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The small GTPase Rho, which regulates a variety of
cell functions, also serves as a specific substrate for
bacterial toxins. Here we demonstrate that Bordetella
dermonecrotizing toxin (DNT) catalyzes cross-linking
of Rho with ubiquitous polyamines such as putrescine,
spermidine and spermine. Mass spectrometric analyses
revealed that the cross-link occurred at GIné63, which
had been reported to be deamidated by DNT in
the absence of polyamines. Racl and Cdc42, other
members of the Rho family GTPases, were also poly-
aminated by DNT. The polyamination, like the deamid-
ation, markedly reduced the GTPase activity of Rho
without affecting its GTP-binding activity, indicating
that polyaminated Rho behaves as a constitutively
active analog. Moreover, polyamine-linked Rho, even
in the GDP-bound form, associated more effectively
with its effector ROCK than deamidated Rho in the
GTP-bound form and, when microinjected into cells,
induced the anomalous formation of stress fibers indis-
tinguishable from those seen in DNT-treated cells.
The results imply that the polyamine-linked Rho,
transducing signals to downstream ROCK in a novel
GTP-independent manner, plays an important role in
DNT cell toxicity.
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Introduction

The Rho family of GTPases regulate various cellular
processes including cytoskeletal organization (Hall, 1998),
cell motility (Takaishi et al., 1994), cytokinesis (Madaule
et al., 1998), gene expression (Hill et al., 1995) and cell
cycle progression (Yamamoto et al., 1993; Olson et al.,
1995). They function as molecular switches shuttling
between inactive GDP-bound and active GTP-bound
forms. The GTPases, which are in the GDP-bound form
in resting cells, exchange GDP for GTP when stimuli
arrive, transduce signals to downstream effector proteins
and thereafter return to the inactive GDP-bound form by
hydrolyzing the bound GTP. Many accessory factors
modulate these processes: the GDP-GTP exchange reac-
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tion is inhibited by GDP dissociation inhibitor (GDI) but
accelerated by GDP/GTP exchange factor. The intrinsic
GTPase activity is activated by GTPase-activating protein
(GAP). The Rho-dependent signals are possibly diverged
from the effector proteins and thereby involved in a variety
of cellular processes. For instance, ROCK (or ROK/Rho-
kinase) and mDia, the effector proteins, cooperatively
mediate the signal from Rho to stress fiber formation
(Watanabe et al., 1999). Citron kinase has been reported
to be involved in cytokinesis (Madaule et al., 1998). ROCK
and the myosin-binding subunit of myosin phosphatase
participate in regulating smooth muscle contraction
(Kimura et al., 1996; Kureishi et al., 1997). In addition,
many proteins such as rhotekin (Reid er al., 1996),
rhophilin (Watanabe et al., 1996) and protein kinase N
(Amano et al., 1996; Watanabe et al., 1996) have been
identified as Rho effectors, although their functions still
remain unknown.

These small GTPases also serve as substrates for several
groups of bacterial protein toxin (Aktories, 1997). C3
exoenzyme from Clostridium botulinum, C3-like toxins
from Clostridium limosum and Bacillus cereus, and epi-
dermal cell differentiation inhibitor from Staphylococcus
aureus constitute the largest family of ADP ribosyltransfer-
ases, which transfer the ADP-ribose moiety of NAD to
Asn4l of Rho and consequently inhibit Rho function.
Pseudomonas aeruginosa exotoxin S ADP-ribosylates Ras
and several other GTPases (Coburn, 1992). Another family
of toxins modifying the GTPases is glycosyltransferases
(von Eichel-Streiber et al., 1996). Clostridium difficile
toxin A and B and hemorrhagic toxin and lethal toxin
from Clostridium sordelli transfer glucose from UDP-
glucose to threonine in the effector domain of Rho family
proteins. Clostridium novyi o-toxin transfers N-acetyl
glucosamine from UDP-N-acetyl glucosamine to the same
site of Rho proteins. These toxins are considered to affect
host cells through modification of the GTPases. They have
also provided insight into the functions of the GTPases
when used as specific inhibitors.

We have demonstrated recently that Bordetella dermo-
necrotizing toxin (DNT) produced by bacteria belonging
to the genus Bordetella deamidates GIn63 of Rho and the
corresponding GIn61 of Racl and Cdc42, and converts
them into glutamic acid (Horiguchi et al., 1997). This
modification eliminates their GTPase activity and renders
the GTPases constitutively active. The treatment of cul-
tured cells with DNT results in massive formation of actin
stress fibers and focal adhesions, which are indistinguish-
able from those seen in cells microinjected with RhoAYa'4,
a well-known active mutant of RhoA. These results
indicate that the deamidated Rho mediates the effects of
DNT on the cells. In fact, we confirmed that transfection
of the RhoAS"63 gene, a mutant equivalent to deamidated
Rho, conferred the massive formation of stress fibers
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on the cells. Cytotoxic necrotizing factors from some
pathogenic strains of Escherichia coli have been reported
to have a similar action (Flatau er al., 1997; Schmidt
et al., 1997). Deamidated Rho was found to move more
slowly than intact Rho on SDS-PAGE and was detected
by antibody (anti-63E) specific to the deamidated GTPases
of the Rho family (Flatau er al., 1997; Horiguchi et al.,
1997; Schmidt et al., 1997). However, we have found that
most of the Rho in DNT-treated cells showed a downward
shift in addition to the upward shift in SDS-PAGE, which
has not been observed in cells treated with cytotoxic
necrotizing factors. Anti-63E recognized the upward- but
not the downward-shifted Rho. These facts imply that
DNT intracellularly catalyzes a modification of Rho dis-
tinct from the deamidation. In this study, we attempted to
identify the nature of this modification and to elucidate
the mechanism by which the modified Rho up-regulates
the formation of actin stress fibers. It was revealed that
DNT catalyzes a cross-link between GIn63 of Rho and
ubiquitous polyamines such as putrescine, spermidine
and spermine. The polyamination, like the deamidation,
reduced both the intrinsic and GAP-stimulated GTPase
activities of Rho without affecting the GTP-binding activ-
ity. Furthermore, the polyaminated Rho interacted with
downstream ROCK in a GTP-independent manner and
induced the formation of actin stress fibers when microin-
jected into cells. Taken together with our previous data,
these results suggest that DNT exerts its toxic effects by
activating Rho in multiple ways through deamidation and
polyamination. Despite interacting effectively with ROCK,
the polyaminated Rho stimulated ROCK kinase activity
at only the same or a slightly weaker magnitude than
intact Rho. These findings also suggest that the signal
transduction from Rho to ROCK is dependent on the
association with ROCK but not on the stimulation of its
kinase activity.

