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(Background: Bacterial ADP-ribosylating toxin C3 has long been used to study the diverse regulatory functions of Rho

Results: The complex structures of C3-RhoA(GTP) and C3-RhoA(GDP) were revealed.
Conclusion: C3 recognizes RhoA via the switch I, switch II, and interswitch regions.
Significance: The structures presented explain RhoA recognition by C3 including the ARTT loop and provide insight into the
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C3 exoenzyme is a mono-ADP-ribosyltransferase (ART) that
catalyzes transfer of an ADP-ribose moiety from NAD™ to Rho
GTPases. C3 has long been used to study the diverse regulatory
functions of Rho GTPases. How C3 recognizes its substrate and
how ADP-ribosylation proceeds are still poorly understood.
Crystal structures of C3-RhoA complex reveal that C3 recog-
nizes RhoA via the switch I, switch I, and interswitch regions. In
C3-RhoA(GTP) and C3-RhoA(GDP), switch I and II adopt the
GDP and GTP conformations, respectively, which explains why
C3 can ADP-ribosylate both nucleotide forms. Based on struc-
tural information, we successfully changed Cdc42 to an active
substrate with combined mutations in the C3-Rho GTPase
interface. Moreover, the structure reflects the close relationship
among GIn-183 in the QXE motif (C3), a modified Asn-41 resi-
due (RhoA) and NC1 of NAD(H), which suggests that C3 is the
prototype ART. These structures show directly for the first time
that the ARTT loop is the key to target protein recognition, and
they also serve to bridge the gaps among independent studies of
Rho GTPases and C3.

Rho GTPases (~20 kDa) are key regulators of cytoskeletal
dynamics, affecting such processes as morphogenesis, cell
migration, neuronal development, and cell division and adhe-
sion (1, 2) and functioning as molecular switches that control
signal transduction pathways from plasma membrane recep-
tors to the cytoskeleton. The switching mechanism is thought
to be mediated by conformational changes in two switch
regions (I and II). Switching between an inactive GDP-bound
conformation and an active GTP-bound one (*Rho(GDP) or
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Rho(GTP) indicates the Rho-bound nucleotide) (3-5) is tightly
controlled by three regulatory proteins: (i) the guanine nucleo-
tide exchange factor (GEF)? activates Rho GTPase by exchang-
ing GDP for GTP; (ii) the GTPase-activating protein (GAP)
inactivates Rho GTPase by increasing its intrinsic rate of GTP-
hydrolysis; and (iii) the guanine nucleotide dissociation inhibi-
tor (GDI) sequesters isoprenylated Rho GTPase in the cytosol
away from the membrane.

ADP-ribosylation is an important post-translational protein
modification known to be catalyzed by bacterial toxins as well
as eukaryotic endogenous ADP-ribosyltransferases (ARTs).
Based on their target specificity, bacterial ARTs are tradition-
ally classified into several types. Interestingly, however, there is
a prominent structural similarity between the Rho GTPase-
specific C3 exoenzyme and the binary toxin enzymatic units Ia
(6), C2I (7), VIP2 (8), and CDTa (9), even though they have
different substrate specificities (10); C3-like ARTs (25 kDa) cat-
alyze the ADP-ribosylation of Rho GTPases on Asn-41 (11) and
Ia-like ARTs modify actin on Arg-177 (6). C3 exoenyzme has
been used extensively to examine the function of Rho GTPases
(12-16). C3-like ARTSs are expressed by various Gram-positive
bacteria and have been characterized on the basis of their sub-
strate specificity. So far, seven C3-like isoforms have been
described: two isoforms of C3 from Clostridium botulinum
(C3botl and C3bot2) (17-21), C3lim from Clostridium limo-
sum (22), C3 from Bacillus cereus (C3cer) (23), and three iso-
forms of C3 from Staphylococcus aureus (C3staul, C3stau2,
and C3stau3) (24-27). C3bot, C3lim, and C3cer preferentially
ADP-ribosylate RhoA, RhoB, and RhoC but not Rac1 or Cdc42
(28). ADP-ribosylation of Rho GTPases by C3-like ART's pre-
vents GEF binding, thereby inhibiting subsequent binding of
Rho GTPases to effector proteins (29). Moreover, ADP-ribosy-
lation increases the ability of RhoA to complex with GDI (30),
so that ADP-ribosylated RhoA is found exclusively in the cyto-
solic fraction of C3-treated cells. This C3-induced sequestra-
tion most likely blocks Rho-dependent signaling (31).

2 The abbreviations used are: GEF, guanine nucleotide exchange factor; ART,
ADP-ribosyltransferase; GDI, guanine nucleotide dissociation inhibitor;
ARTT, ADP-ribosylating toxin turn-turn; PN, phosphate nicotinamide; PDB,
Protein Data Bank; r.m.s.d., root mean square deviation.
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The first structural details of a C3-like ART were obtained
from C3botl in a NAD*-free state using x-ray crystallography
(10). Han and Tainer (32) proposed that the bipartite ADP-
ribosylating toxin turn-turn (ARTT) loop, which consists of
turns 1 and 2, is responsible for substrate recognition and is
thus crucial for the ARTase activity of C3-like exoenzymes and
binary toxins. This finding has prompted the examination of
the conformation and significance of the ARTT loop within the
NAD™-bound and -free structures of C3 (33, 34). However,
recognition of RhoA by the ARTT loop has never been directly
verified, because the structure of a C3-like ART in complex
with a protein substrate has never been determined. On the
other hand, several RhoA amino acid residues involved in rec-
ognition by C3bot have been identified through mutational
analysis (35).

