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The bacterial pathogen Vibrio parahemeolyticus manipulates
host signaling pathways during infections by injecting type III
effectors into the cytoplasm of the target cell. One of these effec-
tors, VopS, blocks actin assembly by AMPylation of a conserved
threonine residue in the switch 1 region of Rho GTPases. The
modified GTPases are no longer able to interact with down-
stream effectors due to steric hindrance by the covalently linked
AMP moiety. Herein we analyze the structure of VopS and its
evolutionarily conserved catalytic residues. Steady-state analy-
sis of VopS mutants provides kinetic understanding on the func-
tional role of each residue for AMPylation activity by the Fic
domain. Further mechanistic analysis of VopS with its two sub-
strates, ATP and Cdc42, demonstrates that VopS utilizes a
sequential mechanism to AMPylate Rho GTPases. Discovery of
a ternary reaction mechanism along with structural insight pro-
vides critical groundwork for future studies for the family of
AMPylators that modify hydroxyl-containing residues with
AMP.

Pathogenic bacteria possess a mechanism of virulence called
the type I1I secretion system (T3SS)* that enables pathogens to
evade and disrupt host signaling systems during infection (1).
The T3SS apparatus contains a base that spans across bacterial
membranes and a needle-like structure that extends through
the cell wall and across the host cell membrane. Bacterial pro-
teins, called effectors, are translocated through this structure
into the host cytosol (2). These effectors are quiescent in the
pathogen but mimic or capture an endogenous eukaryotic
activity inside the host cell to promote the progress of infection,
disease, and survival of the bacteria (1).
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The pathogenic strains of the Gram-negative bacterium
Vibrio parahemeolyticus, a leading cause of global seafood-as-
sociated food poisoning in humans from the consumption of
raw or undercooked shellfish, encode two T3SSs, each translo-
cating a unique repertoire of effectors (3). Infection with
V. parahemeolyticus causes gastroenteritis with clinical symp-
toms resulting in diarrhea, nausea, vomiting, fever, and head-
ache (4, 5). The second secretion system, T3SS2, has been asso-
ciated with enterotoxicity, whereas the first, T3SS1, is
associated with cytotoxicity (6). T3SS1 uses a unique mecha-
nism to kill cells that first involves induction of autophagy fol-
lowed by cell rounding and, finally, cell lysis (7). The first step,
autophagy, is caused by the effector VopQ (VP1680), whereas
cell rounding appears to be mediated by the effector VopS
(VP1686) (8, 9).

Bioinformatic analysis revealed that the C terminus of VopS$
contains a protein domain called Fic (filamentation induced by
cyclic adenosine monophosphate) (8). Fic domains are evolu-
tionarily conserved from prokaryotes to eukaryotes and fall into
a domain superfamily called Fido, which comprises three pro-
tein domain families: Fic domains, Doc (death on curing)
domains, and AvrB (avirulence protein B) (8, 10). All members
of the Fido superfamily have similar tertiary topology. Fic and
Doc domains have the conserved central HPFX(D/E)GN(G/
K)R motif, whereas AvrB members lack the conserved histi-
dine. Until recently the function of Fic domains was not known
(11).

Initial infection studies with wild-type laboratory strain and a
VopS mutant strain of V. parahemeolyticus demonstrated inhi-
bition of Rho family GTPase activation. Rho family GTPases are
small G proteins that have essential roles in actin cytoskeletal
dynamics (12). Yarbrough et al. (8) discovered that the Vibrio
Fic domain-containing protein, VopS, uses ATP to directly
transfer an AMP moiety to a conserved threonine residue
located on the switch 1 region of Rho family GTPases. The
newly discovered functional activity of Fic domains was eluci-
dated, and the posttranslational modification was named
AMPylation (8). The resulting AMPylation prevented interaction
of Rho GTPases with downstream effectors, thereby inhibiting
actin assembly in the infected cell. The inhibitory AMPylation
activity of VopS was abolished when the conserved histidine from
the central Fic motif was mutated to an alanine (8).