Results

Cross-linking of the Rho GTPases with polyamines
by DNT

We have reported that recombinant Rho was deamidated
by in vitro treatment with DNT, which resulted in an
upward shift of the electrophoretical mobility of Rho
(Horiguchi et al., 1995, 1997) (Figure 1B, lane 2). In
contrast, intracellular Rho was split into three different
bands on SDS-PAGE after treatment of whole cells or
the cell lysates with the toxin (Figure 1A, lanes 2 and 4);
the upper and intermediate bands turned out to be the
deamidated and intact Rho, respectively, as reported previ-
ously (Horiguchi et al., 1997). The nature of the lower
band remains unknown. To analyze the type of modifica-
tion yielding the downward-shifted Rho, we tried to obtain
a large amount of modified Rho by the co-expression
method (Kashimoto et al., 1999), in which FLAG-tagged
RhoA was co-expressed with DNT in E.coli and underwent
modification intrabacterially. As shown in Figure 2, the
intrabacterial modification generated the downward-
shifted Rho similar to that in the mammalian cells. The
modified FLAG-RhoA was purified by anti-FLAG affinity
chromatography and subjected to reversed-phase HPLC.
The proteins that differed in retention time were eluted
and measured by Matrix-assisted laser desorption ioniza-

522

A

Treatment of cells
DNT - + = + + + +

cell lysates

Polyamine = = = = Put Spd.Spm.

DNT - +
Polyamine - =

Fig. 1. Mobility shifts of Rho on SDS-PAGE after treatment with
DNT. (A) Lanes 1 and 2, after overnight incubation with (lane 2) or
without (lane 1) 5 ng/ml DNT, Swiss 3T3 cells were scraped and
disrupted by sonication; lanes 3-7, after disruption, the cell lysates
were treated with 10 pg/ml DNT in the absence (lane 4) or presence
of 250 uM putrescine (lane 5), spermidine (lane 6) or spermine
(lane 7). Lane 3, control cell lysate. (B) The recombinant RhoA was
treated with DNT at a molar ratio of 20:1 in the presence or absence
of 250 uM polyamines. Rho proteins were visualized by autoradio-
graphy after [3?P]ADP-ribosylation by C3 exoenzyme and SDS—
PAGE. The arrowheads indicate the positions of Rho with different
electrophoretical mobility.

tion time-of-flight mass spectrometry (MALDI-TOFMS)
giving MH* ions at m/z 22 976.4, 23 105.9, 23 049.5 and
22 979.1, which agreed well with the theoretical molecular
masses of RhoA (22 977.1), RhoA cross-linked with
spermidine (23 106.3) and putrescine (23 049.2), and the
intact or deamidated RhoA (22 978.1), respectively (the
intact and deamidated proteins could not be discriminated
from each other under the present conditions). The modi-
fied sites for each protein were located in the peptide
Asp59—Arg68 of RhoA by peptide mapping with reversed-
phase HPLC and MALDI-TOFMS. These peptides were
subjected to post-source decay (PSD) analysis on MALDI-
TOFMS. The backbone-fragmented ion species (y’, b,
z, etc.) revealed a modification at GIn63, the residue
deamidated with DNT as reported previously (Horiguchi
et al., 1997). These results imply that DNT catalyzes a
cross-link of Rho with the ubiquitous polyamines putres-
cine and spermidine, and the polyamination results in the
downward shift of Rho on SDS-PAGE. To examine this,
we treated the lysates of cells and recombinant RhoA
with DNT in the presence of the polyamines putrescine,
spermidine and spermine, all of which are known to be
abundant in mammalian cells. The cell lysates treated
with DNT in the presence of the polyamines clearly
showed a downward-shifted Rho (Figure 1A, lanes 5—
7). The effect was less apparent for putrescine. The
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Fig. 2. PSD analysis of the modified peptides of RhoA (Asp59—Arg68). The upper and lower panels show the spectra of the peptides derived from
RhoA cross-linked with spermidine (mm/z 23 105.9) and putrescine (m/z 23 049.5), respectively. The arrows («— and —) show the sequences from the
N- and C-termini, based on y";,, and b, ions, respectively, where m and 1 denote the arbitrary positions counted from the C- and N-termini, which
were produced by cleavage of peptide bonds during mass measurement. <Arg> and <Tyr> in the low mass region denote immonium ions. The
nomenclature of these ions is in accordance with previous work (Johnson et al., 1987). GIn73 in this figure indicates GIn63 of native RhoA, because
the FLAG-RhoA has an N-terminal 10 amino acid extension of the FLAG peptide. Inset, mobility shifts on SDS-PAGE of FLAG-RhoA expressed
with (+) or without (=) DNT in E.coli. FLAG-RhoA was purified, [??P]JADP-ribosylated with C3 exoenzyme and subjected to SDS—PAGE. Note that
intrabacterially modified FLAG-RhoA shows mobility shifts similar to those of Rho in the DNT-treated cells (see Figure 1A, lane 2).

