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Bordetella dermonecrotic toxin (DNT) is known to activate the small GTPase Rho through deamidation or
polyamination. In this study, we examined whether Rac and Cdc42, the two other members of the Rho family,
serve as intracellular targets for the toxin. Immunoprecipitation and immunoblot assays revealed that DNT
deamidated or polyaminated intracellular Rac and Cdc42. After the modifications, both Rac and Cdc42 lost
their GTP-hydrolyzing, but not GTP-binding, activities. The interactions of the modified Rac and Cdc42 with
their respective effectors were strictly dependent on GTP. MC3T3-E1 cells treated with DNT at high concen-
trations demonstrated extensive formations of lamellipodia and filopodia, which indicate the intracellular
activation of Rac and Cdc42, respectively.

Bordetella dermonecrotic toxin (DNT), one of the virulence
factors produced by bacteria of the Bordetella species, is known
to cause morphological changes accompanied by anomalous
formations of actin cytoskeletons in several cultured cells (3,
6). It has been demonstrated that DNT is essentially a trans-
glutaminase catalyzing deamidation or polyamination of the
Rho family GTPases, which are known to function as molec-
ular switches for various cellular processes, including reorga-
nization of actin cytoskeletal systems, by shuttling between
inactive GDP-bound and active GTP-bound forms (2, 10, 15).
The GTPases in the GDP-bound form exchange GDP for GTP
upon various stimulations, transduce signals downstream by
interacting with effector proteins, and thereafter revert to the
GDP-bound inactive form by hydrolyzing the bound GTP. The
Rho family GTPases include Rho, Rac, and Cdc42, which are
known to conduct the reorganization of actin cytoskeletal sys-
tems such as actin stress fibers and focal adhesions, lamellipo-
dia, and filopodia, respectively (13, 16, 18–20, 22). The GTP-
hydrolyzing activity of Rho was reduced after treatment with
DNT, which made Rho constitutively active (2). Moreover, the
polyaminated Rho, even in the GDP-bound form, interacted
with a downstream effector ROCK (15). We consider that
these functional alterations of Rho lead to the marked forma-
tion of actin stress fibers and focal adhesion in DNT-treated
cells (2, 6).

In contrast to the good understanding of the effect of DNT
on Rho mentioned above, it has not been discussed to date
whether the toxin modifies intracellular Rac and Cdc42 and
alters their functions, although it has already been reported
that they can serve as substrates for the toxin in vitro (2, 15). In
this study, we examined whether DNT modifies these GTPases

in vivo as well as in vitro and alters their function after the
modifications and whether one can observe the formation of
lamellipodia and filopodia in DNT-treated cells, which indicate
activation of Rac and Cdc42, respectively.

First, we examined whether DNT modifies FLAG-tagged Rac
and Cdc42 exogenously expressed in C3H10T1/2 cells. The ex-
pression vectors encoding FLAG-tagged Rac1 and FLAG-tagged
Cdc42, pMEPyoriF-Rac and pMEPyoriF-42, respectively, were
constructed by replacement of the Rho gene in pMEPyoriF-
RhoA (2) by the Rac1 or Cdc42 gene. C3H10T1/2 cells trans-
fected with pMEPyoriF-Rac or pMEPyoriF-42 were incubated
for 2 days and then treated with DNT purified by a method
described previously (4). The cells were washed and lysed with
lysis buffer (10 mM Tris-HCl, pH 7.8, containing 1% NP-40,
0.15 M NaCl, and 1 mM EDTA) at 4°C for 1 h. The lysates
were incubated at 4°C for 2 h with anti-FLAG M2-agarose gel
(Sigma) prewashed with 5% skim milk and suspended in the
lysis buffer. The agarose gel was washed with the lysis buffer
and boiled in a twofold concentrated sodium dodecyl sulfate
(SDS) sample buffer, and the supernatant after centrifugation
was subjected to SDS-polyacrylamide gel electrophoresis
(PAGE). Proteins in the gel were electrotransferred onto
a polyvinylidene difluoride membrane. The deamidated
GTPases on the membrane were blotted by a CDP-Star system
(Tropix, Bedford, Mass.) with rabbit anti-63E antibody, which
specifically recognizes the deamidated GTPases of the Rho
family (2), and alkaline phosphatase-labeled anti-rabbit immu-
noglobulin G. As shown in Fig. 1A, FLAG-tagged Rac and
Cdc42 were found to be deamidated in response to the DNT
treatment of the cells. To elucidate whether the GTPases in-
tracellularly undergo polyamination as well as deamidation, we
loaded C3H10T1/2 cells with [14C]putrescine to metabolically
label intracellular polyamines and attempted to detect the
polyamination by autoradiography after SDS-PAGE as de-
scribed before (15). From lysates of cells preloaded with
[14C]putrescine and treated with DNT, several 14C-polyami-
nated proteins were detected (Fig. 1B, lanes 1 and 2). These
results indicate that DNT polyaminates some cellular pro-
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teins besides Rho. Next, we introduced pMEPyoriF-Rac or
pMEPyoriF-42 into the cells 2 days before the preloading with
[14C]putrescine and carried out the immunoprecipitation of
FLAG-Rac and FLAG-Cdc42 after treatment of the cells with
DNT for 24 h. The FLAG-Rac1 and the FLAG-Cdc42 immu-
noprecipitated from the DNT-treated cells were found to be
polyaminated, although the polyaminated FLAG-GTPases
were not efficiently recovered, as reported before (Fig. 1B)
(15). These results indicate that Rac1 and Cdc42 as well as
Rho can serve as substrates for DNT in vivo.

