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Abstract

Yersinia pestis, the causative agent of bubonic plague, evades the immune response of the infected organism
by using a type III (contact-dependent) secretion system to deliver effector proteins into the cytosol of
mammalian cells, where they interfere with signaling pathways that regulate inflammation and cytoskeleton
dynamics. The cytotoxic effector YopE functions as a potent GTPase-activating protein (GAP) for Rho
family GTP-binding proteins, including RhoA, Rac1, and Cdc42. Down-regulation of these molecular
switches results in the loss of cell motility and inhibition of phagocytosis, enabling Y. pestis to thrive on the
surface of macrophages. We have determined the crystal structure of the GAP domain of YopE (YopEGAP;
residues 90–219) at 2.2-Å resolution. Apart from the fact that it is composed almost entirely of �-helices,
YopEGAP shows no obvious structural similarity with eukaryotic RhoGAP domains. Moreover, unlike the
catalytically equivalent arginine fingers of the eukaryotic GAPs, which are invariably contained within
flexible loops, the critical arginine in YopEGAP (Arg144) is part of an �-helix. The structure of YopEGAP

is strikingly similar to the GAP domains from Pseudomonas aeruginosa (ExoSGAP) and Salmonella enterica
(SptPGAP), despite the fact that the three amino acid sequences are not highly conserved. A comparison of
the YopEGAP structure with those of the Rac1-ExoSGAP and Rac1-SptP complexes indicates that few, if any,
significant conformational changes occur in YopEGAP when it interacts with its G protein targets. The
structure of YopEGAP may provide an avenue for the development of novel therapeutic agents to combat
plague.
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Manipulation of the actin cytoskeleton in eukaryotic cells is
one of the principal virulence strategies used by bacterial
pathogens. Some bacteria elicit changes in cytoskeletal dy-
namics that are intended to promote their uptake by eukary-

otic cells, whereas pathogens with an extracellular lifestyle
manipulate the actin cytoskeleton for precisely the opposite
reason: to avoid engulfment and destruction by macro-
phages and other professional phagocytes. At least some
pathogenic Salmonella spp. evidently use both strategies in
succession (Fu and Galan 1999).

Because they are master regulators of actin cytoskeleton
dynamics (Van Aelst and D’Souza-Schorey 1997; Hall
1998), the Rho family of small GTPases are frequent targets
for bacterial cytotoxins (Aktories 1997; Lerm et al. 2000).
Like other G proteins, Rho GTPases cycle between active
(GTP-bound) and inactive (GDP-bound) states. They be-
come activated by nucleotide exchange, which is promoted
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by guanine nucleotide exchange factors. The intrinsic
GTPase activity of Rho proteins returns them to their inac-
tive state. Other regulatory factors, called GTPase-activat-
ing proteins (GAPs), can accelerate the rate of GTP hydro-
lysis. The stimulation of Rho GTPases causes membrane
ruffling, which leads to internalization of bacteria by mac-
ropinocytosis, whereas down-regulation of these molecular
switches inhibits phagocytosis (Galan 1999).

The majority of bacterial cytotoxins that target Rho fam-
ily GTPases appear to be down-regulators. For example,
Clostridium botulinum, Staphylococcus aureus, and Bacil-
lus cereus produce C3-like exotoxins that inactivate Rho
GTPases by ADP-ribosylation of Asn41 (Lerm et al. 2000).
Other pathogenic Clostridia produce large cytotoxins that
inactivate Rho GTPases by glycosylation, using either
UDP-glucose or UDP-N-acetylglucosamine as cofactors
(Lerm et al. 2000). Rho GTPases are also the targets of
toxins that are injected into eukaryotic cells by the type
III secretion systems of certain bacterial pathogens, includ-
ing Salmonella enterica, Pseudomonas aeruginosa, and
Yersinia spp. Unlike the bacterial enzymes that inactivate
Rho GTPases by covalent modification, these injected tox-
ins transiently down-regulate Rho GTPases by mimicking
the activity of eukaryotic GAPs. The Yersinia pestis cyto-
toxin YopE stimulates the GTPase activity of all three Rho
family subtypes (RhoA, Rac1, and Cdc42) but has no GAP
activity against Ras family members (Black and Bliska
2000; von Pawel-Rammingen et al. 2000). The P. aerugi-
nosa cytotoxins ExoS (Goehring et al. 1999) and ExoT
(Krall et al. 2000) and S. enterica SptP (Fu and Galan 1999)
also have RhoGAP activity, although the substrate specific-
ity of SptP appears to be somewhat more restricted than that
of the others. The GAP activity of YopE is essential for
virulence in Y. pestis, the causative agent of plague in hu-
mans (Black and Bliska 2000). Therefore, YopE is a valid
molecular target for the development of antiplague thera-
peutics.