recombinant RhoA also showed the downward shift when
treated with DNT in the presence of spermidine and
spermine (Figure 1B, lanes 4 and 5). The downward-
shifted Rho was barely observed in the presence of
putrescine (Figure 1B, lane 3). From these results, we
consider that DNT is a transglutaminase, catalyzing a
cross-link between GIn63 of Rho and the polyamines, and
that the polyamination causes the downward shift of Rho
on SDS-PAGE.

We next examined the members of the Rho family for
sensitivity to DNT. As judged by the incorporation of “C-
labeled polyamines, RhoA, Racl and Cdc42, but not Ha-
Ras, were found to be susceptible to DNT (Figure 3A).
RhoA and Rac1 were better substrates than Cdc42. Putres-
cine was incorporated into the GTPases less effectively
than spermidine and spermine. No polyamines were
incorporated into RhoAS"63, the mutant equivalent to the
deamidated Rho in which Glu is substituted for GIn63,
indicating that, once deamidated, Rho does not undergo
polyamination. To elucidate whether DNT causes poly-
amination in vivo, we treated with DNT, C3H10T1/2 cells
in which spermidine and spermine had been radiolabeled
metabolically by ['*C]putrescine. At least three kinds of
cellular proteins were found to be radiolabeled by treatment
with DNT (Figure 3B). The apparent molecular masses
of the labeled proteins ranged from 21 to 25 kDa,
which correspond to the values for the small GTPases.
Furthermore, the immunoprecipitation assay revealed that
FLAG-RhoA expressed in the cells was “C-polyaminated
after treatment of cells with DNT. The polyaminated
FLAG-RhoA was not detected in the untreated cells by
immunoprecipitation assay (data not shown). In contrast
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Fig. 3. Incorporation of ['*C]polyamines into GTPases and cellular
proteins by the action of DNT. (A) The recombinant GTPases were
treated with DNT at a molar ratio of 20:1 in the presence of 250 uM
[14C]putrescine, [14C]spermidine or [14C]spermine (7.8 GBg/mmol) as
described in Materials and methods. The radiolabeled proteins were
detected by autoradiography. (B) Lanes 1 and 2, C3H10T1/2 cells
were pre-loaded with [14C]putrescine and then incubated with (lane 2)
or without (lane 1) 5 ng/ml DNT as described in Materials and
methods. Cells were washed, lysed in SDS sample buffer and
subjected to SDS-PAGE. Lanes 3 and 4, C3H10T1/2 cells expressing
FLAG-RhoAS"63 (lane 3) or FLAG-RhoA (lane 4) were pre-loaded
with [*C]putrescine and treated with DNT. After lysing the cells,
FLAG-tagged proteins were immunoprecipitated and subjected to
SDS-PAGE. The radiolabeled proteins were detected by autoradio-
graphy. (C) In order to check the expression level, the same quantities
of the immunoprecipitates were subjected to SDS-PAGE and
immunoblot analysis with anti-RhoA antibody.

to FLAG-RhoA, expressed FLAG-RhoAS"63 was not
polyaminated intracellularly by DNT (Figure 3B, lane 3).
This result agrees with that of the in vitro experiment
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Fig. 4. GTPyS binding and GTPase activities of RhoA polyaminated
by DNT. The recombinant RhoA (5 uM) was treated with DNT

(50 nM) in the presence of 250 uM spermidine and examined for
GTPyS binding (A) and GTPase activities (B). (O), Control RhoA;
(00), spermidine-linked RhoA. In (B), GAP-stimulated GTPase
activities of control RhoA (@) and spermidine-linked RhoA (M) were
also determined. Three independent experiments were performed and
representative results are shown.

with recombinant FLAG-RhoA®v%3, We attempted to
determine whether Racl and Cdc42 are also polyaminated
in vivo. However, the results of the immunoprecipitation
assay were not stably reproduced, unlike the case of Rho,
and therefore this issue remains inconclusive.

Effect of the polyamination on the nucleotide
binding and GTPase activities of RhoA

We examined the effects of the polyamination on the
GTPyS binding and GTPase activities of Rho. As shown
in Figure 4A, the binding activity was not altered although
the K, value for polyaminated Rho (57.9 £ 7.3 nM,
mean = SE of data from three independent experiments)
was significantly lower than that for intact Rho
(1019 = 10.6 nM, P <0.05). In contrast, the GTPase
activity was obviously influenced by polyamination
(Figure 4B). Both intrinsic and GAP-stimulated GTPase
activities were decreased or abolished by the poly-
amination.
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A GTP-independent induction of stress fiber
formation by microinjection with polyaminated
RhoA

Microinjection of polyaminated RhoA at 200 pg/ml into
MC3T3-E1 cells apparently caused the formation of actin
stress fibers within 1 h, indicating that the polyaminated
Rho mediates DNT-induced actin fiber formation
(Figure 5E and F). This effect was diminished by incubat-
ing the cells with Y27632, an inhibitor specific to ROCK
(Uehata et al., 1997) (Figure 5G and H). Neither intact
RhoA nor the deamidated RhoA stimulated stress fiber
formation when microinjected at 400 pg/ml (Figure SA-
D). It was reported that microinjection of normal Rho at
a higher concentration caused the morphological changes
(Paterson et al., 1990). Similarly, microinjection of our
preparations of RhoA and the deamidated RhoA induced
the reorganization of actin stress fibers at 1.5 and
0.8 mg/ml, respectively (data not shown). When pre-
loaded with GTPYS, RhoA and the deamidated RhoA at
400 pg/ml were found to induce stress fiber formation
(Figure 5I-L).