It was previously reported that the modification of Rho by
DNT resulted in a reduction of the GTP-hydrolyzing activity but
not GTP-binding activity, which makes Rho constitutively active

FIG. 2. The GTP-binding (upper panels) and GTPase (lower panels) activities of the Rho GTPases treated with DNT. The recombinant
GTPases (5 �M) were treated with DNT (50 nM) in the presence or absence of 250 �M spermidine and examined for �-35S-labeled GTP binding
and GTPase activity. Ordinates express the amounts of �-35S-labeled GTP bound to the GTPases for 2 h (upper panels) and the percentage of
[�-32P]GTP remaining bound to the GTPases after the indicated periods of incubation (lower panels). Open squares, control; closed diamonds,
polyaminated GTPase; open circles, deamidated GTPase. Three independent experiments were carried out, and representative data are shown.

FIG. 1. In vivo deamidation (A) and polyamination (B) of Rac and
Cdc42 by DNT. (A) C3H10T1/2 cells expressing FLAG-tagged Rac1
or Cdc42 were treated with DNT at 5 ng/ml for 20 h and subjected
to immunoprecipitation with anti-FLAG antibody. The precipitates
were subjected to SDS-PAGE followed by immunoblot analysis
with anti-63E antibody. The arrows and asterisk indicate the de-
amidated GTPases and nonspecifically reactive bands, respectively.
(B) C3H10T1/2 cells expressing the FLAG-GTPases were preloaded
with [14C]putrescine and treated with DNT at 10 ng/ml for 24 h. The
cell lysates or the immunoprecipitated (IP) FLAG-GTPases were sub-
jected to SDS-PAGE followed by autoradiography. Lane 2 shows that
several kinds of endogenous proteins were 14C-polyaminated in the
DNT-treated cells. The arrow indicates 14C-polyaminated FLAG-Rac1
and FLAG-Cdc42.
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(2, 15). Therefore, we examined whether this is also the case
for the modified Rac1 and Cdc42. The �-35S-labeled GTP-
binding and [�-32P]GTP-hydrolyzing activities were deter-
mined by methods described previously (2, 21). Rac1 and
Cdc42 were purified from lysates of Escherichia coli harboring
pET3aRac and pET3aCdc42, respectively (2). The GTP-hy-
drolyzing activity was assayed in the presence of the catalytic
fragment of p50 rho GTPase-activating protein (GAP) at a
molar ratio of 1 to 25 of the GTPase. An expression vector for
the catalytic domain of p50 rho GAP (amino acids 198 to 439)
(12) was a gift from A. Hall, University College London, Lon-
don, United Kingdom. The GTP-hydrolyzing activities of Rac1
and Cdc42 were obviously lowered by treatment with DNT,
whereas their GTP-binding activities remained almost intact or
were only slightly potentiated (Fig. 2). The GTP-hydrolyzing
activity of Cdc42 was not markedly reduced by DNT treatment
when compared with that of Rac or Rho. This is probably due
to the lower sensitivity of Cdc42 to DNT, as demonstrated
previously (2, 15), because Cdc42Glu61, the mutant equivalent
to Cdc42 deamidated by DNT, showed no GTP-hydrolyzing
activity (data not shown).

