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The effect of KCl on ADP-ribosylation of the recombinant RhoA protein catalyzed by the
Clostridium botulinum C3 enzyme was studied. When the recombinant glutathione
S-transferase-RhoA fusion protein (GST-RhoA) was incubated with C3 and [adenylate-
2PIJNAD, incorporation of radioactivity into the recombinant RhoA increased in the
presence of KCl. The increase in ADP-ribose incorporation into RhoA due to KC1 appeared
in the presence of MgCl, and was abolished by EDTA. C3 was stabilized by KCl, but the
stabilization was also seen with BSA. The KCl-induced increase in the ADP-ribosylation
was observed even in the presence of BSA during the modification reaction, thus the effect
of KCI1 was not due to the stabilization of C3. While the initial rate of the reaction was
increased by KCl, maximum incorporation of ADP-ribose per GST-RhoA molecule did not
increase in the presence of KCl. Kinetic analysis revealed that KCl increased V,,.x but did
not alter K, for either NAD or RhoA. The NAD glycohydrolase activity of C3 was also
increased by KCl. These results indicate that KCI directly activates the C3 enzyme.

Key words: activation, ADP-ribosylation, Clostridium botulinum C3 exoenzyme, potas-

sium ion, recombinant GST-RhoA fusion protein.

The Rho/Rac protein family, a member of the ras-GTP-
binding protein superfamily, consists of Rho A, B, and C,
and Racl and 2. The Rho proteins are thought to be involved
in the regulation of actin stress fiber formation (1, 2), cell
motility (3, 4), smooth muscle contraction (5), and malig-
nant transformation (6, 7).

The C3 exoenzyme, produced by strains C and D of
Clostridium botulinum, catalyzes ADP-ribose transfer from
NAD to Rho/Rac proteins (8-14), and the modified amino
acid residue was determined to be asparagine-41 in a Rho
protein purified from the cytosol of bovine adrenal glands
(15). ADP-ribosylation of the Rho proteins by the C3
exoenzyme closes off the pathway of signal transduction
through the small GTP-binding protein (16, 17). The
notion that Rho proteins regulate the organization of actin
in the cytoskeleton is partly derived from observations that
C3 treatment of Swiss 3T3 cells led to the disappearance of
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stress fibers and an altered cell shape (1).

Since the discovery of ADP-ribosyltransferase activity
of the C3 enzyme, several factors, including cytosolic
proteins and detergents, have been reported to affect the
ADP-ribosylation of Rho proteins by the enzyme (18-21).
However, analysis of the mechanism which modulates
C3-catalyzed ADP-ribosylation of Rho is difficult especially
in systems involving cell lysates or partially purified
proteins as the substrate source, since in these crude
preparations, the substrate may be a mixture of different
Rho/Rac proteins, in addition to the possible coexistence of
factors affecting the modulation, such as Rho-GDI, which
was reported to bind tightly to Rho proteins and to inhibit
C3-catalyzed ADP-ribosylation of Rho (22). The activity of
several eucaryotic ADP-ribosyltransferases was shown to
be modulated by salts; salt-activated and salt-inhibited
transferagses were found in turkey erythrocytes (23, 24)
and chicken bone marrow cells (25). On the other hand,
data on the effect of salt on C3 activity are limited. We
studied the effect of KCl on C3 activity using a recombinant
RhoA protein which is free from other C3 substrates or
eucaryotic proteins which may influence the C3-catalyzed
ADP-ribosylation of Rho proteins. We report here that the
ADP-ribosyltransferase activity of C3 was enhanced by
KCl, in a Mg?*-dependent manner while the NAD glycohy-
drolase activity was also enhanced by the salt, but
Mg**-independently.

MATERIALS AND METHODS
Materials— [adenylate-*?P]NAD (29.6 TBq/mmol) and
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[carbonyl-“*C]NAD (1.96 GBq/mmol) were purchased
from New England Nuclear. Botulinum C3 exoenzyme (C3)
was from Wako, Osaka. pGEX5G (26) was kindly donated
by Dr. Randy S. Haun of NHLBI, NIH, Bethesda, USA.

Preparation of Recombinant RhoA Proteins—The RhoA
protein was expressed in Escherichia coli as described
previously (1, 27) and purified as described for the Racl
protein (28). Briefly, the complete RhoA coding sequence
was amplified from poly(A)* RNA of a human leukocyte
cell line, HL.-60, by the RT-PCR technique, using human
RhoA specific primers 1 (GGCCTGGTTCCGCGGGCAGC-
CATCCGGAAGAA) and 2 (CTGCGCCTCGCTCCTCACA-
AGACAAGGCAACCA). The PCR product was cloned into
the pGEX5G expression plasmid and expressed in E. coli
DH5a cells (26). The correct reading frame was confirmed
by nucleotide sequencing of both strands of the recom-
binant plasmid and microsequencing of N-terminal amino
acids of the recombinant RhoA protein after thrombin
cleavage. The 49 kDa GST-RhoA fusion protein was puri-
fied by glutathione Sepharose 4B affinity chromatography
(Pharmacia). The purified GST-RhoA protein was digested
with bovine thrombin (Sigma), and then subjected to
heparin Sepharose 6B affinity chromatography (Phar-
macia) to remove thrombin. The purified preparation was
dialyzed against salt-free buffer (20 mM Tris-HCI, pH 7.5,
1 mM MSH) just before use. Recombinant RhoA proteins,
both fusion and post-digested, were shown to bind GTP and
were ADP-ribosylated by C3.