These recent discoveries indicated that the function of Fic
domain-containing proteins is to mediate the novel posttrans-
lational modification. The newly discovered posttranslational
modification of AMPylation is similar to many other posttrans-
lational modifications, including phosphorylation, which uses
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ATP as a substrate (11). Phosphorylation occurs also on tyro-
sine residues, and subsequently, a Fic domain-containing bac-
terial virulence factor was shown to AMPylate a tyrosine resi-
due on host GTPases (13). In this paper we present the
structural analysis of a Fic domain for the first functionally
proven AMPylator, VopS. We performed kinetic analyses on
mutants of the protein to determine the catalytic contribution
and molecular role of evolutionarily conserved Fic domain res-
idues. Also, mechanistic kinetic studies provide evidence of a
sequential (ternary complex) mechanism used by VopS to
mediate AMPylation of its eukaryotic signaling targets.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—VopS-(75-387) was
cloned into pGEX-TEV vector to generate a (GST)-tagged
VopS-(75-387) construct for purification using GST affinity
chromatography (Sigma). The construct was transformed and
expressed in Escherichia coli BL21 (DE3) cells with 0.4 mu final
isopropyl B-p-thiogalactopyranoside (Roche Applied Science)
for 20 h at 20 °C. Cell pellets were stored at —80 °C. Cells were
then lysed using a cell disrupter (EmulsiFlex-C5, Avenstin Inc.)
and affinity purified via GST chromatography (Sigma). The
GST tag was removed with overnight cleavage at 4 °C using
recombinant His-tobacco etch virus protease. The protein was
then loaded onto a 1-ml HiTrapQ HP column. VopS fractions
were pooled and subsequently loaded onto a HiLoad 16/60
Superdex 75 (GE Healthcare) column in a final buffer contain-
ing 10 mm Tris, pH 7.5, 50 mM NaCl, 1 mm DTT. Selenomethio-
nine-labeled VopS-(75-387) protein was expressed in the
methionine auxotroph E. coli strain B834 (DE3) (Novagen).
Cells were grown using SelenoMet™ medium supplemented
with selenomethionine (Molecular Dimensions Ltd), and VopS
was expressed and purified similarly to the native protein.
Wild-type GST-VopS and mutant GST-VopS-(31-387) con-
structs were cloned, expressed, and purified with GST affinity
chromatography as described above. VopS mutants were made
using site-directed mutagenesis that was performed according
to the manufacturer’s instructions (Stratagene). For kinetic
studies the wild-type and mutant GST-VopS-(31-387) con-
structs were expressed and purified using GST affinity chroma-
tography as previously above. The GST tag was cleaved as
described above, and the protein was loaded onto a 1-ml
HiTrapQ HP column to collect cleaved wild-type or mutant
VopS-(31-387). Protein was buffer exchanged in 10 mm Tris,
pH 8.0, 100 mM NaCl, 1 mm DTT, 10% glycerol with Amicon
10K concentrators and stored at —80 °C. The His,-Cdc42-(1—
179)-Q61L construct was generated using a pET28a vector
(Novagen). The clone was transformed in BL21 (DE3) cells, and
protein expression was similar as described above. His-Cdc42-
(1-179)-Q61L pellets were purified using immobilized metal
ion affinity chromatography (Sigma). Protein substrate was
buffer-exchanged and stored at —80 °C as described previously.
Protein concentration was assayed by the Bradford method
(Bio-Rad) and purity by SDS-PAGE analysis.

Limited Proteolysis—Stock trypsin dissolved at 1 mg/ml was
serially diluted (1:10, 1:100, and 1:1000) in 10 mm HCL. 1 ul of
trypsin dilution was added to recombinant VopS-(31-387) in a
50-ul volume. Each reaction was incubated at room tempera-
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ture for 30 min and 5 ul of 0.1 mg/ml Pefabloc (Roche Applied
Science) to stop the proteolytic reaction. Reactions were ana-
lyzed by SDS-PAGE and stained with Colloidal Blue (Invitro-
gen), and samples were N-terminal-sequenced. Samples
subjected to matrix-assisted laser desorption ionization time-
of-flight to determine the total molecular weight.

Protein Crystallization—Initial screening of purified VopS-
(75-387) at 12 mg/ml was performed in sitting-drop vapor dif-
fusion mode in 96 -3 well Intelli-Plates (Art Robbins Instru-
ments) at 20 °C. Initial hits were seen in the PEGs Suite
(Qiagen). Crystal condition #37 with 0.1 m HEPES, pH 7.5, and
25% (w/v) polyethylene glycol 3000 was selected for optimiza-
tion. Optimized crystallization conditions were 0.1 M HEPES,
pH 7.25-7.5) and 21% polyethylene glycol 3500 at 4 °C with 6
mg/ml protein.

Data Collection, Structure Determination, and Refinement—
Diffraction data were collected at the Structural Biology Center
at the Advanced Photon Source (Argonne National Labora-
tory). Data sets were indexed, integrated, and scaled using the
HKL-3000 program package (14). The native VopS-(75-387)
crystal had the symmetry of space group P2, with unit cell
parameters a = 66.67 A, b = 6232 A, c = 75.76 A, and B =
91.3°, diffracted X-rays to a minimum Bragg-spacing, d,;,,, of
1.80 A, and contained two molecules in the asymmetric unit.
Phases were obtained from a selenomethionyl-substituted pro-
tein crystal by the single-wavelength anomalous dispersion
method using X-rays with energy near the selenium K-shell
absorption edge. Selenium sites were located using the program
SHELXD (15). Phases were refined with MLPHARE (16),
resulting in an overall figure of merit of 0.17 for data between
30.0and 2.28 A. Phases were improved via density modification
and 2-fold symmetry averaging in the program dm (17), result-
ing in a figure of merit of 0.65. An initial model containing
~93% of all residues was constructed automatically using the
program ARP/WARP (18). Manual model building was per-
formed with the program Coot (19). Refinement was performed
with native data to a resolution of 1.8 A using the program
PHENIX (20) with a random 5.07% of all data set aside for Ry,
calculation. Molprobity was used during refinement to check
on the model quality (21). All protein structure figures were
constructed using the MacPyMOL program (22).