Like many proteins that transit type III secretion systems,
YopE has a modular structure. Its N-terminal domain (resi-
dues 1–89) contains the signals that target the protein for
secretion from the bacterium and translocation into eukary-
otic cells by the type III secretion machinery in Y. pestis
(Sory et al. 1995; Schesser et al. 1996). The C-terminal
domain of YopE (residues 90–219) is the seat of the GAP
activity (von Pawel-Rammingen et al. 2000). To elucidate
the structural basis of its GTPase activity, we have crystal-
lized the GAP domain of Y. pestis YopE (YopEGAP) and
solved its structure at 2.2-Å resolution.

Results and Discussion

The structure of YopEGAP

The crystal structure of YopEGAP was solved by the multi-
wavelength anomalous dispersion (MAD) method, using

selenomethionine-substituted protein. The asymmetric unit
of the crystal contained two protein monomers that are vir-
tually identical (C� root mean square deviation, 0.34 Å).
The N- and C- termini of YopEGAP are located on the same
face of a cylinder, measuring ∼45 × 25 Å, that approximates
the shape of the protein. The fold of YopEGAP can be de-
scribed as an antiparallel four-helix bundle (�1, �4, �5, and
�8) that is capped on one end by a convoluted arrangement
of four small �-helices (�2, �3, �6, and �7) and one short
�-hairpin (�1-2; Fig. 1). The presence of a proline residue
in helix �1 causes it to adopt a kinked conformation. The
distribution of atomic thermal displacement parameters
(ADPs, B-factors) is fairly even throughout the protein
backbone (〈Bc�〉 � 27; Table 1), with the exception of he-
lices �2 and �3, as well as the first few N-terminal residues,
which are not quite as well ordered as the remainder of the
structure (〈Bc�〉 � 38–45).

The three-dimensional structures of eukaryotic RasGAP,
RhoGAP, RanGAP, and ArfGAP have been reported (Rit-
tinger et al. 1997; Scheffzek et al. 1997; Hillig et al. 1999;
Mandiyan et al. 1999). Comparison of YopEGAP fold with
the structures of these proteins did not reveal any significant
similarities. In fact, apart from the other bacterial GAPs, the
closest structural relatives of YopEGAP are generic four-
helix bundles such as cytochrome b562 and cytochrome c,
which yielded DALI scores of 2.9 and 2.8, respectively
(Holm and Sander 1993).

Eukaryotic GAPs that regulate the activity of small
GTPases (e.g., RasGAP and RhoGAP) exploit an arginine
side-chain, termed the arginine finger, to neutralize the
negative charge that develops on the leaving group during
GTP hydrolysis (Scheffzek et al. 1997). The arginine finger
is contained within a flexible loop in all of these proteins.

Fig. 1. Overall structure of YopEGAP, colored according to secondary
structure precession. The critical arginine residue is shown as a stick
model.
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YopE also contains an arginine residue (Arg 144) that is
essential for its GAP activity (Black and Bliska 2000; von
Pawel-Rammingen et al. 2000). However, in YopE this ar-
ginine side-chain protrudes from the side of an �-helix in-
stead of from within a loop. The critical arginine in YopE,
which is located within helix �4, is situated directly under-
neath a bulge between helices �3 and �4, which is formed
by residues 137–141 (Fig. 1). The key arginine residue and
the two glycines associated with this bulge are absolutely
conserved in the bacterial GAP domains (Fig. 2). In close
proximity to this bulge is a second protrusion formed by
residues 182–186 that connects helices �6 and �7. The
residues within and around this protrusion are also strictly
conserved in the bacterial GAPs. Collectively, these con-
served residues form a patch on the surface of YopEGAP that
is likely to play a key role in the recognition of its G protein
targets (Fig. 3A).