Partial Purification of Brain Cytosolic Proteins Serving
as Substrates for C3-Catalyzed ADP-Ribosylation—Botu-
linum C3 substrates were partially purified from bovine
brain cytosol according to the method described previously
(18) with modifications. Briefly, bovine brains were homog-
enized in 5 volumes of 0.25 M sucrose containing 20 mM
Tris-HCl (pH 7.5), aprotinin (25 Kkallikrein inhibitory
units/ml), 2 mM MSH, and 1 mM EDTA (TSAME buffer),
and then centrifuged at 100,000 g for 1 h. The super-
natant fraction thus obtained was subjected to DE52
column chromatography. The substrate for C3-catalyzed
ADP-ribosylation was eluted from the column at about 50
mM NaCl. The peak fractions containing the substrate were
pooled, concentrated with ammonium sulfate (90% satura-
tion), and then fractionated on a gel filtration column of
Sephadex G-100 pre-equilibrated in TSAME buffer
containing 100 mM NaCl. The peak fractions (25 kDa)
containing the substrate for C3-catalyzed ADP-ribosylation
were pooled and used as endogenous Rho proteins of bovine
brain.

ADP-Ribosylation Assay—For the standard assay,
recombinant GST-RhoA (60 pmol) was incubated with 1
M [P*P]NAD (200 Bq/pmol) and 0.6 ng of C3 in a reaction
mixture consisting of 50 mM Tris-HCl (pH 7.5), 5 mM
MgCl,, 1 mM EDTA, 10 mM DTT, and 6 ug of BSA (total
volume, 50 gl) at 37°C for 30 min. The reaction was
terminated by the addition of 150 1 of 0.4% SDS contain-
ing 0.2 M Tris-HCI (pH 7.5) and 10 x4g/ml of BSA, fol-
lowed by further addition of 150 ul of 30% TCA. The
acid-insoluble proteins were collected on a glass fiber filter
(Whatman GF/A), and radioactivity counted with a liquid
scintillation spectrometer. In some experiments, the reac-
tion was terminated by boiling of the mixture with 25 x1 of
Laemmli sample buffer (29) containing 2% SDS, and then
a sample (50 u1) was subjected to SDS/PAGE (15% gel),

Vol. 119, No. 1, 1996

201

followed by Coomassie Blue staining and autoradiography.
For quantification of radioactivity in the gel, a bio-imaging
analyzer, BAS 2000 (Fuji), was used. The assays were
repeated four times.

NAD Glycohydrolysis—The activity of NAD glycohy-
drolysis by C3 was determined by measuring nicotinamide
release. (carbonyl-"““CJNAD (10 xM, 1.6 kBg/nmol) was
incubated with 10 ng of C3 enzyme for 2h at 37°C in a
reaction mixture comprising 50 mM Tris-HCl, pH 7.5, 10
xg of BSA, 10 mM DTT, and 1 mM EDTA, in a total
volume of 0.1 ml. The reaction was terminated by adding
0.4ml of 0.1% TFA and then the mixture was passed
through a filter. The filtrate (0.4 ml) was applied to a
COSMOCIL 5C18-MS column (4.6 X 150 mm) and devel-
oped with 0.1% TFA under isocratic conditions (30) at the
flow rate of 0.3 ml/min. Fractions of 0.6 ml were collected
and the radioactivity in each fraction was counted. Under
these conditions, the retention times of authentic nicotin-
amide and NAD were 12 and 50 min, respectively. The
amount of radioactivity in fractions corresponding to
nicotinamide was estimated as the activity of NAD glyco-
hydrolase. When the reaction was carried out without the
C3 exoenzyme, the count in the nicotinamide fraction was
about 0.02% of the total count. This value was subtracted
from the count for nicotinamide fraction in each assay.

RESULTS

ADP-Ribosylation of the GST-RhoA Protein by C3—The
human RhoA protein was expressed as a fusion protein with
glutathione S-transferase in E. coli, and affinity-purified
with glutathione-Sepharose. The obtained preparation
showed a single band (49 kDa) on SDS-PAGE, followed by
Coomassie Blue staining (data not shown). The C3 enzyme
purified according to Morii et al. (31) was obtained from a
commercial source. The enzyme preparation also exhibited
electrophoretically a single band (25kDa) (data not
shown). When this enzyme was incubated with bovine brain
cytosol in the presence of [**P]NAD, only a single band
corresponding to a 22 kDa protein was detected on SDS-
PAGE/autoradiography, but no incorporation was observed
at the position corresponding to actin (data not shown), a
substrate of the botulinum C2 toxin (32).
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Fig. 1. Effect of KCl on C3-catalyzed ADP-ribosylation with or
without MgCl,. ADP-ribosylation of the GST-RhoA protein (60
pmol) by C3 (0.6 ng) was determined as described under “MATE-
RIALS AND METHODS” in the absence (open bars) or presence
(closed bars) of 100 mM KCl, with the addition of EDTA or MgCl,, or
their combination. The final concentrations of EDTA and MgCl, were
1 and 5 mM, respectively.