The complex structure C3-RhoA is a long sought after piece
of this C3 field study. How C3-like ART recognizes Rho GTPase
and how the ADP-ribosylation of asparagine occurs are
major issues to be addressed. Here we have reported the crys-
tal structures of apo(NAD ™ -free)-C3-RhoA(GTP), NADH-C3-
RhoA(GTP), and NADH-C3-RhoA(GDP). These structures
provide the first direct evidence that the ARTT loop is essential
for target protein recognition and not only explain the recogni-
tion between C3 and RhoA but also provide insight into the
asparagine ART reaction.

Experimental Procedures

Preparation of C3cer—His-tagged C3cer (UniProt ID:
Q8KNYO0) was designed and subcloned into the pRham vector,
after which the plasmid was transformed into DH10B cells
using electroporation. Cells containing pRham-C3cer plasmid
were selected on LB agar plates containing kanamycin. A single
colony was inoculated into 1.5 liters of LB medium (containing
25 pg/ml kanamycin, 0.2% rhamnose, and 0.05% glucose) and
cultured overnight at 37 °C with vigorous shaking. The cells
were then harvested by centrifugation and stored at —80 °C.
The frozen cells were later thawed, resuspended with 50 ml of
buffer CA (50 mm Tris-HCI (pH 8.0), 300 mm NaCl, and 5 mm
imidazole), disrupted using a French press, and centrifuged at
180,000 X g for 40 min. The resultant supernatant was loaded
onto a Ni-NTA agarose column. After washing the column with
buffer CA to remove the unbound residues, the His-tagged
sample was eluted using buffer CB (50 mm Tris-HCI (pH 8.0),
300 mMm NaCl, and 300 mm imidazole). The His tag was then
cleaved using His-tagged TEV (tobacco etch virus) protease
overnight at 10 °C. The resultant mixture was concentrated,
and the buffer in the mixture was exchanged for buffer CA
without imidazole using an Amicon Ultra filter (Millipore). To
remove the His tag and His-tagged TEV protease, the sample
was run on a nickel-nitrilotriacetic acid-agarose column, after
which the concentrated sample was loaded onto a Superdex 75
size-exclusion column (GE Healthcare) and eluted with buffer
CC (10 mm Tris-HCI (pH 7.4) and 100 mm NaCl). The C3cer
fractions were collected and concentrated to ~20 mg/ml and
stored at —80 °C.

Preparation of RhoA—The C-terminal 14 residues of RhoA
(UniProt ID: P61586) were truncated, and Phe25 was substi-
tuted with Asn as described elsewhere (36). Truncated and
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mutated RhoA was subcloned into the pGEX 4T-1 vector, after
which the plasmid was transformed into BL21(DE3) cells using
heat shock. Cells containing pGEX 4T-1-RhoA plasmid were
selected on LB agar plates containing ampicillin, and a single
colony was inoculated into a small volume of LB medium and
precultured overnight at 37 °C. The preculture was transferred
into 1.5 liters of LB medium containing 100 ng/ml ampicillin,
and the cells were cultured for 4 h at 37 °C with vigorous shak-
ing. After inducing expression with isopropyl-1-thio-f3-p-
galactopyranoside at a final concentration of 0.5 mum, the cul-
ture was incubated for an additional 22 h at 20 °C. The cells
were then harvested by centrifugation and stored at —80 °C.
The frozen cells were later thawed, resuspended with 50 ml of
buffer RA (50 mm Tris-HCI (pH 7.4), 5 mm MgCl,, and 5 mm
DTT) containing complete EDTA-free (Roche Applied Sci-
ence), passed through a French press, and centrifuged at
17,000 X g for 50 min at 4 °C. The supernatant was loaded onto
a glutathione-Sepharose 4B column (GE Healthcare), which
was then washed with buffer RA to remove the unbound resi-
dues. The GST tag was cleaved in buffer RA containing 2.5 mm
CaCl, and 350 units of thrombin for 18 h at room temperature
on the Sepharose 4B column. The sample and the thrombin
mixture were then eluted and concentrated using an Amicon
Ultra filter, after which the concentrated mixture was loaded
onto a Superdex 75 size-exclusion column and eluted with
buffer RC (10 mm Tris-HCI (pH 8.0), 1 mm MgCl,, and 1 mm
DTT). RhoA fractions were collected, concentrated to ~20
mg/ml, and stored at —80 °C.

Preparation of Cdc42—Cdc42 (UniProt ID: P60953-1) in
which the C-terminal 14 residues were truncated was sub-
cloned into pGEX 4T-1 vector, after which the plasmid was
transformed into BL21(DE3) cells using heat shock. Protein
expression was the same as described in RhoA.