Filter Binding Assays—VopS-(31-387) activity was assayed
by AMPylation of His,-Cdc42-(1-179)-Q61L with [a-*>P]ATP
purchased from PerkinElmer Life Sciences. P81 Whatman fil-
ters were used for filter binding. Buffer conditions were 20 mm
Hepes, pH 7.4, 5 mm MgCl, 100 mMm NaCl, 1 mg/ml bovine
serum albumin, and 1 mm DTT. ATP was dissolved in 20 mm
Hepes, pH 7.4. Reactions were performed in triplicate at 25 °C
and initiated with [@-**P]ATP (30—120 cpm/pmol), and time
points were taken at 15, 30, 45, 60, and 75 for mutants and an
additional time point at 90 s for the wild-type protein. A 30-ul
reaction volume per time point collected was used. Reactions
were stopped by pipetting 20 ul of the reaction onto P81 What-
man filters. Filters were then immediately immersed in 75 mm
phosphoric acid and stirred in a beaker on a platform shaker.
Filters were subsequently washed 3 times with 75 mm phos-
phoric acid, rinsed with acetone, and allowed to air dry. Each
filter was placed in a vial with scintillation fluid, and counts per
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minute were measured using a Beckman LS6500 scintillation
counter. To determine apparent steady-state kinetic values for
ATP with VopS-(31-387), Hisg,-Cdc42-(1-179)-Q61L, protein
substrate was kept at a constant concentration of 600 um while
varying ATP concentrations (40, 80, 120, 160, 250, 400, 700,
1000, 1500, 2000 um) were studied. Apparent kinetic values for
ATP with mutant VopS constructs were performed at 600 um
protein substrate varying ATP with concentrations of 100, 200,
300, 500, 750, 1000, 1500, and 2000 wMm. Assays of the R299A
mutant had the same ATP concentrations as other VopS
mutants, but an additional measurement at 150 um ATP was
taken. To determine apparent steady-state kinetic values for
Hise-Cdc42-(1-179)-Q61L, the ATP concentration was fixed
at 2000 um while varying His,-Cdc42-(1-179)-Q61L concen-
trations (50, 75, 100, 150, 200, 300, 500, 800, 1200 um). The
R299A mutant was assayed at 2000 uM ATP, whereas the fol-
lowing concentrations were used for the protein substrate: 50,
75, 100, 200, 300, 500, 800, and 1200 uM. To determine the
reaction mechanism, ATP concentrations were fixed (50, 75,
100, 200, 1000 uMm) while varying the concentration of His,-
Cdc42-(1-179)-Q61L (50, 75, 100, 200, 500 um). pH-depen-
dent VopS assays were performed in triplicate with 5 nm VopS
(31-387), 100 pum Hiss-Cdcd2-(1-179)-Q61L, and 200 um
[a-*2P]ATP. Assay were incubated for 75 s at 25 °C and spotted
onto P81 Whatman filters and washed as described previously.
150 mwm Bis-Tris buffer was used for pH ranges 5.5, 6.0, and 6.5.
150 mm Hepes buffer was used for pH 7.0 and 7.5, and 150 mm
Tris-HCI buffer was used for pH 8.0, 8.5, and 9.0. All reactions
contained 5 mm MgCl,, 100 mm NaCl, 0.1 mg/ml bovine serum
albumin, and 1 mm DTT.

Kinetic Data Analysis—Single-substrate kinetic measure-
ments were fitted into the Michaelis-Menten equation (Equa-
tion 1) using GraphPad Prism 5,

v = Vol SV(Ky + [S]) (Eq. 1)

Bisubstrate kinetic studies fitted best to a (sequential) random,
rapid-equilibrium model using Sigma Plot 11.0 Enzyme Kinet-
ics 1.3. Equations for random rapid-equilibrium (Equation 2),
ordered rapid-equilibrium (Equation 3), and ping pong (Equa-
tion 4) are listed below, respectively.

V = Vil Al[BI/ (KK, + K[ A] + K[B] + [A][B])

(Eq.2)
v = Vil Al[BI/(KK, + K[A] + [A][B]) (Eq.3)
v = Vo AIIBJ/(K.[B] + K,[A] + [A][B]) (Eq.4)

where V. is maximum velocity, and A and B represent sub-
strates. K, and K, are Michaelis-Menten constants of the sub-
strates, and « is the interaction factor between A and B.

In Vitro AMPylation Assays—AMPylation assays used puri-
fied recombinant protein. Each reaction contained 200 um cold
ATP with 0.1-0.4 um [a-**P]ATP. 100 um Hiss-Cdcd2-(1—
179)-Q61L was incubated with 5 nMm GST-VopS-(31-387) wild-
type or mutant protein. Assays were performed at 25°C in
buffer containing 20 mm Hepes, pH 7.4, 5 mm MgCl, 100 mm
NaCl, 0.1 mg/ml bovine serum albumin, 1 mm DTT. Reactions

JUNE 25, 2010+VOLUME 285+-NUMBER 26

Direct Transfer by Fic Domain of VopS

FIGURE 1. Crystal structure of VopS. A, shown is a ribbon diagram of VopS-
(75-387) determined at 1. 8 A resolution. The N-terminal subdomain of VopS
contains helices H1-H9 (red) that are not conserved among Fic-domain-con-
taining proteins. The C-terminal subdomain includes the later half of H9 and
the m-helix H10 (white) and the structurally conserved Fic domain (green).
Highly conserved histidine 348 (blue) is shown in the core of the Ficdomain in
a stick representation. B, shown is a detailed view of Vop$S Fic domain residues.
N-terminal subdomain hydrophobic residues from H6, H7, and H9 (spheres)
structurally stabilize the C-terminal Fic domain of VopS. Fic motif (HPFX(D/
E)GN(G/K)R) residues and residues His-287 and Asp-259 are displayed as
sticks. Leu-308 and Arg-299 are positioned in the structurally conserved hair-
pin loop of the Ficdomain. In this figure and all that follow, nitrogen atoms are
colored blue, and oxygen atoms are red.

were stopped with SDS sample buffer. Samples were boiled and
separated by SDS-PAGE and visualized by autoradiography.