ADP-ribosylation (pmo!l/ng/min)
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The fusion protein was incubated with C3 ADP-ribosyl-
transferase and [*?P]NAD, and then analyzed by SDS-
PAGE, followed by Coomassie Blue staining and autoradio-
graphy. Radioactivity was observed only in a band (49 kDa)
corresponding to the GST-RhoA protein, no other radio-
active bands being observed. Since in this reconstitutional
system the incorporation of radioactivity was observed
only into the GST-RhoA protein, we measured the modi-
fication by counting the radioactivity of acid-insoluble
materials in the reaction mixture collected on a glass filter.
The result showed good correlation with that obtained by
counting of the radioactivity associated with GST-RhoA on
SDS-PAGE, using a bio-imaging analyzer, BAS 2000.
Thus, determination of C3-catalyzed ADP-ribosylation of
GST-RhoA was essentially carried out by means of this
assay and the results obtained with the filter assay were
confirmed by SDS-PAGE/BAS 2000. Mg**-dependency of
the C3-catalyzed modification was noted when the purified
native Rho protein was used as the C3-substrate protein
(33-35). We examined this point with GST-RhoA and
observed the labeling of GST-RhoA, without the addition of
MgCl,, but in the presence of EDTA the modification was
completely inhibited (Fig. 1). This result may reflect the
presence of a trace amount of Mg®* in the preparation. To
abolish the effect of contaminating divalent cations, further
experiments were carried out in the presence of 1 mM
EDTA, unless otherwise stated. BSA was also included in
all reaction mixtures to prevent protein-destabilization
during incubation for ADP-ribosylation.

KCl-Induced Increase in C3-Catalyzed ADP-Ribosyl-
ation—The effect of KCl on C3-catalyzed ADP-ribosylation
of the GST-RhoA protein was then examined (Fig. 1). In the
presence of 5 mM MgCl,, the addition of KCl increased the
modification up to 2.2-fold, while in the absence of MgCl;,
the effect of the salt was not observed. NaCl and LiCl
showed similar effects to KCl, albeit to lesser extents, 75
and 72% of the KCl-induced increase, respectively (data
not shown). When MgCl, was replaced by CaCl;, the
addition of KCI also increased the incorporation to 66% of
the ADP-ribosylation with MgCl, (data not shown). These
results indicate that the KCl-induced increase in ADP-ribo-
sylation depends on the presence of divalent cations and
that MgCl, can be replaced by CaCl;. In the presence of
MgCl,, the most effective concentration of KCl was 100
mM, and higher concentrations of the salt inhibited the
incorporation (Fig. 2A). Though inhibitory effects of higher
concentrations (0.5-1.0 M) of NaCl on C3-catalyzed modi-
fication were reported (18, 34), the activating effect of KCl,
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NaCl, or LiCl has apparently not heretofore been de-
scribed.

To exclude the possibility that the effect of the salt is only
observed when the GST-RhoA fusion protein is used as a
substrate for C3, similar experiments were carried out with
the recombinant RhoA peptide or partially purified C3-
substrate protein from bovine brain. As shown 1n Fig. 2B,
KCl enhanced the modification of both the recombinant
RhoA peptide and the bovine brain C3 substrate, and in
each case, the maximal effect of KCl was observed at the
concentration of 100 mM. When the ADP-ribosylated
GST-RhoA labeled in the presence or absence of KCl was
cut into GST and RhoA by thrombin, the incorporation was
observed only into the RhoA portion in each casé (data not
shown). From these results, we concluded that the KCl-
induced increase in C3-catalyzed ADP-ribosylation of the
Rho protein is a commonly observed phenomenon among
different preparations of Rho.

Effect of KCl on the pH Optimum—The effect of KCl on
the pH optimum of C3-catalyzed ADP-ribosylation of
GST-RhoA was also examined. As shown in Fig. 3, an
increase in the modification by KCl was observed in the pH
range of 6.5-9.5. The addition of KCI did not alter the pH
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Fig. 3. pH optimum of C3-catalyzed ADP-ribosylation of
recombinant GST-RhoA in the presence and absence of KCl.
Recombinant GST-RhoA (60 pmol) was ADP-ribosylated with 1 uM
[**P]NAD and C3 (0.6 ng) in the presence (closed aircles) or absence
(open circles) of KCl (100 mM) at the indicated pH for 30 min

Thereafter, the amount of [*?P]ADP-ribose incorporated into the
protein was determined by the filter assay. The ratio of the activity in
the presence of KCl to that in the absence of the salt (KCl (4-)/KCl
(—)] over the pH range of 6 5-9.5 18 expressed as triangles.

