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ABSTRACT—The effects of exoenzyme C3 of Clostridium botulinum on Ca®"- and drug-induced tension
developments were investigated in -escin skinned smooth muscle of guinea pig ileum to test the involve-
ment of a small G-protein in the regulation of myofilament Ca’* sensitivity. C3 is known to ADP-ribosylate
the rho p21 family of small G-proteins. Treatment with C3 (0.35 ug/ml, for 30 min) shifted the pCa-tension
curve rightward along the Ca®* concentration axis, indicating a decrease in Ca®™ sensitivity of the contrac-
tile elements. The inhibitory effect of C3 was not preserved after treatment with GDPS5S (1 mM), an an-
tagonist of GTP for the binding to G-proteins. Stimulation of muscarinic receptors with carbachol (CCh,
100 M) shifted the pCa-tension curve leftward, indicating Ca?" sensitization of tension development. The
Ca®" -sensitizing effect of CCh was not observed after C3 treatment. When GTPyS (10 M), an activator of
G-proteins, was applied at a plateau of tension development produced by a moderate concentration of Ca**,
further increase in tension was elicited and the effect of GTPyS was inhibited by C3 treatment. The results
suggest the possible involvement of a r#o p21-like small G-protein in the regulation of Ca®' sensitivity of

smooth muscle myofilaments.
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The primary mechanism underlying smooth muscle con-
traction is phosphorylation of the 20-kD myosin light
chain (MLC20) by MLC20 kinase that is activated by
Ca?" -calmodulin (1). It is well known that various recep-
tor agonists can produce a greater tension development
than high KCl solution even if cytosolic Ca?* concentra-
tion ([Ca®*]) is increased to the same level in intact
smooth muscle (2, 3). This phenomenon was clearly
demonstrated in [Ca’"];-clamped, permeabilized smooth
muscle preparations (4, 5). The greater tension develop-
ment is associated with an increase in MLC20 phosphory-
lation (6—8), and thus an increase in the ratio of MLC20
kinase activity to MLC phosphatase activity has been sug-
gested (9, 10). Heterotrimetric G-proteins have been sug-
gested to serve as transmembrane signal transducers for
receptors by which the Ca’'-sensitizing effect is mediated
(5, 7), but signaling pathways responsible for the recep-
tor/G-protein-mediated Ca?"-sensitizing effect have not
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been clarified yet.

Recent studies indicate that C3 and EDIN, exoenzymes
of Clostridium botulinum and Staphylococcus aureus,
respectively, selectively ADP-ribosylate the rke p21 fami-
ly of a superfamily of ras p21 and its related small G-pro-
teins (11-13). Hirata et al. (14) found that EDIN and
C3 blocked GTPyS-induced Ca’* sensitization of tension
development and caused ADP-ribosylation of a rho p21-
like protein in saponin-skinned arterial smooth muscle,
and they suggested involvement of a member of the rho
p21 family, rho A p21, in the Ca’" sensitization. Current
knowledge suggests that it would be attractive to test the
possibility that Ca?"-sensitizing effects of agonists can be
blocked after ADP-ribosylation of the rho p21 small G-
protein, since GTPyS, which is a non-selective activator
of G-proteins (15, 16), can mimic some of the agonist
receptor-mediated effects (5, 17, 18)

In the present study, the effect of C3 on carbachol
(CCh)-induced Ca’" sensitization of tension development
was examined in jS-escin-skinned smooth muscle of
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guinea pig ileum in which receptor-coupled signal trans-
duction systems are well retained (18- 20).