Effects of polyamination on the interaction
between RhoA and ROCK

Among several effector proteins for Rho identified to date,
ROCK proteins are considered to play a key role in the
rearrangement of stress fibers and focal adhesions (Leung
et al., 1996; Amano et al., 1997; Ishizaki et al., 1997),
both of which occur in the DNT-treated cells. Thus, we
examined the interaction of polyaminated RhoA with
ROCK-I. The fragment ROCK-I GIn918-Phel048
(ROCK-RB), which includes the Rho-binding domain
(Fujisawa et al., 1996; Leung et al., 1996; Matsui et al.,
1996), was expressed as a GST fusion protein, purified
and used as an immobilized ligand for the BIAcore system,
which enables a real time evaluation of the interaction
between RhoA and ROCK-RB. Consistent with the results
of others (Leung et al., 1995; Ishizaki et al., 1996; Matsui
et al., 1996), RhoA bound to ROCK-RB in a GTP-
dependent fashion (Figure 6A). The deamidated RhoA in
the GTPyS-bound form was found to bind to ROCK-RB
~2-fold more than GTPYS-RhoA as judged by response
in resonance units (RUs). Even in the GDP-bound form,
the deamidated RhoA showed binding equivalent to that for
GTPyS-RhoA (Figure 6B). Surprisingly, the polyaminated
RhoA bound to ROCK-RB in a GTP-independent manner
with a magnitude >3 times that of GTPYS-RhoA
(Figure 6C).

We then investigated the kinase activities of ROCK
in the presence of deamidated or polyaminated RhoA
(Figure 7). For this experiment, ROCK-II purified from
bovine brain was used because full-length ROCK-I could
not be obtained from E.coli expression systems. Consistent
with previous results (Ishizaki et al., 1996; Leung et al.,
1996; Matsui et al., 1996), GTPYS-RhoA stimulated the
kinase activity up to ~2-fold more than GDP-RhoA.
RhoAS163 in the GTPYS-bound form potentiated the kinase
activity >3 times more than in the GDP-bound form.
Unexpectedly, the kinase activities in the presence of the
polyaminated Rho were almost equivalent to or slightly
lower than those in the presence of RhoA or RhoAS!63,
The polyaminated RhoA in the GTPYS form significantly
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Fig. 5. Formation of actin stress fibers in MC3T3-El cells microinjected with RhoA. Microinjected cells were distinguished by staining with Alexa
488-anti-rabbit IgG (A, C, E, G, I and K) and the actin cytoskeleton was visualized by staining with Alexa 568—phalloidin (B, D, F, H, J and L).
Cells were microinjected with 400 pg/ml control RhoA (A, B, I and J), 400 pug/ml RhoA treated with DNT in the absence of spermidine (C, D, K
and L) or 200 pug/ml RhoA treated with DNT in the presence of spermidine (E-H). (G and H) Cells were incubated in the presence of 30 pM
Y27632 for 1 h after microinjection. (I-L) The GTPases were pre-loaded with 120 uM GTPYS before microinjection. Bar, 10 pum.

but only slightly stimulated the kinase activities, compared
with the GDP form.

Susceptibilities of Rho in various states to DNT

To obtain further insight into the intracellular action of
DNT, we investigated the time course of the polyamination
and deamidation. The polyamination of Rho preceded the
deamidation, in accordance with previous observations
(Horiguchi et al., 1995), when the cells were treated with
DNT; intracellular Rho was polyaminated 2 h after addition
of DNT and its level increased until 6 h, as judged by the
intensity of the lower band on SDS-PAGE (Figure 8A).
The deamidation was detectable at 6 h. Eventually, the
polyaminated and deamidated Rho reached 40 and 25%
of total Rho, respectively. In resting cells, Rho is present
in the GDP-bound form associated with GDI. When
stimuli arrive, Rho is released from GDI, which makes
the nucleotide exchange possible. Therefore, we examined
whether GDI or guanine nucleotide influence the suscepti-
bility of Rho to DNT. The recombinant RhoA was not
deamidated by DNT in the presence of GTPYS (Figure §B).
Similarly, the modifications of Rho in the cell lysate were
also inhibited with increasing amounts of GTPYS but not
GDP (Figure 8C). These results indicate that the GDP-
bound but not the GTP-bound form of Rho was sensitive
to DNT. GDI also inhibited the modifications of Rho in
the cell lysate, indicating that Rho associated with GDI
was insensitive to DNT (Figure 8D).