RESULTS

VopS-(75-387) Is Proteolytically Stable and Catalytically
Active—To identify the optimal fragment of VopS protein for
crystallization trials, we used limited proteolysis with trypsin on
the catalytically active VopS-(31-387) that has the first 30
amino acid residues of the protein removed to increase protein
solubility. Limited proteolysis with trypsin uncovered a rela-
tively stable cleavage product. N-terminal sequencing and mass
spectrometry revealed that the cleavage after lysine 74 yielded
the stable product. VopS-(75-387) and VopS-(75-387)-
H348A, a catalytically inactive mutant where the conserved his-
tidine 348 of the Fic motif was mutated to an alanine, were
cloned, purified, and assayed for in vitro enzymatic activity.
Consistent with previous observations, VopS-(75-387), but not
the mutant VopS-(75-387)-H348A, was catalytically active in
an in vitro AMPylation assay using [a->*P]JATP and dominant
active Hisy-Cdc42-(1-179)-Q61L (supplemental Fig. 1) (8).

Structure of Vops—The stable, enzymatically active, purified
VopS-(75-387) was used for crystallization trials. After optimi-
zation of crystallographic conditions, VopS-(75-387) crystals
grew overnight at 4 °C in 0.1 m HEPES, pH 7.25-7.5) and 21%
polyethylene glycol 3500. The structure was phased by single-
wavelength anomalous dispersion with selenomethionine-sub-
stituted VopS-(75-387) protein crystals that diffracted to 2.30
A resolution. Refinement was performed on native data to a
resolution of 1.8 A, and the model contains two VopS-(75-387)
monomers (molecule A with residues 88 —387 and molecule B
with residues 80 -387) and 514 waters. The R, is 17.2%, and
the Ry, is 22.4%. Phasing and model refinement statistics are
provided in supplemental Table 1.

The VopS-(75-387) structure is predominantly a-helical
and is divided into two subdomains, an N- and C-terminal (Fig.
1A). The N-terminal subdomain (red) comprises 9 a-helices
(H1-H9), is not conserved in other solved structures of Fic
domains, and does not appear to be homologous to any existing
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structures. Hydrophobic side chains (depicted as spheres) on
the N-terminal subdomain a-helices H6, H7, and H9 pack
against hydrophobic side chains of a3 and a4 to stabilize and
maintain Fic domain tertiary structure (Fig. 1B). The N-termi-
nal subdomain is required for full activity; the removal of 150
N-terminal residues results in the loss of catalytic activity in
vitro (data not shown). With nine turns, the H9 helix is the
longest helix and serves as a backbone that spans both N- and
C-terminal subdomains (Fig. 1A4).

The C-terminal subdomain possesses 8 a-helices (green) that
are structurally similar in Fic domains (Fig. 14, green, see “Dis-
cussion”) (10). The evolutionarily conserved core of the VopS
Fic domain comprises two internal helices, a4 and a5, that are
encircled by helices a’, al, a2, a3, a6, and a7. The VopS Fic
domain is decorated by an additional helix H10 and the later
part of the backbone helix H9.

VopS Fic Domain Comparisons to Existing Structures—Crys-
tal structures have been determined of several different Fic
domain family proteins by the Midwest Center for Structural
Genomics and by the Joint Center for Structural Genomics (8,
23). Tilman Schirmer’s group solved additional structures of a
Fic family protein, BepA.® The sequence identity of Fic domains
is lower than 20% among the known structures, providing a
wide evolutionary sampling of Fic domains for comparison.

The structures of Fic family members have a conserved core
topology (described above and in Kinch et al. (10)) that is dec-
orated by various additional secondary structure elements and
domains (supplemental Fig. 2). Structure superpositions of Fic
proteins with the VopS Fic domain (DaliLite) show a similar
tertiary structure (Z-scores ranging from 3.0-9.0). A circular
permutation is seen in the a’ helix of Fic domains
(supplemental Figs. 2 and 3) (10). The a’ helix in all Fic domains
occupies the same location in the tertiary structure but not
in the sequence; it may be located at either the N or C ter-
minus of the protein (10). VopS has an N-terminal a’ helix
and a second permutation corresponding to the Fic helix a7
(supplemental Fig. 3).

Crystal structures of Fic domains, such as Helicobacter pylori
Fic protein include a B-hairpin between helix a2 and a3 that is
positioned near the Fic motif loop and has been proposed to
mediate peptide substrate binding (10). In the VopS model, the
corresponding loop does not form the hydrogen bonding pat-
tern of a B-hairpin and is, therefore, referred to as the hairpin
loop (Fig. 1A). The lack of a well defined B-hairpin may possibly
result from the absence of an interaction with a substrate such
as ATP or a Rho GTPase.

VopS Active Site Fic Motif Residues Contribute to Catalysis—
Fic domain family members are characterized by a consensus
sequence motif HPFX(D/E)GN(G/K)R. The evolutionarily con-
served histidine from the motif is seen in the central core of the
VopS Fic domain, located in the loop between helix a4 and a5
(Fig. 24) (8, 11, 13).

Structural superpositions of VopS with H. pylori and with
BepA Fic domains show a conserved positioning of this loop
and the corresponding side chains that define the motif (Fig.

> D. Palanivelu, M. Meury, C. Dehio, and T. Schirmer, unpublished information.
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FIGURE 2. Residues important for function in VopS Fic domain. A, shown is
superposition of conserved residues of the Fic motif. Colored in green are
VopS Fic secondary structural elements and carbon atoms. Superimposed
onto VopS are Fic motif residues from H. pylori (white secondary structure and
carbons; PDB ID 2F6S) and BepA from Bartonella henselae (yellow secondary
structure and carbons; PDB ID 2JK8). Pyrophosphate and magnesium (black
sphere) are complexed with BepA. Black dashed lines represent hydrogen
bonds in the MgPPi BepA complex. B, in vitro AMPylation assay incubated
with 100 um Hiss-Cdc42-(1-179)-Q61L and [a->2P]JATP at 25 °C only or with 5
nm of wild-type GST-VopS-(31-387) or mutants is shown. The assay was
stopped at 90 s with loading buffer. WT, wild type.