Comparison of bacterial GAP domain structures

Salmonella spp. and the opportunistic pathogen P. aerugi-
nosa also inject cytotoxins with functional RhoGAP do-
mains into eukaryotic cells. P. aeruginosa ExoS is a bifunc-
tional toxin: Its N-terminal domain is a RhoGAP, and its
C-terminal domain inactivates Ras by ADP ribosylation.
ExoT, the other P. aeruginosa cytotoxin with a GAP do-
main, is very similar to ExoS (Liu et al. 1997). S. enterica

SptP also has two functional domains. Its C-terminal do-
main is a protein tyrosine phosphatase (PTPase) that re-
sembles the PTPase domain of YopH, another cytotoxin
produced by Y. pestis. The N-terminal domain of SptP is a
RhoGAP. The RhoGAP domain of ExoS and a fragment of
SptP that contains both the RhoGAP and PTPase domains
have been crystallized in complex with Rac1 (Stebbins and
Galan 2000; Würtele et al. 2001a). The ExoSGAP structure
has also been determined in the absence of a G protein
target (Würtele et al. 2001b). The availability of these struc-
tures enabled us to compare and contrast them with the
structure of YopEGAP.

Despite a considerable degree of variation in their amino
acid sequences (22% identity with ExoSGAP, 29% identity
with SptPGAP), the backbone of YopEGAP superimposes re-
markably well with the backbones of the two other bacterial
GAPs: Alignment of YopEGAP with ExoSGAP (Fig. 3B) and
SptPGAP (Fig. 3C) results in C� root mean square deviations
of 1.26 Å and 1.36 Å, respectively. The greatest difference
between ExoSGAP and the other two structures occurs near
their N termini, where helix �1 in ExoSGAP takes a sharp
turn and the corresponding helices of SptPGAP and
YopEGAP are kinked but not broken. Helix �1 is also shorter
in SptP and YopEGAP than in ExoSGAP. A few other sig-
nificant differences between the backbone conformations of
the three proteins occur in the turns between the helices. Not
surprisingly, many of the residues that define the hydro-

Table 1. Data collection and refinement statistics

Synchrotron Laboratory source

a, b, c (Å); �(°) 72.51, 72.36, 67.09, 118.17 62.69, 71.98, 62.68, 113.06
Space group C2 C2
Resolution (Å) 30–2.70 30–2.25
Mosaicity (°) 1.50 1.25
Wavelength (Å) 0.9796a 0.9795b 0.9400c 1.54178
Completeness (%)a 85 (74) 84 (72) 91 (85) 98.9 (96.2)
Redundancya 0.85 (0.78) 0.84 (0.72) 0.90 (0.86) 2.3 (1.8)
Unique reflections 13302 13254 14192 22062
I/�Ia 7.9 (1.8) 8.4 (1.5) 9.2 (1.9) 11.2 (3.9)
Rmerge (%)a 9.1 (61.0) 10.0 (63.2) 8.2 (55.0) 6.0 (22.1)
Anomalous differences (%) 9.0 8.2 7.1 3.3
Dispersive differences (%) 3.3peak−inflection; 5.4peak−remote; 4.1remote−peak —
Figure of meritb 0.53 (0.79) —

Rcryst,Rfree
b (%) 19.8, 23.8

Number of parameters 7387
Number of restraints 7258
Parameter/data ratio 3.96
Root mean square deviation Bond (Å) Angle (°) Dihedral (°) Planarity (Å)

0.007 1.4 16.5 0.03
C� Mainchain Sidechain Solvent

Number of atoms 241 962 881 67
Average B-factors (Å2) 27.3 28.2 38.4 37.0

a Highest resolution shell data is shown in parentheses.
b FOM after density modification with noncrystallographic symmetry averaging is shown in parentheses.
c Randomly selected 8% of the reflections.

Structure of the YopE RhoGAP domain
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