Fig. 2. Activation of C3-catalyzed
ADP-ribosylation by KCl. (A) Recom-
binant GST-RhoA (60 pmol) was ADP-
ribogylated by C3 (0.6 ng) in the pres-
ence of increasing concentrations of KCI.
(B) Recombinant GST-RhoA (60 pmol)
(lane 1), recombinant RhoA fragment
(10 pmol) (lane 2) or partially purified
Rho from bovine brain cytosol (0 5 ug)
(lane 3) was ADP-ribosylated waith 1 4| M
[**P]NAD and C3 (0.6 ng) in the pres-
ence of 1ncreasing concentrations of KCl
Thereafter, the labeled proteins were
analyzed by SDS-PAGE and autoradio-
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optimum (pH 7.5) of the modification of the Rho protein. In
addition, the ratio of the activity in the presence of KCl to
that in its absence [(KCI(+)/KCl(~)] was unchanged over
the pH range of 6.5-9.5.

Effect of KCl on the Stability of GST-RhoA and C3—In
an attempt to define the mechanism of the KCl effect on the
acceptor activity of GST-RhoA, GST-RhoA was prein-
cubated with 50 mM Tris-HCI (pH 7.5) containing 10 mM
DTT at 37°C prior to the ADP-ribosylation assay. The
incorporation markedly decreased with an increase in
preincubation time. Preincubation of the recombinant
protein for 10 min caused a decrease to 50% of the value
obtained without preincubation and the reduction reached
75% on preincubation for 80 min. The addition of KCl
during the preincubation of RhoA did not prevent this
decrease of ADP-ribose incorporation. With the addition of

203

BSA, MgClL,, GTP, or GDP during the preincubation the
initial level of the incorporation was maintained even after
80-min preincubation (Fig. 4A). Next, we tested the effect
of KCl on the stability of the C3 enzyme. Though C3 was
also destabilized by preincubation in the presence of 50 mM
Tris-HCI (pH 7.5) containing 10 mM DTT, the addition of
KCl as well as BSA maintained the modification at over
90% of the initial level, while guanine nucleotides or MgCl,
were less effective in preventing the destabilization of C3
(Fig. 4B). These results indicate that KCl can stabilize C3
during the preincubation and that BSA has a stabilizing
effect similar to that of KCl. Because BSA was included in
the standard ADP-ribosylation assay mixture, it is unlikely
that the KCl-induced increase in the modification is due to
its ability to stabilize C3.

KCl-Induced Increase in the Initial Rate of C3-Cata-

Fig. 4. Effects of KCl, MgCl,, gua-
nine nucleotides, and BSA on the
stability of GST-RhoA or C3 during
preincubation. Recombinant GST-
RhoA (60 pmol) (A) or C3 (0.6 ng) (B)
was preincubated in 50 mM Tris-HCl
(pH 7.5) containing 1 mM EDTA and
10 mM DTT for the indicated periods
with no addition (open circles), or the
addition of one of the following five
reagents, 6 ug BSA (closed squares), 5
mM MgCl, (closed circles), 0.5 mM
GTP (closed triangles), 0.6 mM GDP
(closed diamonds), or 100 mM KCl
(open squares). Thereafter, each prein-
cubated solution was supplemented
with the rest of the reagents in addition
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Fig. 5. Time course of C3-catalyzed ADP-ribosylation of re-
combinant GST-RhoA in the presence and absence of KCl.
Recombinant GST-RhoA (60 pmol) was ADP-ribosylated with 1 4M
(**P]NAD and C3 (0.6 ng) in the presence of 1 mM EDTA for the
indicated periods. The additions were none (squares), MgCl, (6§ mM)
(open circles), or MgCl, (5 mM) plus KC1 (100 mM) (closed circles).
Thereafter, the amount of [**PJADP-ribose incorporated into the
protein was determined by the filter assay.
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Fig. 6. Stoichiometry of ADP-ribose incorporation into re-
combinant GST-RhoA with and without KCl. Recombinant
GST-RhoA (2.0 pmol) was incubated with 5 uM [**P]NAD and C3
(10 ng) in the presence (closed circles) or absence (open circles) of KCl
(100 mM) for the indicated periods. The amount of [**P]ADP-ribose
incorporated into the protein was determined by the filter assay. An
additional 10 ng of C3 was added at the time point indicated by the
arrow.
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lyzed ADP-Ribosylation—To confirm that KCl indeed
enhances the modification of RhoA in the presence of BSA
and Mg**, we examined the time course of the reaction,
with or without KCl, in the presence of those compounds.
As shown in Fig. 5, the time course of the ADP-ribosylation
of GST-RhoA by C3 was linear in both the presence and
absence of KCl, thus the C3 activity remained constant, at
least within 60 min of incubation, even in the absence of
KCl, and the possibility that the KCl-induced increase in
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Fig. 8 HPLC analysis of reaction products of C3 exoenzyme-
catalyzed NAD glycohydrolysis. The reaction was carried out at
37°C for 2 h and the products were analyzed by HPLC, as described
under “MATERIALS AND METHODS * HPLC analysis of the
reaction products in the absence (open circles) or presence (closed
circles) of KC1 (100 mM) 18 shown

TABLE I. Effect of KCl on the NAD glycohydrolase activity of
C3 in the presence and absence of Mg?*. The NAD glycohydrolase
activity of C3 was measured as described under “MATERIALS AND
METHODS” 1n the absence or presence of 100 mM KCl with the
indicated additions.