Discussion

Here, we demonstrated that DNT is essentially a transglut-
aminase, and exerts a toxic effect by catalyzing a cross-

link between GIn63 of Rho and ubiquitous polyamines.
The transglutaminases are known to constitute a large
protein family, and to be widely distributed in the tissues
and body fluid of vertebrates (Folk, 1980; Aeschilimann
and Paulsson, 1994). Some transglutaminases from bac-
terial sources have also been reported (Kanaji et al., 1993;
Schmidt et al., 1998). Although a number of reports have
demonstrated that the polyamines are covalently linked to
protein-bound Gln, they have not provided any information
as to the biological significance of these covalent reactions
(Folk et al., 1980; Chen, 1984; Beninati and Folk, 1988;
Cordella-Miele et al., 1993). To our knowledge, this is
the first report showing that the polyamination alters the
function of the cellular protein and exerts biological
effects on living cells. We demonstrated that DNT utilized
putrescine, spermidine and spermine as co-substrates and
catalyzed a cross-link with members of the Rho GTPase
family in vitro. We consider that spermidine- or spermine-
linked GTPases are crucial in eliciting the effects of DNT
on mammalian cells, although putrescine was less effective
as a co-substrate in vitro and, moreover, its intracellular
concentration is known to be lower than that of other
polyamines (Beppu et al., 1995). In contrast, putrescine
is abundant in prokaryotic cells (Kashiwagi and Igarashi,
1988), which is probably the reason why the putrescine-
linked RhoA was recovered from E.coli by the co-
expression method in this study.

The reorganization of stress fibers and focal adhesions,
which are mediated by ROCK family proteins, is one of
the most apparent phenomena observed in mammalian
cells due to the toxic effects of DNT. In this study, we
showed that the polyaminated RhoA, even in the GDP-
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Fig. 6. Binding of RhoA to ROCK-RB. FLAG-RhoA (A), FLAG-
RhoASv%3 (B) and polyaminated FLAG-RhoA (C) were examined for
binding to ROCK-RB. The experiments were carried out five times
with different concentrations of RhoA samples. The results with 6 uM
RhoA are shown.
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Fig. 7. Kinase activity of ROCK in the presence of the modified
RhoA. The kinase activity of ROCK-II was examined in the presence
of intact RhoA, RhoAS193 or spermidine-linked RhoA in the GDP- or
GTPyS-bound form. The experiments were performed independently
three times and representative data are shown. Each bar shows the
mean = SD (n = 3). SD values in the experiments with GDP-GTPases
have been omitted because they are too small to depict.
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Fig. 8. Modification of Rho by DNT. (A) Time course of Rho
modification in DNT-treated cells. MC3T3-E1 cells were treated with
5 ng/ml DNT under serum-starved conditions. The cells were
disrupted by sonication and Rho was labeled specifically with
[*2P]JADP-ribose by the C3 exoenzyme and then subjected to SDS—
PAGE and autoradiography. Upper panel, patterns of mobility shifts of
Rho on SDS-PAGE. Lower panel, radioactivities of the polyaminated
and downward-shifted Rho (O), and the deamidated and upward-
shifted Rho (@) relative to total radioactivity. (B and C) Guanine
nucleotide dependency of the modification of recombinant RhoA (B)
and Rho (C) in cell lysates by DNT. The recombinant RhoA (3 uM)
was treated with DNT (0.15 uM) in the absence or presence of 10 uM
GDP or GTPYS. SDS-PAGE sample buffer was added to stop the
reaction and the sample was subjected to SDS-PAGE. The RhoA
samples on the gel were detected directly by silver staining. (C) The
lysates of Swiss 3T3 cells were pre-loaded with GTPYS or GDP at
30°C for 30 min, treated with DNT, and examined for mobility shifts
on SDS-PAGE. Concentrations of guanine nucleotides in the reaction
mixture were 0.05, 0.25, 0.5, 1, 10 and 20 mM from lane 2 to lane 7,
respectively. (D) The effect of GDI on DNT-induced modification of
Rho. The lysates of Swiss 3T3 cells were treated with DNT in the
presence of GDI. GDI concentrations in the reaction mixture were
12.5, 65 and 250 nM from lane 2 to lane 4, respectively.

bound form, was able to interact with ROCK and induced
stress fiber formations, without particularly stimulating
the ROCK kinase activity. The kinase activity of ROCK
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Fig. 9. A model depicting the intracellular action of DNT and
functions of the modified Rho.

was undoubtedly essential because kinase-defective
mutants of ROCK have been shown to inhibit the formation
of stress fibers induced by lysophosphatidic acid (LPA)
and a constitutively active mutant of Rho (Leung et al.,
1996; Amano et al., 1997; Ishizaki et al., 1997). This is
also the case for the stress fiber formation induced by the
polyaminated Rho: Y27632, a specific inhibitor of ROCK,
inhibited stress fiber formation in cells microinjected with
polyaminated Rho (Figure 5) or treated with DNT (data
not shown). However, our results indicated that the signal
transduction from Rho to ROCK is dependent on their
molecular interaction and not on the increase in ROCK
kinase activity. This raises the question of how the
molecular interaction triggers the signal transduction. One
possible explanation is that Rho changes the conformation
of ROCK and thereby makes it possible to mediate
downstream events. Similar examples of this hypothesis
have been shown for N-WASP with Cdc42 (Miki et al.,
1998) and mDial with Rho (Watanabe er al., 1999).
mDial, which is also essential for Rho-induced actin
reorganization, forms intramolecular bonds between its N-
and C-termini in the inactive form. It has been shown that
this intramolecular association was disrupted upon the
binding of GTP-Rho to the Rho-binding domain in the
N-terminus, and exposed the C-terminal unit responsible
for actin fiber formation. A similar conformational change
may occur in ROCK, although there has been no evidence
for the intramolecular binding of ROCK. Alternatively,
the bound Rho may recruit ROCK to a site where it
exerts its action. This idea is supported by the previous
observation that the intracellular distribution of ROCK
was changed by overexpression of wild-type or an active
mutant of RhoA (Leung et al., 1995; Sin et al., 1998).
Figure 9 depicts a model of DNT action and interaction
between ROCK and Rho modified by DNT on the basis
of previous and the present data. DNT probably polyamin-