MATERIALS AND METHODS

Muscle strips (5 mm in length, 0.3 mm in width) were
dissected from the longitudinal smooth muscle layer of
the ileum of male guinea pigs (350—-450 g). The muscle
strip was mounted horizontally in a 0.3-ml organ bath,
with one end of the strip fixed on the black rubber bottom
of the bath with a pin and the other attached to the thin
lever of an isometric force transducer (TB-612T; Nihon
Kohden, Tokyo), as previously described (18). The organ
bath was filled with a physiological salt solution (PSS,
composition given below) kept at 23°C, and the muscle
strip was equilibrated for 30-60 min under a tension of
150— 180 mg. The bath solution was then replaced with a
relaxing solution (composition given below); and 15-20
min later, it was changed to a relaxing solution containing
1 #M Ca?', 40 uM B-escin and 10 ©M A23187. The incu-
bation was carried out for 20—30 min until a gradually-
developed tension reached a plateau level. 3-Escin was
used to permeabilize the muscle cells, and A23187 was
used to remove their Ca?~ storage function. After the in-
cubation, the skinned muscle strip was washed several
times with fresh relaxing solution to remove Ca’>", 5-escin
and A23187.

Skinned muscle strips were treated with C3 by incubat-
ing with C3 (0.35 sg/mi) and 10 oM NAD in the relaxing
solution for 30min. To evaluate the effects of C3,
skinned smooth muscles incubated without C3 but other-
wise handled in the same manner as the C3-treated prepa-
rations were used as control preparations.

PSS was a HEPES-buffered, modified Krebs solution:
126 mM NacCl, 6 mM KCl, 2 mM CacCl,, 2 mM MgCl,,
14 mM glucose and 10.5 mM HEPES (pH adjusted to 7.2
with NaOH). The composition of the high K ' relaxing so-
lution was 130 mM potassium propionate, 4 mM MgCl,,
4 mM Na,ATP, 10 mM creatine phosphate, 20 mM tris
maleate, 3.3 units/ml creatine phosphokinase and 10 mM
EGTA (pH adjusted to 6.8 with KOH). Solutions contain-
ing various Ca*~ concentrations were prepared by adding
appropriate amounts of CaCl, to the relaxing solution.
The Ca?* conceniration in these solutions was computed
according to Oiki et al. (21) under the following condi-
tions: ionic strength of 0.16; pH 6.8; temperature of
23C; in the presence of 4 mM ATP, 4 mM MgCl, and 10
mM EGTA.

Drugs used were guanosine 3-[y-thio]triphosphate
(GTPyS), guanosine 5-[3-thio]diphosphate (GDP3S), §-
escin, B-nicotinamide adenine dinucleotide (NAD), which
were all purchased from Sigma (St. Louis, MO, USA);
carbachol chloride (CCh) (from Tokyo Kasei, Tokyo);

and A23187 (from Wako, Tokyvo). The exoenzyme C3
was purified from Clostridium botulinum type C as pre-
viously described (22). All other reagents were of the
highest grade commercially available.

Data are expressed as the meantone S.E.M., and
statistical significance was determined by Student’s #-test.
Probabilities less than 5% (P < 0.05) were considered sig-
nificant.

RESULTS

Effect of C3 on the relationship between Ca®" concentra-
tion and tension development

The concentration of Ca®" in terms of pCa was in-
creased stepwise by replacing the bath medium with solu-
tions containing Ca?* at various concentrations (pCa
7-5, see Fig. 1A), and the magnitude of the tension
responses was expressed as a percentage of the magnitude
of the tension response to Ca®' applied at a single concen-
tration (pCa 5), which had been obtained 30-40 min be-
forehand (also see Fig. 1A). Figure 1B illustrates the pCa-
tension relationships in C3-untreated (control) and -treat-
ed preparations, in which the relative magnitudes of ten-
sion responses are ploited against Ca’" concentration in
terms of pCa. The pCa-tension curve was shifted after
treatment with C3 rightward along the axis of Ca’" con-
centration and gave the concentration of Ca’* required
for half maximum tension response, ECy, as pCa
5.86+0.04 (n=6). The mean value for EC,, was statisti-
cally different from the mean value for the ECs, of
6.030.02 (n=12) in control preparations (P<C(.05).
The maximum relative tension was also decreased from
56.8+1.1% (n=12) to 49.4+2.8% (n==6). These findings
suggest an apparent reduction by C3 of the Ca®" sensitiv-
ity of contractile elements.