2A). The VopS Phe-350 side chain stacks on His-287 of helix a2,
whereas its main-chain carbonyl oxygen and amide nitrogen
form hydrogen bonds with the main chain of another Fic motif
residue, Asn-354 (Fig. 24).

The structure of BepA complexed with magnesium pyro-
phosphate has magnesium coordinated by the acidic glutamate
residue of the Fic motif (Fig. 24). This observation supports a
role of the corresponding VopS residue Asp-352 in magnesium
coordination, as acidic residues commonly play a role in bind-
ing positively charged divalent metal ions. The BepA complex
structure reveals that the conserved asparagine of the Fic motif
interacts with pyrophosphate. This observation suggests that
Asn-354 of VopS has dual functions; that is, interaction with the
B-phosphate of ATP and positioning the active site loop
through main-chain interactions. One notable difference
between the VopS Fic motif and those of other Fic proteins is
the relative positioning of the imidizolium group of the His-348
ring. In VopS His-348 is rotated by ~90° relative to the position
observed in other structures (Fig. 2A4).

Arg-356 appears to have a role in protein stability because of
its electrostatic interactions with Asp-259 from the neighbor-
ing helix al (Fig. 2A4). Arg-356 also lines a shallow pocket that
includes the other active site residues, such as Asp-352 and
Asn-354 and, thus, may be involved in ATP binding. Accord-
ingly, the corresponding Fic motif arginine residue in BepA is
positioned near a phosphate moiety of the pyrophosphate.

Distal in sequence but conserved among Fic domains is Arg-
299, which points downward into the active site and is posi-
tioned above His-348. Within the same hairpin loop, Leu-308 is
the nearest residue to His-348 at 3.5 A (Fig. 24).
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FIGURE 3. Apparent steady-state kinetic measurements for ATP and
Cdc42. A, initial-velocity measurements for ATP were obtained using a con-
stant concentration of Hisg-Cdc42-(1-179)-Q61L at 600 um while varying ATP
concentrations (40, 80, 120, 160, 250, 400, 700, 1000, 1500, 2000 wMm). B, initial
velocity measurements for Cdc42 were obtained with a constant concentra-
tion of ATP at 2 mm while varying the concentration of Hisg-Cdc42-(1-179)-
Q61L (50, 75,100,200, 500 um). Assays were preformed in triplicate with VopS
(31-387) at 5 nm. In both parts the individual data points are depicted as
circles, and the line represents the fit to these data using the Michaelis-Men-
ten equation (Equation 1).

The VopS Fic motif residues appear to form a conserved
active site proximal to the hairpin loop. Conserved active site
residues were individually mutated to alanine, purified, and
assayed for AMPylation activity using Cdc42 as protein sub-
strate and [a-**P]ATP. VopS mutant analysis shows that the Fic
motif residues (His-348, Phe-350, Asp-352, Asn-354, and Arg-
356) and the distal but evolutionarily conserved residue, Arg-
299, are critical for full catalytic activity (Fig. 2B). Mutation of
the hairpin element residue proximal to the active site (Leu-
308) resulted in a slight reduction of activity.

Steady-state Substrate Measurements—VopS utilizes both
ATP and Rho family GTPases as substrates to catalyze the
transfer of AMP to an invariant threonine residue located on
the switch 1 region of Rho GTPases. The switch 1 region is
important for binding both nucleotide and downstream effec-
tors. We determined the apparent steady-state kinetic con-
stants for ATP using a dominant active form His,-Cdc42-(1-
179)-Q61L, where glutamine 61 was mutated to leucine to
disrupt intrinsic GTPase activity and lock it into a GTP-bound
state. The protein substrate had 12 amino acids deleted from its
C terminus to eliminate variable C-terminal proteolysis of puri-
fied substrate and produce a single species substrate. The con-
centrations of VopS (5 nm) and His,-Cdc42-(1-179)-Q61L
(600 um) were kept constant while varying ATP concentrations
from 50 -2000 um. The apparent K, for ATP was 160 * 18 um
withak_, of26s~"' = 1.0 (Fig. 3, A and B; Table 1). The catalytic
efficiency for ATP was 1.60 X 10° s~' M~ '. The kinetic con-
stants for His,-Cdc42-(1-179)-Q61L were then determined
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TABLE 1
Apparent kinetic constant measurements for ATP
koo K,* keat/ K,y
st M sTim!
Wild type 26 = 1.0 160 = 18 1.6 X 10°
H348A ND* ND =39x10°*
F350A 3.0+ 0.32 1600 = 290 1.9 X 10°
D352A 0.098 * 0.0070 580 = 100 1.7 X 10?
N354A 0.85 = 0.11 2600 =+ 480 3.3 X 10?
R356A 0.035 * 0.0039 1700 = 330 2.0 X 10*
R299A 0.036 * 0.0019 220 * 40 1.6 X 10?
L308A 2.8 £0.28 590 = 150 4.8 X 10°

“ Mean of three assays = S.E.

? H348A VopS mutant was deemed severely inactive. H348A k., /K, (s~ '/Mm™ ') was
calculated from an endpoint measurement (performed in triplicate) at 10 um
enzyme, 2 mM ATP, 600 um Cdc42.

¢ND, not determined.