NAD glycohydrolase activity of C3

T. Miyaoka et al.

the modification is due to stabilization of C3 can be ruled
out. Thus, we concluded that KCl increased the initial rate
of C3-catalyzed ADP-ribosylation of RhoA. The increase in
the initial rate of C3-catalyzed ADP-ribosylation on the
addition of KCIl might reflect an increase in sites of the
modification in a molecule of GST-RhoA protein. However,
this possibility was ruled out by the finding that the
maximal incorporation of ADP-ribose/mol of GST-RhoA
was 0.9 in both the presence and absence of KCl. Further
addition of the C3 enzyme at 120 min of incubation did not
affect the maximal incorporation of ADP-ribose (Fig. 6). To
examine the mechanism of the KCl-induced increase in the
initial velocity, the effect of KCl on the kinetics of ADP-
ribosylation of GST-RhoA by C3 was examined. As shown
in Fig. 7, A and B, KCl did not alter the K, values for
GST-RhoA and NAD, but did increase Vi 2.1-2.2 fold.
Effect of KCl on NAD Glycohydrolase Activity—The
effect of KCl on the NAD glycohydrolase activity of the C3
exoenzyme was then examined. [carbonyl-'*C]JNAD was
incubated in the presence of 1 mM EDTA with the C3

Enzyme activity (pmol/ng/min)

NADase Transferase

Fig 9. Comparison of the C3 activities of ADP-ribosylation
and NAD glycohydrolysis. Both the ADP-ribosylation (Transfer-
ase) and NAD glycohydrolysis (NADase) assays were performed with
10 ©M NAD in the absence (open bars) or presence (closed bars) of
100 mM KCl. For ADP-nbosylation, GST-RhoA (225 pmol) was
incubated with 10 4M [**P]NAD (70 Bq/pmol) and 0 6 ng of C3 1n
the reaction mixture described under “MATERIALS AND METH-
ODS.” NAD glycohydrolysis assay was also carried out as described
under “MATERIALS AND METHODS *

Fig 7 Effect of KCl on the kinetics of C3-cata-
lyzed ADP-ribosylation of recombinant GST-
RhoA. C3-induced ADP-nbosylation of recombinant
GST-RhoA was studied with increasing concentra-
tions of recombinant GST-RhoA (A) or NAD (B) in the
presence (closed circles) or absence (open circles) of
KCl (100 mM). The assays were performed with 50
£M NAD (A) or 4 5 M GST-RhoA (B), respectively.
The incorporation of [**P}JADP-ribose was deter-
mined using the filter agsay The data are shown as
Lineweaver-Burk plots. The values of kinetic param-
eters obtained from the plots are: (A) K»=0.71 uM,

Additions (pmol/ng/min)
KCl1 () KCl1 (+)
None 0.021 0.043
EDTA (1 mM) 0 020 0 042
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Voexr [KCI(—)]=0.27 pmol/ng/min, and Vg,
[KCI{+)])=0.56 pmol/ng/min, (B) K.=8.0uM,
Voax [KCl(—)]=0.25 pmol/ng/min, and Vgux
{KCI(+)]=0.55 pmol/ng/min.
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Fig. 10. Effects of KCl, MgCl,, and GTP, and their combinations on C3 exoenzyme-catalyzed ADP-ribosylation or NAD glycohy-
drolysis. The effects of various agents on ADP-ribosylation (A) or NAD glycohydrolysis (B) by C3 exoenzyme were measured as described
under “MATERIALS AND METHODS” in the absence (open bars) or presence (closed bars) of 100 mM KCL. The final concentrations of EDTA,

MgCl,, and GTP were 1, 5, and 0.5 mM, respectively.

enzyme, and the released nicotinamide was isolated by
reversed phase HPLC. This release of nicotinamide in-
creased in C3-dose- and incubation time-dependent man-
ners (data not shown). As shown in Fig. 8, the addition of
KCl to the assay system increased the amount of nicotin-
amide ~2.1 fold, while the addition of MgCl, did not affect
the amount of released nicotinamide, in both the absence
and presence of KCl (Table I). When the NAD glycohy-
drolase activity of C3 was compared with its ADP-ribosyl-
transferase activity with the same concentration of NAD
(10 uM), the activity of NAD hydrolysis was about one-
ninth that of the transferase, in both the presence and
absence of KCI (Fig. 9). GTP with or without Mg?* did not
change either the basal or KCl-stimulated NAD glycohy-
drolase activity, whereas the guanine nucleotide restored
the ADP-ribosylation to some extent in the absence of
MgCl, (Fig. 10) in a KCl-independent manner. GTP plus
MgCl; further increased the C3 transferase activity (Fig.
10), as noted by other workers (33-35).