When application of Ca?" at a single pCa 5 was repeat-
ed twice at an interval of 30 or 40 min in three different
preparations, the second tension response was 82 +2% of
the first response. The mean value was much greater than
the corresponding value obtained after successive applica-
tions of Ca?’ (56.8+1.1%, n=12) (see above). The differ-
ence was considered to result from a time- and Ca*"-de-
pendent desensitization to Ca?* of the muscle prepara-
tion (7) that developed during successive applications of
Ca’t with a certain concentration increment. To elimi-
nate any errors arising from this mechanism, the protocol
for exposure to the different solutions was kept constant.

Tension responses to application of Ca’" at a single
pCa of 6.2 for 6 min reached a peak and then declined
with time to a level that was still elevated. In C3-treated
preparations, the peak tension was attained in 61+7 sec
(n=10), and the tension level measured at the end of the
Ca?* application was 75+5% (n=10) of the peak ten-
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Fig. 1. Effect of C3 on the pCa-tension relationship in 3-escin-skinned smooth muscle of guinea pig ileum. Functional removal
of internal Ca’" stores was made by application of A23187 (10 uM). Skinned- and Ca*" store deprived-muscle strips were
treated with C3 by incubating them in Ca?*-free solution (no Ca?’ and 10 mM EGTA were added) with C3 {0.35 pg/ml) and
NAD (10 M) for 30 min. A, a tension response to Ca’” applied at a single concentration (pCa 5.0) followed by a graded tension
response to Ca®~ applied successively in six doses from lower to higher concentrations (pCa 7.0, 6.5, 6.2, 6.0, 5.5 and 5.0) at
varied intervals shorter than 2 min. Left, in a control preparation that was handled in the same manner as the C3-treated
preparation except for no application of C3; right, in a C3-treated preparation. B, pCa-tension relationships in the control (")
and C3-treated preparations (@). Magnitudes of tension responses to Ca’" at individual concentrations applied successively
were expressed as percentages of that of the tension response to a single dose application of Ca*”~ (pCa 5.0). Each point is the mean +
S.E.M. (indicated by vertical bars) of 12 experiments in the control preparations and 6 experiments in the C3-treated prepara-
tions. *, a significant difference (P <0.05) between the mean values for the control and C3-treated preparations at each pCa.

sion. These mean values were not significantly different
from the corresponding values in control preparations
(665 sec and 81 +3%, n=12).

Effect of C3 on the pCa-tension relationship in the
presence of GDPjS

GDP§#S (1 mM), an antagonist of GTP for the binding
to G-proteins, was applied at the beginning of incubation
of the muscle preparations with or without C3 (see Fig.
1A); and 30 min later, the concentration of Ca®" in the
bath medium was increased stepwise in the same way as
in Fig. 1. During the successive applications of Ca?",
GDPgS continued to be present. As shown in Fig. 2, no

significant shift of the pCa-tension curve occurred after
treatment with C3. The value for ECs, was 5.97+0.05
(n=6) in the control preparations and 5.94+0.03 (n=26)
in the C3-treated preparations. Thus, GDPSS abolished
the inhibitory effect of C3 on the Ca®" sensitivity. This
suggests the involvement of a G-protein, probably a rho
p21-like small G-protein (11-13), in producing the C3-
sensitive component of the Ca?T response. In other
words, the mechanism enhancing the Ca®* sensitivity of
the contractile elements seems likely to be operated
without stimulation of muscarinic receptors in 3-escin-
skinned smooth muscle.
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Fig. 2. Effect of C3 on the pCa-tension relationship in the presence
of GDPj3S. GDP3S (1 mM) was applied 30 min before successive ap-
plications of Ca”" (see Fig. 1A). Magnitudes of tension responses to
Ca** at individual concentrations applied successively were express-
ed as percentages of that of the tension response to a single dose ap-
plication of Ca®* (pCa 5.0), which was obtained before application
of GDPSS. pCa-tension curves with the symbols () and @ show the
data from the control and C3-treated preparations, respectively.
Each point indicates the mean =S.E.M. (shown by vertical bars) of 6
experiments in both the control and C3-treated preparations. No
significant shift of pCa-tension re¢lationship by C3 treatment was
observed.
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Effect of C3 on carbachol-mediated Ca®™ sensitization of
tension development