TABLE 2
Apparent kinetic constant measurements for Cdc42
Keat” K, keai/ K,y
st M sTim!
Wild type 18+ 15 180 * 40 1.0 X 10°
R299A 0.027 = 0.0036 660 * 170 4.1 X 10*

“ Mean of three assays = S.E.

with constant enzyme (5 nm) and ATP (2000 M) concentra-
tions. Varying Cdc42 concentrations from 50 to 1200 um were
used to determine apparent K, values. The k_, was 18 = 1.5
s~ ', and the K, was 180 = 42 uM with a catalytic efficiency of
1.0 X 10°s™* M~ ! (Fig. 3B; Table 2).

The Fic motif (HPFX(D/E)GN(G/K)R) and the distal amino
acid residue Arg-299 were demonstrated to be important for
full catalytic activity (Fig. 2B). To address the question of which
residue(s) of the Fic domain is critical for catalysis and to under-
stand the function of each residue in protein AMPylation, we
set out to determine the steady-state kinetic parameters for the
small molecule substrate ATP for different VopS mutants. The
most deleterious mutation was H348A; VopS harboring this
mutation had a catalytic efficiency of less than 4.0 X 10" *s™!
M~ ', which is 9 orders of magnitude lower than wild-type pro-
tein and 5 orders of magnitude lower than the second worst
mutation R356A (Table 1). Although the Michaelis-Menten
constant K, is not strictly equivalent to K},, the value still pro-
vides a useful means to determine relative affinity when com-
paring the wild-type enzyme to its mutant form. The N354A
mutation decreased the apparent k_,, and had the most drastic
increase in apparent K, for ATP: more than 2.5 mm, which is
about 16-fold higher than that of the wild-type enzyme. This
result further supports the hypothesis that Asn-354 plays a role
in ATP binding.

VopS in which the hairpin residue Arg-299 had been
mutated to an alanine had a low k_,, value (0.036 s~ 1), but its
apparent K, for ATP was statistically indistinguishable from
the wild-type enzyme (220 um). This phenomenon suggests
that although catalysis is compromised, ATP binding is unaf-
fected in the R299A mutant. To ascertain if the R299A mutant
displays impaired binding of protein substrate, the K,, with
respect to Cdc42 was determined. The apparent K, was 3-fold
higher than that of the wild-type enzyme (Table 2), implying
that Arg-299 plays a minor role in protein substrate binding.
Mutation of Arg-299 to a lysine was not sufficient to rescue
activity in vitro (data not shown).
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Kinetic Analysis of VopS Supports a Sequential Mechanism—
The kinetic mechanisms of bisubstrate enzymes such as VopS
can be distinguished with initial velocity studies analyzed using
double-reciprocal plots. In such analyses a set of intersecting
lines supports a sequential mechanism wherein the enzyme and
both substrates form a ternary complex during the reaction. In
a sequential (ternary complex) mechanism, VopS would inter-
act with both ATP and the GTPase to allow transfer of the AMP
group to the threonine residue. In contrast, a set of parallel lines
supports a ping-pong reaction mechanism in which the enzyme
forms a high energy covalent intermediate that leads to subse-
quent modification of the second substrate. In a ping-pong
mechanism, VopS could potentially form a covalent phosphor-
amidate intermediate where the AMP group of ATP is trans-
ferred to the conserved His-348 of the Fic motif followed by
AMP transfer to the GTPase. Initial velocity studies with VopS
and its substrates, Cdc42 and ATP, reveal a set of intersecting
lines that supports a sequential reaction mechanism. Kinetic
analysis comparing a random (r* = 98.6) to an ordered (r* =
97.3) rapid-equilibrium model were statistically indistinguish-
able, where r* is the square of the correlation coefficient (Fig.
4A, supplemental Fig. 4, A and B). The support for a ternary
complex mechanism for VopS-mediated AMPylation and the
kinetic results that the H348 A mutant is essentially an inactive
enzyme suggests histidine 348 functions as a general base dur-
ing catalysis. The pK, of histidine is 6.0, and so the predicted
optimal activity for the VopS enzyme would be at a pH greater
than 6.0 where the histidine would be more basic. Consistent
with our kinetic results, the pH profile of VopS WT activity
demonstrate the enzyme is less active at lower pH conditions
(supplemental Fig. 5).

DISCUSSION

VopS, an AMPylator—The bacterial virulence factor VopS
utilizes a Fic domain to posttranslationally modify GTPases
with AMP. Our structural studies of the first characterized
AMPylator revealed a predominantly a-helical enzyme with a
novel N-terminal subdomain stabilizing a C-terminal Fic
domain (Fig. 14). Although the VopS structure is devoid of
ATP and Cdc42, we can infer the position of the active site from
kinetic characterization of VopS mutants (Table 1). The active
site is formed by the Fic motif conserved residues (His-348,
Asp-352, Asn-354, and Arg-356), which line a shallow pocket in
the Fic domain. This pocket is completed by residues from the
hairpin loop (Arg-299 and Leu-308). Bisubstrate kinetic analy-
sis fitted best to a random, rapid-equilibrium model, suggesting
random substrate binding. Future kinetic inhibition studies will
be required to provide evidence of a random or possibly
ordered mechanism for substrate binding, Attempted experi-
ments were inconclusive due to solubility issues with potential
inhibitors (not shown). Nevertheless, our kinetic studies sup-
port a mechanism whereby a ternary complex is formed
between VopS, ATP, and Cdc42. In such a complex, VopS
would position the threonine residue of the Rho GTPase near
the imidazole side chain of the catalytic histidine (His-348) (Fig.
4B). The proposed catalytic mechanism is described in Fig. 4B,
and the roles of the active site residues are discussed below.
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FIGURE 4. Ternary complex is required for catalysis. A, shown is a double-
reciprocal plot of 1/rate versus 1/[ATP]. Assays were performed at fixed con-
centrations of Hisg-Cdc42-(1-179)-Q61L 50 um (@), 75 um (O), 100 um (), 200
um (V), and 500 wm (H) while varying ATP concentrations (50, 75, 100, 200,
1000 um). The data were fitted to a rapid-equilibrium random model (Equa-
tion 2) using Sigma Plot. The best-fit lines are shown. The square of the cor-
relation coefficient (r?) for the global fit data is 98.6. Kinetic constants from the
globalfithave k,, =89 = 135~ ", Karp = 280 = 90 uM, Kcgean = 490 + 120 um.
B, shown is a proposed model of catalytic mechanism. His-348 functions as a
general base to abstract a proton from the hydroxyl of the bound Rho GTPase
threonine. The activated threonine of Cdc42 performs a nucleophilic attack
on the a-phosphate of ATP. Asn-354 interacts with the 3 phosphate of ATP.
The magnesium, coordinated by Asp-352, interacts with the - and y-phos-
phate of ATP. Arg-356 coordinates the y phosphate of ATP. Arg-299 posi-
tioned in the hairpin has a role in protein-substrate binding. Dashed lines
indicate proposed hydrogen bonds.