DISCUSSION

We have described here the enhancement of botulinum C3
exoenzyme-catalyzed ADP-ribosylation of the recom-
binant RhoA protein by KCl, in a Mg**.dependent manner.
The effects of salt on its ADP-ribosyltransferase activity
have been reported (23-25). Moss et al. found that NaCl
decreased K, for NAD, in studies on ADP-ribosyltrans-
ferase from turkey erythrocytes (24). We previously
reported that one type of ADP-ribosyltransferase from
chicken bone marrow cells was activated by 200 mM NaCl
(25). We also reported that NaCl stabilized the endogenous
ADP-ribosyltransferase from chicken heterophils against
mechanical treatment (36). Since there has been no docu-
mentation on the increasing effect of KCl on C3-catalyzed
ADP-ribosylation, though higher concentrations of NaCl
was found to inhibit the modification (34), it is interesting
that C3-catalyzed reactions are also affected by these salts.

To elucidate the mechanism of the KCl-induced increase
in the modification, we examined the effects of KCl on the
pH optimum, kinetics and stoichiometry of the reaction,
and found that KCl increaged V., of C3-catalyzed ADP-
ribosaylation but did not alter K, for either RhoA or NAD,
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indicating that KCl does not affect the affinities of the C3
enzyme for these substrates. RhoA is a guanine nucleotide
binding protein and the effect of Mg** on the nucleotide
binding of G proteins has been widely recognized (37, 38).
Our finding that Mg?** and GTP stabilize RhoA but not C3
also support the idea that RhoA directly interacts with
Mg?* and guanine nucleotides. In contrast, KCl prevented
destabilization of C3 but had no effect on the stabilization of
RhoA. Since BSA, which can also protect C3 from destabil-
ization, was present in all the ADP-ribosylation reactions,
the KCl-induced increase in the ADP-ribosylation of RhoA
cannot be explained by a stabilizing effect of KCl. The
protective effect of KCl on destabilization of C3 indicates
that KCl directly interacts with C3 and enhances its
catalytic ability to ADP-ribosylate RhoA. If the target of
KCl is C3 but not RhoA, NAD glycohydrolase activity, the
other enzymatic activity of C3, would also be increased by
KCl. Indeed, we found that the NAD glycohydrolase
activity of C3 was activated 2-fold on the addition of KCl.
Based on these results, we conclude that KCl increases the
modification by activating the C3 enzyme. We observed
that the NAD glycohydrolase activity does not require Mg**
or guanine nucleotides. The NAD glycohydrolase activity of
C3 has also been shown but only in the presence of Mg**
(11). This seems to be the first report of the Mg**-indepen-
dence of C3-glycohydrolase activity, in addition to the
activating effect of KCl. The cholera and pertussis toxins
were also reported to exhibit NAD glycohydrolase activity,
though at low levels in the absence of appropriate acceptors
(39, 40). The ratio of the C3 transferase activity to that of
NAD glycohydrolase of C3 measured with same concentra-
tion (10 xM) of NAD was about 9.

Mg?* did not affect the ability of KCI to increase NAD
hydrolysis, while KCl required a divalent cation such as
Mg** to increase the ADP-ribosyltransferase activity of C3.
Based on the findings that the Rho protein requires Mg?* to
bind guanine nucleotides and that Mg?* stabilizes RhoA but
not C3, we presume that Mg®* binds to RhoA directly. It is
feasible that only Mg?*-bound RhoA can serve as an
acceptor for C3-catalyzing ADP-ribose transfer. The dis-
crepancy in the Mg?*-dependence of KCl-induced activa-
tion between ADP-ribosylation and NAD glycohydrolysis,
catalyzed by C3, may reflect a difference in the Mg**
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requirements of ADP-ribosylation and NAD glycohy-
drolysis. Why KCl did not enhance GTP-dependent ADP-
ribosylation occurring in the absence of Mg?* is not clear.
Since GTP restores only part of the ADP-ribosylation
achieved by Mg?*, the role of GTP in the ADP-ribosylation
of RhoA is not identical to that of Mg?*. The mechanism by
which GTP partly supports ADP-ribosylation of RhoA in
the absence of free Mg?* is the subject of ongoing studies.

We wish to thank M. Terashima for the experiments on GTP-binding
to RhoA, K. Yamada for microsequencing of the N-terminal amino
acids of the recombinant RhoA protein, and H. Osago for the technical
assistance. This work was carried out in the Department of Biochem-
istry, Shimane Medical University.

10.

11.

12.

13.

14.

15.

16.