Preparation of RhoA and Cdc42 Mutants—RhoA and Cdc42
mutants were constructed by site-directed mutagenesis using a
PrimeSTAR mutagenesis basal kit (TaKaRa Bio Inc.) according
to the manufacturer’s instructions. Protein expression was the
same as described for RhoA.

Crystallization and NADH Soaking—To obtain apo-C3cer-
RhoA crystals, C3cer and RhoA samples were mixed at a 1:1
molar ratio before the addition of GTPvyS or GDP to a final
concentration of 1 mm. Crystallization was carried out using the
hanging drop vapor diffusion method against a reservoir solu-
tion containing 100 mm MES (pH 6.4) and 20% PEG 1500 at
4 °C. The drop was composed of equal volumes of the protein
and reservoir solutions. In 4 to 6 weeks, rod-like crystals
appeared in a cluster for both C3cer-RhoA(GTP) and C3cer-
RhoA(GDP). NADH cannot be an ADP-ribosylation substrate
of C3. To obtain crystals of the NADH-bound C3cer-
RhoA(GTP or GDP) complex, a small portion of the clustered
crystals was soaked in buffer containing 10 mm NADH with
30% ethylene glycol as a cryoprotectant for 1 h at 4 °C.

Data Collection—The crystals were plunged into a stream of
nitrogen gas at 100 K. Data collection for the apo- and NADH-
soaked C3cer-RhoA(GDP) was performed at 100 K using an
x-ray wavelength of 1.0 A with an ADSC Quantum 210r detec-
tor system on beamlines BL-5A and AR-NW12A, respectively,
at the KEK Photon Factory. The data for NADH-soaked C3cer-
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RhoA(GTP) were collected in-house using an x-ray wavelength
of 1.54 A with a MicroMax-007 HF generator and RAXISVII
(Rigaku). A total of 360 frames of each of the data sets were
collected for each crystal with 0.5° oscillations. The best data set
was collected at 1.8 A for apo-C3cer-RhoA(GTP). The datasets
of NADH-C3cer-RhoA(GTP) and NADH-C3cer-RhoA(GDP)
were collected at 2.5 A, respectively. The diffraction images for
all crystals were indexed, integrated, and scaled using the pro-
grams DENZO and SCALEPACK from the HKL2000 suite (37).
The space group for all crystals was P3,, and the asymmetric
unit contained one C3cer and one RhoA(GTP or GDP). Data
collection statistics and cell constants are summarized in
Table 1.

Model Building and Refinement—The structure of apo-
C3cer-RhoA(GTP) was determined using the molecular
replacement method with the Phaser-MR program in the Phe-
nix suite (38). The structures of C3lim (PDB code: 3BW8 (39))
and RhoA (PDB code: 1A2B (3)) served as templates. The struc-
ture was refined iteratively using Phenix.refine in the Phenix
suite (40), REFMACS5 in the CCP4i suite (41), and Coot (42). A
comparison of the structures and the preparation of the figures
were done using PyMOL (43). Finally, the structure was refined
and validated using the PDB_REDO Web server (44). For both
NADH-bound C3cer-RhoA(GTP) and NADH-bound C3cer-
RhoA(GDP), using the resolved apostructure served as the tem-
plate, and the structures were determined and improved using
the same methods used for the apostructure. The final model
statistics for all structures are summarized in Table 1.

ADP-ribosylation—The crystal assay was conducted as fol-
lows. Crystals of the C3-RhoA complex were washed with
mother liquor twice. Biotin-NAD™ (50 um) was then added to
the mother liquor containing the C3-RhoA complex, and the
mixture was kept at room temperature for 4 h. These samples
were then subjected to SDS-PAGE. The gel was washed twice
with PBS, stained with streptavidin-FITC (250 nm) overnight,
washed twice with PBS again, and scanned using a Typhoon
FLA9000 laser scanner (General Electric). The solution assay
was conducted as follows. In the experiment shown in Fig. 2,
C3cer (0.3 uMm) and GST-RhoA (3 um) or C3cer (0.3 uwMm) and
non-tagged RhoA (3 um) were mixed together in buffer RC. In
the mutational experiment (Fig. 5), C3cer (0.03 um) and GST-
RhoA (3 um) or C3cer (0.3 uM) and GST-Cdc42 (mutants) (3
uM) were mixed together in buffer RC. Biotin-NAD™ (3.5 um)
was then added to the mixture, which was kept at 37 °C for 10
min. Thereafter, the same protocol used for the crystal assay
was applied.