A cross-link of Rho with polyamines

ates or deamidates GDP-Rho after GDI is liberated, or
the bound GTP is hydrolyzed because GTP-Rho and GDP-
Rho associated with GDI were not sensitive to DNT. The
polyaminated Rho, which probably plays an important role
in inducing stress fiber formation, because the increases in
polyamination (Horiguchi et al., 1995; this study) and
cellular content of F-actin (Horiguchi et al., 1995) show
similar time courses after DNT treatment, interacts with
the downstream ROCK in a nucleotide-independent man-
ner. The deamidated Rho might contribute to this nucleo-
tide-independent activation of ROCK because it also
associated moderately with ROCK even in the GDP-bound
form. The deamidated and polyaminated Rho retained the
ability to bind GTP. Therefore, part of the modified Rho
exchanges GDP for GTP and becomes constitutively
active, because the GTP-hydrolyzing activity of Rho is
abolished by the deamidation and polyamination. The time
course of the mobility shifts of Rho in the DNT-treated
cells implies that DNT first causes the polyamination. The
deamidation was observed later than the polyamination;
it may occur after the intracellular polyamines are con-
sumed or DNT may catalyze the polyamination preferen-
tially. The latter explanation is more likely because
spermidine and spermine have been reported to be present
at the millimolar level in mammalian cells (Janne et al.,
1978; Beppu et al., 1995) and therefore must barely be
consumed by the polyamination of Rho. Furthermore, we
found that DNT caused the polyamination on RhoA in
the presence of spermidine at a concentration as low as
100 uM (data not shown). The modified Rho may eventu-
ally function as a constitutively active analog in multiple
ways and induce the anomalous formations of actin stress
fibers and focal adhesions. Whether all the polyaminated
GTPases including Rac and Cdc42 behave universally as
constitutively active analogs toward every effector protein
is an important question. Because the different regions of
GTPases have been shown to participate in the molecular
interaction with different effectors (Fujisawa et al., 1998;
Zong et al., 1999), it is possible that the polyamination
of GTPases activates only the restricted signaling pathway
in which downstream effectors sensitive to the polyamin-
ated GTPase are implicated. We have demonstrated that,
in addition to cytoskeletal reorganization, DNT has a
variety of biological activities, including stimulation of
protein and DNA synthesis, inhibition of cytokinesis and
inhibition of the expression of differentiated phenotypes
in osteoblastic MC3T3-E1 cells (Horiguchi et al., 1991,
1993). These effects may result from the overall activation
of the Rho family GTPases polyaminated or deamidated
by DNT. Each GTPase has multiple effector proteins,
which are common to some GTPases or specific to a
particular one. Therefore, the effects of DNT on cell
function appear to be complex. To understand better the
molecular basis of DNT toxicity, it will be important to
correlate the effects of DNT with the constitutive activation
of each GTPase and the signaling pathway to the down-
stream effector proteins.

Materials and methods
Materials

DNT was purified from Bordetella bronchiseptica by the method
previously reported (Horiguchi et al., 1990). The recombinant proteins

527



M.Masuda et al.

of RhoA, RhoAG03 Racl and Cdc42 were obtained as described
elsewhere (Horiguchi et al., 1997). The expression vectors for mammalian
cells, pMEPyori FLAG-RhoA and pMEPyori FLAG-RhoA®"93, were
constructed as described in Horiguchi et al. (1997). GST-tagged Ha-Ras
and RhoA were purified with a glutathione—Sepharose 4B (Amersham
Pharmacia Biotech., Uppsala, Sweden) column from lysates of E.coli
DH5a. harboring pGEX2T-Ha-Ras and pGEX1T-RhoA provided by Dr
Y.Takai, Osaka University Medical School, Osaka, Japan and Dr M.Sugai,
Hiroshima University, Hiroshima, Japan, respectively. A catalytic frag-
ment of pl90GAP was provided by Dr R.A.Weinberg, The Whitehead
Institute for Biomedical Research, Cambridge, MA. Rho GDI was
provided by Dr Y.Takai. Y27632 was a gift from Yoshitomi Pharmaceut-
ical Industries, Osaka, Japan. The Rho-binding domain of ROCK-I
(ROCK-RB) was produced as an N-terminally GST-tagged protein as
follows. A gene encoding the 918-1048 amino acid region of ROCK-I
was amplified by PCR with primers (5'-CCGAATTCCCAA-
GAAAGCAAGAAAGCTGCTTCAAG-3', where the underlining indi-
cates an EcoRI site, and 5-ATGCGGCCGCGAATTTCTCTCTTT-
CTTGGTTGAGTTC-3', where the underlining indicates a Nofl site) and
pCMX-MycROCK as a template, which was provided by Dr S.Narumiya,
Kyoto University Faculty of Medicine, Kyoto, Japan. The amplified
DNA was subcloned into pBluescript SK™ (Stratagene, La Jolla, CA)
treated with EcoRV and alkaline phosphatase. The ROCK-RB gene was
excised from the plasmid obtained by treatment with EcoRI and Notl
and was inserted into pGEX4T3 (Amersham Pharmacia) treated with
the same enzymes. The GST fusion protein of ROCK-RB was purified
from E.coli DH50 harboring this plasmid according to the manufacturer’s
manual. ROCK-II was purified from bovine brain by the method of
Matsui et al. (1996). The purity of the kinase was confirmed by SDS—
PAGE and immunoblotting with anti-ROCK-II antibody (C-20; Santa
Cruz Biotechnology, Santa Cruz, CA). MC3T3-El and Swiss 3T3 and
C3HI10T1/2 cells were maintained in o-minimum essential medium
(0-MEM) or in Dulbecco’s modified Eagle’s medium, respectively,
supplemented with 10% fetal calf serum at 37°C under 5% CO, in air.