It was previously reported that the polyaminated Rho gained
the ability to interact with the downstream effector ROCK inde-
pendently of the bound guanine nucleotides and thereby could
stimulate the formation of stress fibers in the DNT-treated cells
(15). Therefore, we examined the interactions of Rac1 and
Cdc42 modified by DNT with their downstream effectors, PAK

and N-WASP. Glutathione S-transferase-tagged Rac/Cdc42
binding domains (GBD) of PAK and N-WASP were purified
with a glutathione-Sepharose 4B (Amersham Pharmacia Bio-
tech) column from lysates of E. coli harboring pGEXPAK-
GBD and pGEXGBD(N-WASP), respectively, which were
provided by C. Sasakawa, Institute of Medical Science, Uni-
versity of Tokyo, Tokyo, Japan. The interactions of Rac1 and
Cdc42 with PAK-GBD and N-WASP-GBD were monitored
with a BIAcore system (BIAcore, Uppsala, Sweden) as previ-
ously described (15). The deamidated or polyaminated Rac
and Cdc42, like the intact forms, bound to PAK-GBD and
N-WASP-GBD, respectively, in a GTP-dependent manner
(Fig. 3). Although the polyaminated Cdc42 in the GDP form
barely bound to N-WASP-GBD, the binding amount was only
one-seventh that of the GTP form. Since PAK is a common
effector for both Rac and Cdc42 (14, 22), we also examined the
interaction between Cdc42 and PAK-GBD but obtained re-
sults similar to those with Rac and PAK-GBD (data not
shown). Many potential effectors for Rho, Rac, and Cdc42
have been identified, although their functions are not fully
understood (22). Each GTPase has multiple effectors that are
common to several GTPases or specific to a particular one.

FIG. 3. Binding of Rac to PAK (left panels) and Cdc42 to N-WASP
(right panels) monitored by a BIAcore system.

FIG. 4. Formation of actin cytoskeletons in MC3T3-E1 cells
treated with DNT. MC3T3-E1 cells in a subconfluent state were incu-
bated in the presence (B) or absence (A) of DNT at 5 �g/ml for 24 h,
and the actin fibers with rhodamine-phalloidin were observed under a
fluorescence microscope. Arrowheads: S, stress fibers; L, lamellipodia;
F, filopodia.
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Further work may be required to elucidate which effectors
interact with the polyaminated GTPases independently of the
bound guanine nucleotide, or whether such GTP-independent
interaction may be specific to the polyaminated Rho and
ROCK.

The results presented above imply that DNT renders intracel-
lular Rac and Cdc42 constitutively active by impairing their GTP-
hydrolyzing activity. Cdc42 is known to regulate the formation of
filopodia in cells through the downstream N-WASP (13, 16, 20).
Rac is also considered to positively regulate the formation of
lamellipodia, although there has been debate as to the down-
stream effectors involved in this process (1, 9, 11, 17, 23, 24).
However, the formation of lamellipodia and filopodia in DNT-
treated cells had not been reported. In this study, we found
that DNT markedly induced the formation of filopodia and
lamellipodia as well as stress fibers when applied at even higher
concentrations than those reported so far (Fig. 4). Of 31 cells
treated with DNT, 29 and 22 cells showed apparent lamellipo-
dia and filopodia, respectively, compared to only 1 and 2 cells
of 30 control cells, which indicates that intracellular Rac and
Cdc42, in addition to Rho, are actually activated by the treat-
ment of cells with DNT. DNT at a concentration as high as 5
�g/ml was required for these actin cytoskeletons to appear,
whereas 5 ng/ml was enough for stress fibers (2, 6). It remains
unknown why much more DNT was necessary to produce
distinct lamellipodia and filopodia than to produce stress fi-
bers. It was reported that Rho and Rac were more preferen-
tially modified by DNT in vitro than was Cdc42 (2, 15). How-
ever, this does not necessarily agree with the order of
appearance of each actin cytoskeletal structure. The polyami-
nated Rho that interacts with ROCK in a GTP-independent
manner might dominantly cause the stress fiber formation as
previously reported (15). Alternatively, because stress fibers
are a prominent component of the actin cytoskeleton, whereas
filopodia and lamellipodia are temporal structures observed in
moving cells, the former may be more easily observed than the
latter in the DNT-treated cells. In either case, we need to
address this issue by monitoring different indices for the acti-
vation states of the intracellular GTPases.

Taken together with previous findings (2, 15), the results pre-
sented here imply that DNT affects the cells by causing the
overall activation of the Rho family GTPases, Rho, Rac, and
Cdc42. In addition to inducing the cytoskeletal reorganization,
DNT has been shown to possess a variety of biological activi-
ties, causing the promotion of DNA and protein syntheses and
inhibition of osteoblastic differentiation (3, 5, 7, 8). To better
understand the pathophysiology in cells influenced by DNT,
one ought to elaborately correlate the toxic effects with each
signaling pathway regulated by the Rho family GTPases. Such
efforts may also reveal new roles of Rho GTPase signaling in
various aspects of the cellular processes.
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