Results

Crystal Structures of C3cer-RhoA Complex—we used C3cer
for crystallization of the complexes. The structure of C3cer is
unknown, but its sequence shows identity with C3bot1 (38%),
C3bot2 (36%), C3lim (36%), C3staul (29%), and C3stau2 (29%)
(Fig. 1A). To investigate how C3cer recognizes RhoA, we deter-
mined the crystal structure of apo(NAD *-free)-C3cer com-
plexed with human RhoA(GTP) at 1.8 A resolution (Fig. 24 and
Table 1). Then, by soaking the apo-C3-RhoA(GTP) crystal with
NADH, we obtained the structure of NADH-bound C3-
RhoA(GTP) at 2.5 A resolution (Fig. 2B). Using the same
SASBMB
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approach with C3-RhoA(GDP), we obtained the structure of
NADH-C3-RhoA(GDP) at 2.5 A resolution (Fig. 2C). The over-
all structure of C3cer is similar to those of other C3 exoenzymes
(i.e. a mixed o/ B-fold with a B-sandwich core). Structural align-
ment of C3cer with C3bot1 shows that the main differences are
restricted to two 3,,-helices in C3cer (Fig. 14). There was no
large conformational change between apo-C3-RhoA(GTP) and
NADH-C3-RhoA(GTP), except in the phosphate nicotinamide
(PN) loop, which is one of the RhoA binding regions. Only in
the PN loop, which includes Tyr-151, does a large conforma-
tional change from the apo to the NADH structure occur. On
the other hand, a comparison between NADH-C3-RhoA(GTP)
and NADH-C3-RhoA(GDP) showed that there was no large
conformational change except for GTP/GDP binding in RhoA.
It is important to note that the density of both GTP and GDP is
very clear in both forms (Fig. 2, B and C). Interestingly, within
the structures of the NADH-C3-RhoA(GTP) and NADH-C3-
RhoA(GDP) complexes, the switch I and Il regions adopted the
GDP and GTP conformations, respectively (Fig. 2D). This cor-
responds to the fact that C3-like ARTs ADP-ribosylate both the
GTP- and GDP-bound forms of RhoA (Fig. 2E). However, the
nucleotide-dependent time course of the ADP-ribosylation
also revealed that the GDP form is the optimal substrate and
that the binding of GTP analogs reduces the reaction rate by a
factor of 5 but does not change the total amount of ADP-ribo-
sylation (35). The structures of the complexes of C3-RhoA
explain why RhoA(GDP) is a better substrate. Although the
C3 binding to RhoA(GTP) or RhoA(GDP) induces confor-
mational change in the switch I and II regions, the conforma-
tional change in the switch I region (r.m.s.d. 2.46 A) is much
larger than that in the switch II region (r.m.s.d. 1.08 A). Within
the NADH-C3-RhoA ternary complex, RhoA(GTP) needs to
change the switch I region, whereas RhoA(GDP) needs to
change the switch II region. Consequently, it is easier for
RhoA(GDP) to form a ternary complex than for RhoA(GTP).
This suggests that the conformational change in RhoA is the
rate-limiting step during ADP-ribosylation by C3-like ARTs.
Judged from the fact of ADP-ribosylation occurring in the
C3-RhoA(GTP) crystal, it is important to note that the struc-
ture presented here is the active complex (Fig. 2F).

Interaction between C3 and RhoA—The surface area involved
in the interface of the C3cer-RhoA heterodimer was extensive
(1119 A?). The structural components of C3cer that mediated
RhoA binding consisted of four loops around NAD™" and one
additional loop: loop II, composed of residues 4552 (the active
site loop) (the loop numbers are derived from the [a-actin com-
plex structure (45)); loop III, composed of residues 100—110
(adenine loop); loop IV, composed of residues 148 -156 (PN
loop); loop V, composed of residues 175-183 (ARTT loop); and
loop VI, composed of residues 206 —209 (an additional loop in
C3cer) (Fig. 2G). In the case of the actin-specific binary toxin Ia,
similar loops (II-V) in the C-terminal enzymatic domain as
well as an extra loop I in the N-terminal domain, necessary for
binding with Ib, are used for actin binding. However, C3cer
lacks loop I; instead loop VI assists the binding of C3cer to
RhoA. The structure of the complex showed that, with the
exception of Arg-5, all RhoA residues involved in recognizing
C3cer are within the switch I region (residues 28-38), the
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a5 2
130 140
C3cer 125 E[I|QKKFQGKTTTEFCY[T 191
C3bot1 117 KAKAKFLNKDRLEYGY|T 180
C3stau1 121 KLNNVMNSRIYREDGY|S 186
C3stau2 121 KLNNLMNSRIYRENGY|S 186
C3lim 117 QVKLRFKGKDRKEYGY|T] 180
laAN 321 AFKEKWEGKVITYPNFT] 386
7 8
C3cer 192 [TV[Y[K[T]
C3bot1 181 T|Y|H|T
C3stau1 187 |TEYAV
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Switch 11
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FIGURE 1. Sequence alignments of C3 toxins and Rho GTPases. A, comparison of C3 toxins and laAN-(211-413). B, comparison of Rho GTPases. Secondary
structures are shown over the alignments. H, 3, ,-helix. The five interaction regions (II-VI) are outlined in black boxes. The structural features (loops and switches)
are shown below the alignments. Alignments were carried out using T-Coffee.

switch Il region (residues 61-78), or the region linking switch I
and Il regions (residues 39 — 60) (interswitch). On the C-termi-
nal side of switch I and the N-terminal side of the interswitch
region, Tyr-34, Pro-36, Thr-37, Val-38, Phe-39, Glu-40, Asn-
41, Tyr-42, and Val-43 contact C3cer (Figs. 2G and 3A). On the
C-terminal side of the interswitch region and the N-terminal
side of switch II, Glu-54, Ala-56, Leu-57, Trp-58, Ala-61, Gln-
63, Asp-65, Tyr-66, Arg-68, Leu-69, and Leu-72 contact C3cer
(Figs. 2G and 3B).