REFERENCES

. Paterson, H.F., Self, A.J., Garrett, M.D., Just, L., Aktories, K.,

and Hall, A. (1990) Microinjection of recombinant p21™° induces
rapid changes in cell morphology. J. Cell Biol. 111, 1001-1007

. Ridley, A.J. and Hall, A. (1992) The small GTP-binding protein,

rho, regulates the assembly of focal adhesion and actin stress
fibers in response to growth factors. Cell 70, 389-399

. Stasia, M.J., Jouan, A., Bourmeyster, N., Boquet, P., and

Vignais, P.V. (1991) ADP-ribosylation of a small size GTP-
binding protein in bovine neutrophils by the C3 exoenzyme of
Clostridium botulinum and effect on the cell motility. Biochem.
Biophys. Res. Commun. 180, 615-622

. Lang, P., Guizani, L., Vitte-Mony, ., Stancou, R., Dorseuil, O.,

Gacon, G., and Bertoglio, J. (1992) ADP-ribosylation of the
ras-related, GTP-binding protein, rhoA, inhibits lymphocyte-
mediated cytotoxicity. J. Biol. Chem. 267, 11677-11680

. Hirata, K., Kikuchi, A., Sasaki, T., Kuroda, S., Kaibuchi, K.,

Matsuura, Y., Seki, H., Saida, K., and Takai, Y. (1992) Involve-
ment of rho p21 in the GTP-enhanced calcium ion sensitivity of
smooth muscle contraction. J. Biol. Chem. 267, 8719-8722

. Avraham, H. and Weinberg, R.A. (1989) Characterization and

expreegaion of the human rhaH192 gane nroduct Mol Coll Rinl 9.
2058-2066

. Avraham, H. (1990) rho gene amplification and malignant

transformation. Biochem. Biophys. Res. Commun. 168, 114-124

. Kikuchi, A., Yamamoto, K., Fujita, T., and Takai, Y. (1988)

ADP-ribosylation of the bovine brain rho protein by botulinum
toxin type Cl1. J. Biol. Chem. 263, 16303-16308

. Chardin, P., Boquet, P., Madaule, P., Popoff, M.R., Rubin, E.J.,

and Gill, D.M. (1989) The mammalian G protein, rho C, is
ADP-ribosylated by Clostridium botulinum exoenzyme C3 and
affects actin microfilaments in Vero cells. EMBO J. 8, 1087-1092
Aktories, K., Braun, U., Rosener, S., Just, I., and Hall, A. (1989)
The rho gene product expressed in E. coli is a substrate of
botulinum ADP-ribosyltransferase C3. Biochem. Biophys. Res.
Commun. 1568, 209-213

Aktories, K., Rosener, S., Blaschke, U., and Chhatwal, G.S.
(1988) Botulinum ADP-ribosyltransferase C3. Eur. J. Biochem.
172, 445-450

Aktories, K., Weller, U., and Chhatwal, G.S. (1987) Clostridium
botulinum type C produces a novel ADP.ribosyltransferase
distinct from the botulinum C2 toxin. FEBS Lett. 212, 109-113
Narumiya, S., Sekine, A., and Fujiwara, M. (1988) Substrate for
botulinum ADP-ribosyltransferase, Gb, has an amino acid se-
quence homologous to a putative rho gene product. J. Biol. Chem.
263, 17266-17257

Ridley, A.J., Paterson, H.F., Johnston, C.L., Diekmann, D., and
Hall, A. (1992) The small GTP-binding protein, rac, regulates
growth factor-induced membrane ruffling. Cell 70, 401-410
Sekine, A., Fujiwara, M., and Narumiya, S. (1989) Asparagine
residue in the rho gene product is the modification site for
botulinum ADP-ribogyltransferase. J. Biol Chem. 264, 8602-
8605

Jalink, K., van Corven, E.J., Hengeveld, T., Morii, N., Naru-
miya, S., and Moolenaar, W.H. (1994) Inhibition of lysophospha-

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

35.

T. Miyaoka et al.

tidate- and thrombin-induced neurite retraction and neuronal cell
rounding by ADP-ribosylation of the small GTP-binding protein,
Rho. J. Cell Biol. 126, 801-810

Chong, L.D., Traynor-Kaplan, A., Bokoch, G.M., and Schwartz,
M.A. (1994) The small GTP-binding protein, Rho, regulates a
phosphatidylinositol 4-phosphate 5-kinase in mammalian cells.
Cell 79, 507-513

Ohstuka, T., Nagata, K., Iiri, T., Nozawa, Y., Ueno, K., Ui, M.,
and Katada, T. (1989) Activator protein supporting the botu-
linum ADP-ribosyltransferase reaction. J. Biol. Chem. 264,
15000-16005

Fritz, G., Lang, P., and Just, I. (1993) Tissue-specific variations
in the expression and regulation of the small GTP-binding
protein, Rho. Biochim. Biophys. Acta 1222, 331-338

Fritz, G. and Aktories, K. (1994) ADP-ribosylation of Rho
proteins by Clostridium botulinum exoenzyme C3 is influenced by
phosphorylation of Rho-associated factors. Biochem. J. 300, 133-
139

Fritz, G., Just, 1., Wollenberg, P., and Aktories, K. (1994)
Differentiation-induced increase in Clostridium botulinum C3
exoenzyme-catalyzed ADP-ribosylation of the small GTP-bind-
ing protein, Rho. Eur. J. Biochem. 223, 909-916