Intrabacterial modification of RhoA by DNT

RhoA was modified intrabacterially by DNT as described previously
(Kashimoto et al., 1999). DNT and FLAG-tagged RhoA were co-
expressed in E.coli harboring pETDNTwt and pSTV29-FLAG-RhoA
and allowed to react in bacterial cells during cultivation of the bacteria.
The modified FLAG-RhoA was extracted from the bacterial cells and
purified by affinity chromatography on an anti-FLAG M2-agarose gel
(Sigma) according to the manufacturer’s instructions. Unmodified FLAG-
RhoA and FLAG-RhoAS""%3 were also recovered from E.coli carrying
pET21d, a mock vector, and pSTV29-FLAG-RhoA or pSTV29-FLAG-
RhoAS63  respectively.

Structural analyses of modified Rho

The FLAG-RhoA samples were subjected to reversed-phase HPLC on
a Develosil ODS-5C4-HG column (4.6 X 150 mm; Nomura Chemicals,
Aichi, Japan). A linear gradient formed between solvent A [0.1%
trifluoroacetic acid (TFA) in water] and solvent B (0.1% TFA in
acetonitrile) was used for the separation. The proteins were eluted by
increasing solvent B from 20 to 60% in 120 min at a flow rate of
1.0 ml/min and monitoring at both 214 and 280 nm. MALDI-TOFMS
was performed with a Voyager Elite XL time-of-flight mass spectrometer
equipped with a delayed extraction system (PE Biosystems, Framingham,
MA) with flight paths of 4.2 and 6.5 m for the linear and reflectron
mode, respectively. Solutions (1 pl) containing proteins (10 pmol) or
peptides (1-5 pmol) were mixed with the matrix solution, the supernatant
of a 50 or 33% acetonitrile solution saturated with o-cyano-4-hydroxy
cinnamic acid or sinapinic acid, respectively, and then air dried on the
flat surface of a stainless steel plate. The ions were generated by
irradiating the sample area with the output of a nitrogen laser at a
wavelength of 337 nm, and accelerated at a 20 or 25 kV potential in
the ion source with a delay of 50 or 150 ns in the linear or PSD mode,
respectively.

Treatment of cell lysates and GTPases with DNT

Swiss 3T3 cells were seeded into a 60 mm dish at a density of
1.5 X 10* cells/cm? and incubated for 24 h. The cells were washed with
phosphate-buffered saline (PBS), scraped with a rubber policeman in
10 mM sodium phosphate buffer pH 8.5, and homogenized by sonication.
The homogenates were diluted with the same buffer to produce a protein
concentration of 1 mg/ml. The homogenates (25 pg) were treated with
10 ug/ml DNT in 30 pl of the same buffer containing 5 mM dithiothreitol
(DTT) for 2 h at 37°C. The recombinant GTPases were incubated with
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DNT in 20 mM Tris-HCI pH 7.5, 10 mM MgCl,, 1 mM EDTA and
5 mM DTT at 37°C overnight.

Assay for in vivo polyamination

C3HI10T1/2 cells were pre-loaded with 18.5 kBg/ml of ['“C]putrescine
in the presence of 20 UM aminoguanizine at 37°C for 24 h as described
before (Piacentini er al., 1988), and then incubated with or without
5 ng/ml DNT for an additional 24 h. The cells were washed, lysed in
the SDS sample buffer and subjected to SDS—PAGE. For immunoprecipi-
tation, C3H10T1/2 cells were transfected with pMEPyori FLAG-RhoA
or pMEPyori FLAG-RhoA%%3 by the calcium phosphate method. After
incubation for 2 days, the cells were pre-loaded with ['*C]putrescine
and treated with DNT as described above. The cells were washed and
lysed with cell lysis buffer (10 mM Tris—HCI 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)
pre-washed with 5% skim milk and suspended in the cell lysis buffer.
The agarose gel was washed with the cell lysis buffer and boiled in
2-fold concentrated SDS sample buffer, and the supernatant after
centrifugation was subjected to SDS-PAGE. After electrophoresis, pro-
teins linked to ['“C]polyamines were detected by autoradiography.