RhoA Recognition by ARTT Loop—Within the ARTT loop of
C3-like ARTs, a conserved aromatic residue (C3botl: Phe-169/
C3cer: Tyr-180) in turn 1 has been thought to recognize sub-
strate RhoA via a hydrophobic patch around the acceptor
amino acid residue in RhoA (Asn-41), and Gln (C3botl: GIn-
172/C3cer: GIn-183) in turn 2 has been thought to be essential
for interaction with Asn-41 (Fig. 44) (10). Actually, within the
structure of the complex, Tyr-180 of C3cer interacts with a
hydrophobic patch on RhoA composed of Val-43, Ala-56, and
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Trp-58 (Fig. 4B), and the hydroxyl group of Tyr-180 forms a
hydrogen bond with the main-chain carbonyl group of Leu-57.
Importantly, Asn-41 forms a hydrogen bond with GIn-183 in
the QXE motif within the ARTT loop of C3cer (Fig. 4B). This
interaction was conserved in all forms: apo-C3-RhoA, NADH-
C3-RhoA(GTP), and NADH-C3-RhoA (GDP).

Substrate Specificity of C3-like ARTs—C3-like ARTs modify
RhoA but not Cdc42 or Racl, despite their high amino acid
identities (Fig. 1B). What accounts for this selectivity? As
described above, the interaction between the modified Asn-41
of RhoA and GIn-183 of C3cer is crucial for binding, but Asn-41
does not explain the specificity of the C3-RhoA interaction
because RhoA, Racl, and Cdc42 all contain that asparagine.
Among the residues of RhoA engaged in the binding to C3cer,
seven residues in the switch II region are strictly conserved
among RhoA, Racl, and Cdc42, which means that other regions
(Arg-5 and Glu-40 —Trp-58) must provide substrate specificity
to C3-like ARTs (Fig. 1B). It is largely the side chains that inter-
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FIGURE 2. Crystal structures of the C3cer-RhoA complex. A, overall structure of the apo-C3cer-RhoA. B, overall structure of the NADH-bound C3cer-
RhoA(GTP) (upper panel) and electron density maps for GTP-yS and NADH (lower panels). C, overall structure of the NADH-bound C3cer-RhoA(GDP) (upper panel)
and electron density maps for GDP and NADH (lower two panels). The apo-form of C3cer is shown in white; the other forms are in yellow. In A-C, all RhoA are in
green, and their switch regions and interswitch regions are in red and pink, respectively. Nucleotides (NADH, GTPyS, and GDP) are shown in stick form and
colored orange. The ARTT loops and PN loops are in cyan and blue, respectively. The F, — F_simulated annealing omit maps are drawn at 1.0 g, and the clipping
distances are 30 A. D, conformations of the main chains in the switch | (residues 28 -38 (left panel)) and switch Il (residues 61-78 (right panel)) regions of Rho: the
GTP form (PDB code: 1A2B), GDP form (PDB code: 1FTN), NADH-bound C3cer-RhoA(GTP), and NADH-bound C3cer-RhoA(GDP) are colored blue, red, yellow, and
green, respectively. E, ADP-ribosylation of GST-tagged and non-tagged of RhoA(GDP) and RhoA(GTP) by C3cer. F, ADP-ribosylation of crystal and solution of
C3-RhoA(GTP). G, butterfly representation of the recognition residues in C3cer and RhoA. Roman numetrals (II-VI) show the five binding regions in C3cer. In the
left panel, the RhoA recognition residues in the five regions are shown as spheres. In the right panel, the C3cer recognition residues of RhoA are shown as spheres
colored as in the left panel. The switch | and Il regions are shown in red. In both panels NADH is shown in stick form and colored orange. The definitions of each

region are provided in Fig. 1.

act with the toxin, although Phe-39, Tyr-42, and Leu-57 inter-
act with C3cer via their main chains (Fig. 3). The side chains of
Phe-39, Tyr-42, and Leu-57 are oriented in the opposite direc-
tion from the C3cer interface and seem important to the stabi-
lization of the switch I and II loops. Consequently, based on the
complex structure, the substrate specificity of C3-like ARTs
were suggested to be provided by Arg-5, Glu-40, Val43, Glu54,
and Trp58 whose side chains interact with C3cer and these
residues differ among RhoA, Racl and Cdc42.
Structure-based Mutational Analysis—Based on the com-
plex structures, we assessed whether one point mutation within
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C3-RhoA interface would impair the activity of C3 with RhoA
(Fig. 5A). E40A, E40D, and V43A lost activity slightly compared
with wild type RhoA. On the other hand, E54A and W58A lost
considerable activity. In the Ala-56 position, it seems that only
a small hydrophobic side chain could fit in that space of the
complex. As we expected, RhoA(A56W) lost activity totally. In
Arg-5 and Lys-6, the results obtained are the opposite of what
we expected. R5K did not change the ADP-ribosylation, but
K6A decreased the ADP-ribosylation. Next we assessed
whether the combined mutations within the interface would
gain the activity of C3 with Cdc42, which is a poor substrate of
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TABLE 1

