo-

logs and several known structures suggest the presence of

core secondary structural elements of a circularly per-

muted papain-like fold in RID domains and their remote

homologs (see Fig. 1). The sequences of RID domain

homologs are most similar to structures 3ebq (a PPPDE

family member) and 2if6 (a bacterial hypothetical pro-

tein, solved by New York and Structural Genomix

Research Consortium, unpublished results). Among the

core secondary structural elements, strands b1, b2, and

b3 form a b-meander motif (see Fig. 2). Strand b4 is

antiparallel to b1 and completes the b-barrel-like struc-

ture. Like PPPDE proteases, two a-helices (A1 and A2)

follow the b-sheet in RID domain homologs (see Fig. 1).

Catalytic histidine and cysteine are located at the begin-

ning of strand b2 and helix A2, respectively. An aspara-

gine residue before the catalytic cysteine serves as the N-

cap for helix A2 in 3ebq. This residue is also conserved

in RID domain homologs (see Fig. 1). For papain-like

thiol proteases, usually a conserved polar residue (Asx/

Glx) in strand b3 forms an interaction with the catalytic

histidine. However, the corresponding regions in the

PPPDE family (3ebq) and RID domain homologs do not

have such a conserved Asx/Glx residue (Fig. 1, a con-

served serine in strand b3 is present in RID domains

instead), suggesting a catalytic diad (Cys-His) instead of

a catalytic triad (Cys-His-Asx/Glx) functioning in these

proteins. Another highly conserved residue in both RID

homologs and the PPPDE family is a tyrosine (see

Fig. 1) located several residues before the catalytic cyste-

ine. Papain family proteases have a conserved glutamine

residue in such a position, which has been shown to be

part of the oxyanion hole that stabilizes the main-chain

carbonyl group of the P1 residue of the substrate.21,32

A distinct feature of RID domain homologs is the long

insertion between strands b3 and b4 (see Fig. 1). In par-

ticular, these insertion regions in the RID domains of

MARTX toxins are more than 150 residues, and mainly

consist of predicted a-helices. They could form a (sub)-

domain that contributes to substrate binding or interac-

tions with other proteins. Corresponding regions in viru-

lence factors IcsB and BopA are also relatively long (>90

residues, Fig. 1).

Domain architecture and cellular functions
of RID domain homologs

Three groups of RID domain homologs were detected:

RID domains in MARTX toxins, bacterial virulence

Structure Prediction for the RID Domain
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Figure 2
Diagrams of representative structures with (a) a circularly permuted papain-like fold (pdb: 3ebq) and (b) a papain-like fold (pdb: 1khq). a-Helices

and b-strands in structural core regions are colored in red and green respectively. They are labeled in accordance with Figure 1. Other parts of the

structures are colored in gray. Sidechains of catalytically important residues (highlighted in black background in Figure 1) are shown as sticks. N-

and C- termini are marked. These diagrams are made by PyMOL.

Figure 1
Multiple sequence alignments of RID domain homologs. Catalytically important residues are shaded in black. Nonpolar residues in positions with

mainly hydrophobic residues are shaded in yellow. Glycines and prolines, frequently being in the turn regions, are colored in red. Starting and

ending residues numbers (italic), as well as sequence lengths (in brackets), are shown. Insertion regions in the alignment are replaced by the

numbers of residues. The long insertion regions in RID domains and IcsB/BopA proteins are represented in blue, bold and underlined numbers.

Consensus secondary structures in structural cores are shown for the four structures (h: a-helix; e: b-strand). The proteins are identified by their

NCBI gene identification (gi) numbers, followed by the species name abbreviations: Ac, Azorhizobium caulinodans; Bp, Bordetella petrii; Bc,
Burkholderia cenocepacia; Bo, Burkholderia oklahomensis; Bp, Burkholderia pseudomallei; Cp, Carica papaya; Ct, Cupriavidus taiwanensis; Es,

Enterobacter sp.; Et, Erwinia tasmaniensis; Ec, Escherichia coli; Gb, Granulibacter bethesdensis; Hs, Homo sapiens; La, Listonella anguillarum; Mr,