Microinjection

MC3T3-El cells were plated on coverslips at 7000 cells/cm? and
incubated for 24 h as described above. The cells were washed with pre-
warmed PBS, incubated further in serum-free o-MEM for 24 h and
subjected to microinjection. The recombinant RhoA was treated with
DNT at a molar ratio of 1000:1 in Dulbecco’s PBS containing 0.1 mM
GDP in the presence or absence of 1 mM spermidine at 37°C overnight.
The RhoA samples were diluted appropriately and microinjected into
the cells along with 1 mg/ml of rabbit IgG. Microinjection was performed
with an Eppendorf micromanipulator (Eppendorf, Hamburg, Germany).
The cells were incubated further for 1 h after microinjection, fixed with
3% paraformaldehyde in PBS for 10 min, washed three times with PBS
and permeabilized with 0.5% Triton X-100 in PBS for 5 min. Alexa
568—phalloidin (Molecular Probes, Eugene, OR) and Alexa 488—goat
anti-rabbit IgG (Molecular Probes) in PBS containing 10% fetal calf
serum were overlaid on the cells at 2.5 U/ml and 4 pg/ml, respectively,
and allowed to react at room temperature for 1 h. The cells were
washed with PBS, mounted in PermaFluor™ aqueous mounting medium
(Immunon, Pittsburgh, PA) and observed under a fluorescence micro-
scope. Fluorescence micrographs were taken with a SPOT color digital
camera (Diagnostic Instruments, Sterling Heights, MI) controlled by IP
Lab software (Scanalytics, Fairfax, VA).

Assays of GTPyS binding and GTPase activities

The GTPYS binding activity of GTPases was determined by the method
described elsewhere (Horiguchi et al., 1997). GTPase activity was
determined according to the method of Kikuchi et al. (1989) with a
slight modification. The recombinant RhoA (200 pmol) was pre-incubated
for 20 min at 30°C in 100 ul of 20 mM Tris-HCI pH 7.5 containing
5 mM MgCl,, 10 mM EDTA, 5 mM DTT and 1 puM [}-*?P]GTP
(~9000 c.p.m./pmol). Reaction buffer (100 pl) containing 20 mM Tris—
HCI pH 7.5, 25 mM MgCl,, 4 mM GTP and 7.5 mM DTT was added
with or without 30 pg/ml of the catalytic fragment of pl190GAP to the
pre-incubated mixture and incubated at 30°C. After various periods of
incubation, 25 ul aliquots of the mixture were transferred into wells of
a Multiscreen filter plate HA (Millipore) containing 100 pul of washing
solution (20 mM Tris—HCI pH 8.0, 30 mM MgCl,, 125 mM NaCl), and
subjected to rapid filtration. The filter was washed five times with 200 pl
of the washing solution and the radioactivity remaining on the filter
membrane was measured with a scintillation counter.

Binding of RhoA to ROCK-RB

The binding of the intact and modified RhoA proteins to ROCK-RB
was monitored with a BIAcore system (BIAcore, Uppsala, Sweden).
The BlAcore system was operated at 25°C and at a constant flow of
5 wl/min in running buffer containing 20 mM Tris—HCI pH 7.5, 10 mM
MgCl, and 1 mM EDTA. For immobilization of the GST-tagged
ROCK-RB, a CMS5 sensor chip was first coated with goat anti-GST
antibody according to the manufacturer’s instructions. The GST-tagged
ROCK-RB (6 pg) was immobilized by injecting over the chip coated
with anti-GST antibody. GST was also immobilized on another chip for
control experiments. The efficiency of the immobilizations was confirmed
by the increase in resonance units (RUs) to ~12 000. The FLAG-tagged
RhoA proteins recovered by the co-expression method described above
were dialyzed against 20 mM Tris—HCI pH 7.5 containing 5 mM MgCl,,



pre-loaded with GDP or GTPYS at a 10-fold molar excess to the protein
in the running buffer at 37°C for 2 h, and injected over the immobilized
proteins. The polyaminated FLAG-tagged RhoA obtained from E.coli
was found to consist of 32% putrescine-, 54% spermidine-linked RhoA
and 14% deamidated RhoA, as calculated from a profile of reversed-
phase HPLC (data not shown). Specific binding was estimated by
subtracting the RUs of background binding in the control experiments
from those of total binding in each experiment.

Protein kinase assay

GST-tagged RhoA was treated with DNT at a 1000:1 molar ratio in the
presence or absence of 250 uM spermidine as described above, pre-
loaded with GDP or GTPYS at a 10-fold molar excess to the GTPase in
20 mM Tris—HCI pH 8.0, 5 mM MgCl,, 10 mM EDTA and 1 mM DTT
at 30°C for 20 min, and used for the following kinase assay. The kinase
reaction was carried out in 50 pl of Tris—HCI pH 8.0, 8 mM MgCl,,
0.2% CHAPS, 10 uM [y->?P]ATP (~250 GBg/mmol), 2 uM GST-RhoA,
40 uM PKCa peptide as a substrate, and purified ROCK-II (10 ng).
After incubation for 10 min at 30°C, the reaction mixture was spotted
immediately onto Whatman p81 paper. The paper was washed five times
in 300 ml of 75 mM phosphoric acid and dried in air. The radioactivity
incorporated into the PKCo peptide on the paper was measured with a
scintillation counter.

Other methods

The [**P]JADP-ribosylation of Rho was achieved with C3 exoenzyme as
described previously (Horiguchi et al., 1995). Autoradiography was
performed with an imaging plate (Fuji Film Co., Tokyo, Japan) and
radioactive protein bands were detected using a Fuji BAS 1500 image
analyzer (Fuji Film). For immunoblot analysis, samples were transferred
to polyvinylidene difluoride membranes after SDS-PAGE. The mem-
branes were probed with anti-RhoA antibody (119; Santa Cruz, CA) and
alkaline phosphatase-conjugated anti-rabbit IgG. Immunoblots were
revealed by CDP-Star reagent (Tropix, Bedford, MA).
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