Data collection and structure refinement statistics of C3cer-RhoA complexes

apo-C3cer-RhoA(GTP)

NADH-C3cer-RhoA(GTP) NADH-C3cer-RhoA(GDP)

Data collection

group P3, P3, P3,
Cell dimensions
a, b, c(A) 50.75, 50.75, 135.87 50.42, 50.42, 136.67 50.48, 50.48, 136.67
a By () 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0
X-ray source PF BL-5A Rigaku MicroMax-007 HF PF-AR NW-12A
Wavelength (A) 1.00 1.54 1.00
Resolution range (A) 50.00—-1.80 (1.86—1.80) 50.00-2.50 (2.59-2.50) 50.00-2.50 (2.59-2.50)
Observed reflections 205,280 73,141 63,158
R,.° 0.074 (0.859) 0.090 (0.912) 0.127 (1.336)
o 0.031 (0.367) 0.038 (0.428) 0.059 (0.628)
CCue 0.998 (0.823) 0.998 (0.703) 0.994 (0.449)
/0l (%) 21.4(2.2) 21.0 (2.6) 17.4 (2.0)
Completeness (%) 100.0 (100.0) 99.9 (99.9) 99.6 (100.0)
Redundancy 5.7 (5.4) 5.5 (4.4) 4.7 (4.4)
Refinement
Resolution (A) 45.29-1.80 45.56-2.50 45.56-2.50
Ryonid Ryee (%) 17.7 /223 19.6 /254 21.1/24.6
Overall B-factors (A?%)° 32.8 49.7 45.9
r.m.s.d.
Bond lengths (A) 0.008 0.010 0.020
Bond angles (°) 1.34 1.25 1.74
Ramachandran plot
Favored regions (%) 91.2 89.4 93.5
Allowed regions (%) 8.8 10.6 6.5
Outliers (%) 0.0 0.0 0.0
PDBID 4XSG 4XSH 5BWM

% Rineas = A N(KL)/ IN(hkl) — 11323 |1 (k) — (I(RKD))| /3021 (kD), where 1,(hki) are the observed intensities.

® Ryim
reflection /ki.

=3, AV/[N(hkl) — 1}23|1,(hkl) — (I(hkD))|/21,2.1(hk), where I(likl) are the observed intensities, (/(1kl)) is the average intensity, and N(/k/) is the multiplicity of

¢ CCw = percentage of correlation between intensities from random half-data sets. CC is calculated according to the formula found in Ref. 54.
Roork = 2l Fops | = |Featcl/Z il Fopsl- Rivee is the cross-validation R-factor for the test set (5%) of reflections omitted from model refinement.

¢ Obtained by TLS refinement in Refmac5 of CCP4i.

C3cer (28) (Fig. 5B). (The residue numbers of Cdc42 are based
on the numbers of RhoA in Fig. 1B.) A double mutant (D40E/
F58W) showed a slight increase in activity compared with the
wild type Cdc42. The other double mutant (T54E/F58W)
showed more of an increase in activity. Furthermore, triple
(D40E/T54E/E58W) and quadruple (D40E/A43V/T54E/E58W)
mutants showed increasingly strong activity. To determine
the effect of °RK®, we also assessed two-residue insertions,
Cdc42(°RA®) and Cdc42(°RK®). However, all non-insertion
mutants (double, triple, and quadruple) showed more activity
compared with insertion mutants (Cdc42(°RA®) and Cdc42-
(°RK®)) (Fig. 5B). Finally, we confirmed that G56W disturbed
the activity of the active mutant as shown in Cdc42(°RA®/
D40E/A43V/T54E/G56 W /F58W).

Discussion

C3-RhoA complex structures imply information not only
about binding but also about ADP-ribosylation reaction. The
observed structure of the ARTT loop implies that Tyr-180 and
Gln-183 of C3cer function as anchors to dock with RhoA. How-
ever, the function of Tyr-180 and GIn-183 is not limited to
binding RhoA; the two residues are also reportedly very impor-
tant for the ART reaction. The Y180T and Q183E mutants
show normal NADase activity but diminished ARTase activity
(28). An earlier structural analysis of RhoA(GTP) reveals that
the distance between the indole ring in the side chain of Trp-58
and the carbonyl oxygen of Asn-41 is 3.3-3.5 A (3), which sug-
gests that the Trp-58 indole ring acts as a strong electron donor,
enhancing the nucleophilic properties of the side-chain nitro-
gen of Asn-41. However, the present structure shows that the
Tyr-180 side chain prevents interaction between the indole ring
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of Trp-58 and the side chain of Asn-41. Alternatively, the flat
phenol ring of Tyr-180 interacts in parallel with the flat car-
bamoyl group of the Asn-41 side chain, suggesting that the
phenol ring of Tyr-180 enhances the nucleophilic properties of
the side-chain nitrogen of Asn-41 (Fig. 4B).