Methylobacterium radiotolerans; Pm, Proteus mirabilis; Ps, Providencia stuartii; Sp, Serratia proteamaculans; Sf, Shigella flexneri; Ss, Synechococcus sp.;

Te, Trichodesmium erythraeum; Va, Vibrio angustum; Vc, Vibrio cholerae; Vv, Vibrio vulnificus; Xa, Xanthobacter autotrophicus. PDB ids for sequences

with known structures are shown after the gi numbers. The first three structures (3ebq, 2if6 and 1th0) adopt a circularly permuted papain-like fold

and the last structure (papain from Carica papaya, 1khq) has a papain-like fold.
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factors IcsB and BopA, and a group of closely related

bacterial proteins.

RID domains

RID domains were discovered in several MARTX tox-

ins. MARTX toxins share a similar overall domain orga-

nization3 with several types of repeats present in the N-

and C-terminal regions. A cysteine protease domain with

a caspase-like fold4 is present before the C-terminal

repeats and is responsible for autoprocessing of these

proteins to release domains with virulence activity inside

host cell cytosol.3 The middle region has a mosaic do-

main structure and contains a variety of putative viru-

lence activity domains in different MARTX toxins.3 The

RID domain is one of the experimentally demonstrated

virulence activity domains.8 Sequence database searches

revealed a limited phyletic distribution of RID domains

from closely related gram-negative pathogenic species

such as V. cholerae, V. vulnificus, L. anguillarum, and

P. mirabilis. RID domain-containing MARTX toxins were

also found in the unreleased Xenorhabdus bovienii and

Xenorhabdus nematophila genomes.3 The MARTX from

P. mirabilis has two copies of RID domains.

Rho GTPases are targeted by various bacterial viru-

lence factors to modify the plasticity of actin cytoskele-

ton.33 As molecular switches, Rho GTPases cycle between

GDP-bound inactive state and GTP-bound active state.34

GAPs (GTPase-activating proteins) facilitate the hydroly-

sis of GTP to GDP for Rho GTPases. On the other hand,

GEFs (GDP-GTP exchange factors) activate Rho GTPases

by releasing GDP and allowing binding of GTP. Inactiva-

tion of Rho GTPases by the VcRtxA RID domain leads

to actin depolymerization and rounding of host cells.8

Four mechanisms of Rho GTPase inactivation used by

bacterial virulence factors have been discovered, including

covalent modification of Rho-like GTPases, proteolytic

cleavage of Rho-like GTPases, mimicry of host cell GAPs,

and dephosphorylation of proteins regulating upstream

signaling pathways.8,33 RID domain-induced cell round-

ing and actin depolymerization were prevented and rap-

idly reversed by CNF1-induced constitutive activation of

Rho GTPases, suggesting that the RID domain does not

directly act on Rho GTPases by proteolytic cleavage or

glycosylation.8 Experiments also showed that the RID

domain lacks GAP activity and phosphatase activity.8

Thus, the RID domain might adopt a different mecha-

nism of Rho GTPase inactivation than the four known

inactivation schemes. Several possible mechanisms of the

RID domain have been proposed, including regulation of

the activation state of Rho GTPases, activation of GAPs,

inactivation of GEFs, and interference with signaling

pathways upstream of GAPs and GEFs.8 The prediction

of a circularly permuted papain-like fold and the pres-

ence of conserved catalytic residues suggest that the RID

domain carries out its function by using a peptidase or

acyltransferase reaction. For example, one possible mech-

anism of the RID domain could be inactivation of GEFs

by proteolytic cleavage. The substrate(s) of the RID do-

main remain to be experimentally discovered. The pres-

ence of a membrane-binding helical domain just N-ter-

minal to the RID domain in MARTX toxins suggests that

the RID substrate(s) have a membrane localization. Inter-

estingly, structural studies revealed that a highly divergent

papain-like protease domain is also present C-terminal to

such a helical domain in the P. multocida toxin PMT.21

IcsB and BopA

The Shigella IcsB protein has been characterized as a

virulence factor delivered to host cells by the Type III

secretion system.9 A subsequent functional study suggests

that IcsB is important for Shigella to escape autophagy,10

a host defense system that engulfs and sequesters bacteria

in membrane-bound organelles such as phagosomes.