Structural Mechanism of Substrate Interaction—Superposi-
tion of VopS with BepA structures and a representative Fic
domain from H. pylori highlights the structure differences in
the hairpin loop and illustrates movement within this structural
element (Fig. 5A). The superposition reveals four distinct posi-
tions of the hairpin element. The VopS hairpin loop adopts a
position that is intermediate to the others. The BepA hairpin
loop appears to be in an open conformation, whereas the H. py-
lori Fic hairpin is in a relatively closed position that is lowered
toward the active site. The BepA apo- and MgPPi-bound struc-
tures have two different hairpin loop conformations, support-
ing the notion that ATP binding induces structural changes in
the hairpin element of the enzyme.

Evidence for the B-hairpin mediating protein-substrate
interaction is seen in the crystal structure of Shewanella onei-
densis (PDB ID 3EQX) from the Joint Center for Structural
Genomics (Fig. 5B). The N terminus of a crystallographic sym-
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FIGURE 5. Structural mechanism for protein substrate binding. A, struc-
tural comparison of B-hairpins and hairpin loops of Fic domains from VopS
(green), BepA apo (cyan, PDB ID 2JK8), BepA MgPPi complex (yellow, PDB ID
2JK8), and H. pylori (white, PDB ID 2F6S) reveal four distinct structural confor-
mations. The BepA structures used for superposition had two molecules per
asymmetric unit, where one had MgPPi bound, and the other BepA molecule
was unbound. The hairpin loop of VopS is in an intermediate conformation.
VopS residues Arg-299 and His-348 have altered orientations relative to other
Fic structures. B, the B-hairpin (green) of S. oneidensis Fic (PDB ID 3EQX) forms
a three-stranded S sheet interaction with the N terminus (red) of a neighbor-
ing crystal mate. The conserved histidine of the Fic motif is depicted in blue.
C, AvrB (PDB ID 2NUD) forms a structurally analogous anti-parallel B-sheet
(green) formed via edge-on strand interactions with a high affinity peptide.
AvrB lacks the Fic sequence motif; highlighted in blue spheres is the Met-262
residue that takes the place of the conserved histidine of the Fic motif.

metry-related Fic domain binds edge-on to the B-hairpin to
form a three-stranded B-sheet. AvrB (avirulence protein B)
(PDB ID 2NUD) from Pseudomonas syringae possesses a struc-
turally similar Fic topology that includes a similar 8 interaction
with a bound peptide (Fig. 5C) (8). In support of this binding
mechanism, a complex structure of Cdc42 with its downstream
substrate, p21-activated kinase, has revealed B-strand interac-
tions with the Cdc42 switch 1 region (24). Analogous to the
interaction with p21-activated kinase, the Rho GTPase switch 1
region could interact with an induced Fic domain B-hairpin in
VopS. Such an interaction would require a similar movement of
the VopS hairpin loop illustrated in Fig. 5A4. A conservative
mutation of the VopS hairpin loop residue Leu-308 to alanine
impairs catalytic activity, supporting a role for the hairpin loop
in protein substrate binding.

The BepA MgPPi complex indicates an approximate binding
location for the B- and y-phosphates of ATP bound to Fic
domains (Fig. 24). The VopS R356A mutant displayed an
increased apparent K, for ATP (10-fold) and a substantially
decreased k_,, (1000-fold). This residue is positioned to stabi-
lize the increasing negative charge developing on the pyrophos-
phate during catalysis, thereby stabilizing the transition state. A
similarly positioned positive charge in the molybdenum cofac-
tor biosynthetic enzyme MoeB stabilizes the developing nega-
tive charge on pyrophosphate in forming a transient acyladeny-
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FIGURE 6. The molecular anchor; possible role of arginine 299. A, VopS
R299A interactions are mainly within the hairpin. B, in H. pylori Fic the analo-
gous arginine, Arg-50, forms main-chain-side-chain interactions that func-
tion as an anchor that links and holds the hairpin loop in an appropriate
conformation and anchors the catalytic histidine in the active site. Black
dashes represent hydrogen bonds.

late (25). The BepA MgPPi structure appears to be a product
complex, with the corresponding Fic motif arginine guani-
dinium pointing away from the PPi and forming a salt bridge
with a residue from helix al, similar to the salt bridge formed by
Vop$S Arg-356. An alternative side-chain conformation for the
BepA (PDB ID 2VZA) arginine is seen in a structure with two
bound sulfates replacing the PPi. In this structure, the guani-
dinium swings toward the active site, forming a salt bridge with
the sulfate. A similar repositioning of VopS Arg-356 may occur
during catalysis, allowing a stabilizing interaction with the PPi
of the transition state but not with the product.