By mutational analyses of RhoA and Racl, Wilde et al. (35)
report that seven residues are important for the substrate spec-
ificity of C3-like ARTs (Arg-5, Lys-6, Glu-40, Val-43, Glu-47,
Glu-54, and Trp-58). In our present mutational and structural
analysis, we confirmed that four residues particularly contrib-
ute to the activity (Trp-58 > Glu-54 > Glu-40 > Val-43), and
these four residue combined mutants of Cdc42 could be a good
substrate of C3. Furthermore, we also confirmed that a small
hydrophobic side chain (Ala in RhoA or Gly in Cdc42) is nec-
essary at residue 56. Within the complex structure, Arg-5 inter-
acts with Asp-175 of C3cer with a distance of 2.7 A, and Lys-6
does not interact with C3cer. Nevertheless, RhoA(K6A) lost
activity. Although we do not understand the exact reason for
this, Arg-6 may stabilize the 31 strand of RhoA. The side chain
of Glu-40 was invisible within the complex structure due to its
flexibility, but actually it contributed to the activity. We initially
expected this glutamate to play a role similar to that of Asp-179
in actin, which fixes the N-ribose position in the second oxo-
carbenium cation intermediate, but this is unlikely based on the
structure, and its function remains unknown. Glu-54 binds to
Lys-49 of C3cer. Although the residue at position 54 differs
among RhoA, Racl, and Cdc42, the counter-residue, Lys-49, is
conserved in all C3-like ARTSs (arginine in C3lim), which sug-
gests that Glu-54 is important for substrate specificity. In the
complex structure, Glu-47 obviously does not interact with
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.

D v il

FIGURE 3. Interactions around switch | and switch Il in C3cer-RhoA(GTP)
complex. This is a detailed view around switch | (A) and switch Il (B). The
residues involved in the interaction are labeled. C3cer, RhoA, the switch
regions, and the interswitch region are colored yellow, green, red, and pink,
respectively. The ARTT loops are shown in cyan (as in Fig. 2B).

C3cer, although it was suggested to be an important residue for
activity in a previous study (35). The residues Val-43 and
Trp-58 form a hydrophobic patch for anchoring Tyr-180 of
C3cer (Fig. 4B). Based on the structural analysis, we succeeded
in altering non-active Cdc42 to an active mutant, Cdc42 (D40E/
A43V/T54E/F58W). The contribution of a single mutation
was not great, but these combinations affected the activity
significantly.

We resolved the structure of NADH-C3-RhoA in the pre-
ADP-ribosylation state. Previously, we determined the struc-
tures of the la-actin complex in the pre- and post-ADP-ribosy-
lation states (45, 46) and proposed a strain alleviation model for
the ADP-ribosylation of actin caused by Ia (46, 47). Upon scis-
sion of the nicotinamide via an S, 1 reaction, the oxocarbenium
cation deforms to an alleviation conformation. This gives the
electrophile (NC1 of N-ribose) of the oxocarbenium cation
access to the nucleophile (Arg-177, the acceptor amino acid of
actin). Here, we suggest that the ADP-ribosylation of RhoA
proceeds via the same strain alleviation model on the basis of
the following similarities. (i) The structure of Ia (C-terminal
domain) is similar to C3cer with an r.m.s.d. of 2.2 A. (ii) The
conformations of NADH complexed with Ia and C3cer are sim-
ilar. In all ARTs, NAD™ exhibits a highly folded structure
(strained conformation) (48). (iii) Both Ia and C3cer recognize
their substrate via four common loops, and similar substrate
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A

C3cer
C3bot1
C3stau1
C3stau2
C3lim
laAN

Turn1  Turn2

Switch 11

FIGURE 4. RhoA recognition by the ARTT loop of C3 exoenzyme. A,
sequence alignment of the ARTT loop (outlined in black box) in C3 exoen-
zymes and laAN-(211-413). The turn 1 and turn 2 regions are indicated below
the alignment. The sequence alignments of all amino acids in C3 exoenzymes
and Rho GTPases are provided in Fig. 1. B, detailed view of the active site
within C3cer-RhoA(GTP) with NADH. Colors are the same as in Fig. 3. The
distances between Asn-41 of RhoA and GIn-183 of C3cer and between Asn-41
of RhoA and the electrophile (NC1 of NAD(H)) are shown as dotted lines.

recognition mechanisms involving the ARTT loop have been
proposed (10). It is noteworthy, however, that there are the
following important differences between C3-RhoA and Ia-actin
complexes (Fig. 6). (i) Surprisingly, the structural relationship
between NC1 of NAD(H) and the target residues (Arg-177 in
actin and Asn-41 in RhoA) is totally different. The structure of
NADH-C3-RhoA reflects the close relationship among Gln-
183 in the QXE motif (C3cer), the modified Asn-41 residue
(RhoA), and NC1 of NADH. The distance between NC1 of the
N-ribose and ND2 of Asn-41 is only 2.9 A. Within the NAD*-
Ia-actin complex, the distance between the nucleophile (Arg-
177) and the electrophile (NC1 of N-ribose) is 8.4 A (46). This
difference between C3-RhoA and Ia-actin reflects the differ-
ence in the flexibility of the region in which the target residue is
located. Within RhoA, Asn-41 is located at the edge of the flex-
ible switch I region, whereas Arg-177 within actin is located in
a B-strand. Although the switch I region adopts a conformation
that brings Asn-41 into close proximity to NC1 of NADH
within the complex with C3cer, the B-strand containing Arg-
177 does not. To reduce the distance between the nucleophile
and the electrophile within the [a-actin structure, we propose a
model of strain alleviation via two oxocarbenium cation inter-
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FIGURE 5. ADP-ribosylation of RhoA and Cdc42 mutants by C3cer A, ADP-
ribosylation of RhoA single point mutations. B, ADP-ribosylation of Cdc42
combined mutations. Wild type and mutants of RhoA and Cdc42 were puri-
fied as GST-tagged protein.