When IcsB is mutated, the VirG protein (also called

IcsA) of Shigella induces autophagy by binding to the

host autophagy protein Atg5.10 In nonmutant Shigella,

IcsB inhibits such a binding event and thus prevents

autophagy.10 Interestingly, the function of VirG is to

induce actin polymerization at one end of the bacteria to

facilitate their motility inside the host cells. Therefore

IcsB also has a function related to actin cytoskeleton.

Contrary to the actin depolymerization phenotype caused

by the RID domain, IcsB indirectly facilitates actin poly-

merization by protecting VirG from being recognized by

the host autophagy machinery. The molecular mecha-

nism of IcsB has not been revealed by experimental stud-

ies. Our prediction results suggest that IcsB could help

protect VirG by proteolysis of Atg5, or via an acyltrans-

ferase activity that abolishes the interaction between VirG

and Atg5.

The BopA protein from Burkholderia pseudomallei, a

relatively close homolog of IcsB, is also a putative Type

III secreted virulence factor.11 Recent studies showed

that BopA has a similar function to IcsB in mediating

bacterial evasion of autophagy.12 Close homologs of IcsB

and BopA were only identified in Shigella and Burkholde-

ria species. IcsB and BopA are about 500 amino acid res-

idues in length. The regions homologous to RID

domains are located at the C-termini of these proteins.

The N-terminal regions of about 120 residues in these

proteins harbor a SicP binding domain (Pfam entry

PF09119). SicP is a chaperone that maintains the stability

of certain bacterial proteins and assists their secretion.35

The Shigella flexneri IpgA protein, encoded by a gene im-

mediately downstream of the icsB gene, serves as a chap-

erone required for stabilization and secretion of IcsB.9

Similarly, the BicP protein of B. pseudomallei is a puta-

tive chaperone for BopA.12 Thus the SicP binding

domains in IcsB and BopA proteins may facilitate

Structure Prediction for the RID Domain

PROTEINS 417



chaperone-binding and play a role in their stabilization

and secretion.

Uncharacterized bacterial membrane proteins

A third group of RID domain homologs are from bac-

terial proteins mostly annotated as hypothetical proteins.

Although a couple of these proteins are annotated as

‘‘membrane bound protease’’ or ‘‘Zn-dependent pro-

teases’’, we found no experimental studies on them, nor

did protein domain database searches reveal any known

protease domains in them. These proteins also have a

limited phyletic distribution. They are mainly from the

proteobacteria species, and a couple of them are from

the cyanobacteria species. Most of these proteins have a

signal peptide and several transmembrane segments at

the N-termini, suggesting that they are secreted mem-

brane proteins. The regions homologous to RID domains

are located at the C-termini of these proteins. As an

exception, a relatively divergent member in this group

from Trichodesmium erythraeum does not have trans-

membrane regions (gi|113475387, Fig. 1). Its open read-

ing frame starts right from the predicted b-strand b1,

which indirectly confirms the domain boundaries of

other RID domains. The cellular functions of these puta-

tive peptidases are yet to be revealed by experimental

studies.

CONCLUSIONS

We report homology inference, fold recognition, and

active site prediction for RID domains present in certain

multifunctional, autoprocessing RTX toxins from bacte-

rial pathogens. Remote homologs of RID domains were

found in bacterial virulence factors IcsB of Shigella flex-

neri and BopA of Burkholderia pseudomallei, as well as in

a group of uncharacterized bacterial membrane proteins.

RID domain homologs are predicted to adopt a circularly

permuted papain-like thiol protease fold with a con-

served cysteine and histidine catalytic diad. RID domains

of MARTX toxins and IcsB/BopA could function as pro-

teolytic enzymes or acyltransferases acting on host mole-

cules. Our computational analyses offer insights into the

structural mechanisms of these bacterial virulence factors,

generate relevant hypotheses, and facilitate experimental

design for them.
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