Bourmeyster, N., Stasia, M.-J., Garin, J., Gagnon, J., Boquet,
P., and Vignais, P.V. (1992) Copurification of the Rho protein and
the Rho-GDP dissociation inhibitor from bovine neutrophil
cytosol. Effect of phosphoinositides on Rho ADP-ribosylation by
the C3 exoenzyme of Clostridium botulinum. Biochemistry 31,
12863-12869

Yost, D.A. and Moss, J. (1983) Amino acid-specific ADP-
ribosylation. J. Biol. Chem. 258, 4926-4929

Moss, J., Stanley, S.J., and Osborne, J.C.J. (1981) Effect of
self-association on the activity of an ADP-ribosyltransferase
from turkey erythrocytes. J. Biol. Chem. 2668, 11452-11456
Tsuchiya, M., Hara, N., Yamada, K., Osago, H., and Shimoyama,
M. (1994) Cloning and expression of cDNA for arginine-specific
ADP-ribosyltransferase from chicken bone marrow cells. J. Biol.
Chem. 289, 27451-27457

Haun, R.S. and Moss, J. (1992) Ligation-independent cloning of
the glutathione S-transferase fusion gene for expression in
Escherichia coli. Gene 112, 37-43

Garrett, M.D., Self, A.J., van QOers, C., and Hall, A. (1989)
Identification of distinct cytoplasmic targets for ras/R-ras and rho
regulatory proteins. J. Biol Chem. 264, 10-13

Menard, L. and Snyderman, R. (1993) Role of phosphate-magne-
sium-binding regions in the high GTPase activity of the racl
protein. Biochemistry 32, 13357-13361

Laemmli, U.K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685
Tsuchiya, M., Tanigawa, Y., Mishima, K., and Shimoyama, M.
(1986) Determination of ADP-.ribosyl arginine anomers by
reverse-phase high-performance liquid chromatography. Anal.
Biochem. 157, 381-384

Morii, N., Ohashi, Y., Nemoto, Y., Fujiwara, M., Ohnishi, Y.,
Nishiki, T., Kamata, Y., Kozaki, S., Narumiya, S., and Saka-
guchi, G. (1990) Immunochemical identification of the ADP-ribo-
syltransferase in the botulinum C1 neurotoxin as a C3 exo-
enzyme-like molecule. J. Biochem. 107, 769-775

Aktories, K., Barmann, M., Ohishi, I., Tsuyama, S., Jakobs, K.,
and Habermann, E. (1986) Botulinum C2 toxim ADP-ribosylates
actin. Nature 322, 390-392

. Habermann, B., Mohr, C., Just, 1., and Aktories, K. (1991)

ADP-ribosylation and de-ADP-ribosylation of the rho protein by
Clostridium botulinum exoenzyme C3. Regulation by EDTA,
guanine nucleotides and pH. Biochim. Biophys. Acta 1077, 2563-
258

. Williamson, K.C., Smith, L.A., Moss, J., and Vaughan, M.

(1990) Guanine nucleotide-dependent ADP-ribosylation of sol-
uble rho catalyzed by Clostridium botulinum C3 ADP-ribosyl-
transferase. J. Biol. Chem. 265, 20807-20812

Narumiya, S., Morii, N., Ohno, K., Ohashi, Y., and Fujiwara, M.
(1988) Subcellular distribution and isoelectric heterogeneity of
the substrate for ADP-ribosyltransferase from Clostridium

J. Biochem.

ZT0Z ‘Z 500100 Uo A1seAIUN Pezy dlwe S| e /Bio'sfeuinolpiosxo-ql/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

KCl-Induced Activation of C3 Exoenzyme

36.

37.

botulinum. Biochem. Biophys. Res. Commun. 150, 1122-1130
Ohno, T., Badruzzaman, M., Nishikori, Y., Tsuchiya, M., Jidoi,
J., and Shimoyama, M. (1994) Vortex-mixing-induced inactiva-
tion of arginine-specific ADP-ribosyltransferase activity and
re-activation of the less-active form by dithiothreitol plus NaCl
under anaerobic conditions. Biochem. Mol. Biol. Int. 32, 213-220
Higashijima, T., Ferguson, K.M., Sternweis, P.C., Smigel, M.D.,
and Gilman, A.G. (1987) Effects of Mg** and the By-subunit
complex on the interaction of guanine nucleotides with G pro-
teins. J. Biol. Chem. 282, 762-766

Vol. 119, No. 1, 1996

38.

39.
40.

207

Higashijima, T., Ferguson, K.M., Smigel, M.D., and Gilman,
A.G. (1987) The effects of GTP and Mg** on the GTPase activity
and the fluorescent properties of G,. J. Biol. Chem. 262, 757-761
Moss, J. and Vaughan, M. (1977) Mechanism of action of
choleragen. J. Biol. Chem. 262, 2455-2457

Katada, T., Tamura, M., and Ui, M. (1983) The protomer of
islet-activating protein, pertussis toxin, as an active peptide
catalyzing ADP-ribosylation of a membrane protein. Arch.
Biochem. Biophys. 224, 290-298

ZT0Z ‘2 Jo0010 uo A1sleAlun pezy dlwess| e /B10'seuinofpioxo qly:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