A decrease in apparent k_,, and an increase in the apparent
K, for ATP is observed in the F350A mutant, indicating that
this residue side chain may stack on the adenine ring of the
ATP. The nucleotide would be required to adopt a significantly
bent conformation with the hinge at the a-phosphate to
accommodate simultaneous interactions with Asp-352, Asn-
354, Arg-356, and Phe-350. A similar conformation for bound
ATP has been observed in yeast aspartyl-tRNA synthetase,
which hydrolyzes ATP and transfers AMP to aspartic acid as
the first step of the enzymatic reaction (25). This bent confor-
mation would position the a-phosphate near the catalytic his-
tidine and expose the phosphate bond for efficient nucleophilic
attack by the Rho GTPase threonine hydroxyl.

VopS has three glycines within the catalytic loop positioned
between helix a4 and a5, two of which are conserved in the Fic
motif. These glycines may provide the flexibility necessary for
efficient ATP binding and catalysis. Attempts to model ATP in
the postulated active site of the known Fic domain structure
while retaining interactions with conserved residues results in
steric clashes with the main chain of the catalytic Fic motifloop
and, for VopS, the B-hairpin loop. Substantial rearrangement of
both loops in VopS may be required during the catalytic cycle.

The Arg-299 residue of VopS adopts a different side-chain
rotamer relative to arginines in other Fic domains (Fig. 5A4).
Kinetic studies with the R299A mutant show an increased K,
for Rho GTPase and not for ATP, supporting a functional role
for this residue in protein-substrate binding. Comparison of
VopS Arg-299 and the analogous arginines of several Fic
domain structures, such as the Fic protein of H. pylori, reveal
differences in polar contacts. R299A resides in a loop just N-ter-
minal to the VopS B-hairpin element (Fig. 6A). The Arg-299
guanidinium group forms hydrogen bonds to a backbone car-
bonyl oxygen atom at the C terminus of the hairpin loop, thus
anchoring the loop at both ends. VopS Arg-299 anchors the
hairpin loop by forming hydrogen bonds (main chain and side
chain) with its C terminus. The analogous conserved arginine,
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Arg-50, of H. pylori interacts with its 8 hairpin through hydro-
gen bonds between the guanidinium group and main-chain
carbonyl oxygen atoms at its N terminus and C terminus (Fig.
6B). However, the H. pylori R50 guanidinium group also forms
hydrogen bonds to main-chain carbonyl oxygen atoms of the
active site histidine. The evolutionarily conserved Arg-299 may
function as an anchor that coordinates the hairpin loop toward
the active site in addition to properly positioning the catalytic
loop for efficient catalysis. The very low k_,, value for Arg-299
supports a catalytic function. Similar to the arginine finger
observed in GTPases, Arg-299 may be involved in neutralizing
the negative charge of the a-phosphate in the transition state
(26).

Protein AMPylation Is a Novel Mechanism of Cell Regulation—
Posttranslational modification of proteins is a regulatory mech-
anism that enables molecules to control and diversify their
function in a cell. Conserved from bacteria to humans, protein
phosphorylation, acetylation, and methylation are just a few
posttranslational mechanisms used to control and regulate
complex signaling processes. Recently, protein AMPylation has
joined this list. Similar to phosphorylation, VopS uses an abun-
dant high energy substrate, ATP, to modify its substrates (11).
Comparison of AMPylation with turnover rates from other
posttranslational modifications, such as phosphorylation,
acetylation, and methylation, suggests that VopsS is a relatively
fastenzyme with theapparentk_, = 18s~ ' (Table 1). Phosphor-
ylation by mitogen-activated protein kinase p38 has a k_,, of
22.6 s~ ', Histone acetyltransferase GCN5 has a k_,, of 1.7 s~ %,
and the G9a histone methyltransferase has a k_,, of 0.0012s '
(27-29). The protein AMPylation turnover value is well within
the range of other, established posttranslational modifications.
Therefore, AMPylation is a potential regulatory mechanism
that could mediate eukaryotic signaling processes.

Fic domains are present in proteins of higher eukaryotes,
although genome analysis shows that they are less abundant
when compared with the prevalence of Fic domains in bacteria.
Nonetheless, activities that are functionally homologous to
those of prokaryotic Fic domains may exist in higher
eukaryotes. AMP, when covalently attached to a target protein,
is a bulky moiety that has been demonstrated to inhibit cellular
signaling through AMPylation. Moreover, this same type of
AMP modification on a tyrosine in glutamate synthetase results
in an increased stability of the active enzyme, thus providing an
example of positive regulation for AMPylation in a signaling
process (30). Covalently attached AMP could potentially pro-
mote protein complex assembly where the AMP moiety can
serve as a recognition site. Additionally, AMPylation is not
restricted to threonine. An AMPylated tyrosine was initially
observed on glutamine synthetase and subsequently for a Fic
domain containing protein from Histophilus somni, a respira-
tory pathogen (13). Protein AMPylation was also demonstrated
in eukaryotes from huntington vyeast-interacting protein
(HYPE) and the Drosophila Fic domain protein FicD (10, 13).

The conservation of Fic domains from bacteria to worms,
flies, and humans suggests a role for protein AMPylation as a
regulatory mechanism in diverse signaling pathways. The
nature of protein AMPylation as a common mechanism uti-
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lized by macromolecular molecules to regulate signal transduc-
tion is poised for future exploration.
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