mediates (45, 46). Within the C3-RhoA structure, by contrast,
the distance is not a problem. As soon as NAD™ binds, ADP-
ribosylation can occur without a large conformational change
in C3cer, RhoA, or NAD™. In that context, C3cer (C3-like
ARTs) appears to be the prototype ART. (ii) In Ia and C3-like
ARTs, a common mechanism has been proposed by which
the target protein is recognized by the ARTT loop: a turn 2
residue (Glu-378 in the Ia EXE motif and GIn-183 in the C3cer
QXE motif) interacts with the target residue (Arg-177 in actin
and Asn-41 in RhoA), and an aromatic residue (Tyr-375 in Ia
and Tyr-180 in C3cer) in turn 1 interacts with the hydrophobic
region of actin or RhoA (10). But recognition by the ARTT loop
has not been observed within the Ia-actin complex (45, 46). For
Ia, the ARTT loop recognition may occur transiently during
ADP-ribosylation and the transition from the pre- to post-
ADP-ribosylation state. It is likely that these similarities and
differences between C3cer and Ia are also observed in other
Rho- and actin-specific ARTSs.

Rho and related small GTPases are the most common targets
for bacterial toxins and are of major importance for the entry of
bacteria into mammalian host cells (49). It is well known that
various bacterial toxins modify small GTPases through gluco-
sylation and deamidation in addition to ADP-ribosylation. For
example, the bacterial toxin Fic (filamentation induced by
cyclic AMP) catalyzes the addition of AMP to Rho-GTPases
(adenylylation), thereby preventing their interaction with cel-
lular effectors. In complex with the Fic domain of IbpA from
Histophilus somni (IbpAFic2) (50), Cdc42 mimics the GDI-
bound state of Rho GTPase. Within that structure, most of the
interface is within the switch I and II regions, whereas in the
structure of C3cer complexed with RhoA, most of the interface
is within the switch Tand I and interswitch regions. This means
that both IbpA and C3cer interact with the same side of their
target GTPases, despite their totally different structures and
functions, suggesting that interaction with target GTPases via
the switch I and II regions is a common bacterial strategy for
disrupting GTPase function.
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w RhoA C3cer

la

Actin

FIGURE 6. Comparison of RhoA-specific and actin-specific ADP-ribosylat-
ing toxins. A, detailed view around the active site in C3cer. Components are
colored as described in the legend for Fig. 2B. The distances between Asn-41
of RhoA and GIn-183 of C3cer and between Asn-41 of RhoA and the electro-
phile (NC1 of NAD(H)) are shown as dotted lines. B, detailed view around the
active site in la (PDB code: 4H03). The la N terminus, la C terminus, actin, and
NAD™ are shown in white, yellow, green, and orange, respectively. The resi-
dues needed for NAD(H) binding are also labeled. The distances between
Arg-177 of actin and the electrophile (NC1 of NAD ) are shown as dotted lines.

RalA, a Ras-related GTPase, reportedly inhibits C3botl,
C3lim, and C3cer but not C3stau2 (51). Holbourn et al. (52) and
Pautsch et al. (53) have reported different structures for the
C3-RalA complex; however, the former a4-ARTT model is
likely to be a crystallographic artifact, based on crystallographic
and mutational results (53). The model proposed by Pautsch et
al. (53) is that the loop between helices a3 and a4 (C3bot93—
C3bot101) inserts into the groove of the switch I and II regions
of RalA. When we compare the model of Pautsch et al. with our
C3-RhoA structure, the binding sites of C3 with RalA and RhoA
do not overlap each other. It suggests that RalA would not steri-
cally interfere with RhoA. How does RalA binding inhibit ADP-
ribosylation of RhoA? One possibility is that a structural change
occurs in C3 upon RalA binding. RalA increases the NAD™
glycohydrolase activity of C3bot by about 5-fold (51). This
means that a structural change in C3 must occur upon RalA
binding, but that concept remains to be addressed in the future.

We have shown the structural basis for the binding of a bac-
terial C3 exotoxin to substrate RhoA. The structures of the
complexes directly demonstrate that the ARTT loop recognizes
RhoA. The interaction of residues of Rho GTPase with C3cer
was confirmed by mutagenesis. Furthermore, we successfully
changed Cdc42 to an active substrate by introducing four com-
bined mutations (D40E/A43V/T54E/F58W). In summary,
these findings are also useful for understanding the interaction
of other ART's with their substrates. We believe that these find-
ings may pave the way for the identification of new inhibitors
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and may also contribute to the development of novel ARTs
specific for other Rho GTPases (Racl and Cdc42), which could
serve as novel tools for biochemistry.
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