Carbachol (CCh, 100 p2M), when applied during the ten-
sion development induced by Ca*' at pCa 6.2, produced
an additional increase in tension (Fig. 3A). The increased
tension reached a peak within 1.5 min after CCh applica-
tion and then declined to a sustained level in a few
minutes. In preparations treated with C3, the tension
responses to CCh developed with a time course substan-
tially similar to those in the control preparations, but
were significantly reduced in peak tension (Fig. 3B). The
mean peak tension of the CCh-induced responses was
235.8+22.5% (n=35) of that of the Ca’" alone-induced
tension responses, and this was reduced to 138.2+7.1%
(n=6) by C3 treatment (Fig. 3C).

The pCa-tension relationship in the presence of CCh
(100 xM) was obtained in the control and C3-treated
preparations in the same way as those shown in Fig. 1A.
CCh was applied 5 min before the application of Ca**
and continued to be present throughout the application
period. Figure 4A shows that CCh shifted the pCa-ten-
sion curve leftward along the Ca*” concentration axis in
the control preparations. The mean value for ECs, in the
presence of CCh (pCa 6.13£0.02, n=12) was significant-
ly greater than that in the absence of CCh (pCa
6.03+0.02, n=12) (P<0.05). In C3-treated prepara-
tions, the pCa-tension curve remained aimost unaltered
after the application of CCh (Fig. 4B). The mean value
for ECs, in the presence of CCh was 5.90+0.03 (n=7),
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Inhibitory effect of C3 on tension response to carbachol (CCh). CCh (100 M), applied as indicated by bars below the

tension traces, induced further tension development in the presence of Ca’* at pCa 6.2 (see the line below B). A and B, tension
records in the control and C3-treated preparations, respectively. C, summarized potentiating effects of CCh (100 #M) on Ca’*
(pCa 6.2)-induced tension development. Ordinate, the CCh-induced peak tension expressed as a percent of the peak tension in-
duced by Ca’* alone. Each colunm indicates the mean=S.E.M. (shown by vertical bars) of 5 experiments in the control prepara-
tions and 6 experiments in the C3-treated preparations. *, P<(0.05. A smaller effect of CCh was observed in the C3-treated

preparation.
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Fig. 4. Abolition by C3 of the carbachol (CCh)-induced leftward
shift of the pCa-tension relationship. The pCa-tension relationships
were obtained in the same way as described in Fig 1. CCh (100 ;M)
was applied 5 min before successive applications of Ca®~ and con-
tinued to be present throughout the experiment. A, pCa-tension
curves in the absence () and presence (@) of CCh in the control
preparations. B, corresponding pCa-tension curves in the C3-treated
preparations. The pCa-tension curves in the absence of CCh are the
same as those shown in Fig. 1B. Each point of the pCa-tension
curves in the presence of CCh is a mean = S.E.M. (shown by vertical
bars) of 7 experiments in the control preparations and 6 experiments
in the C3-treated preparations. *, a significant difference (P < 0.05)
between the mean values in the presence and absence of CCh at each
pCa.

which was not significantly different from that in the ab-
sence of CCh (5.860.04, n=6).

These results suggest that a G-protein sensitive to C3,
a rho p2l-like small G-protein, may be involved in the
CCh-induced Ca’" sensitization of tension development,

Effect of C3 on GTPyS-mediated Ca’" sensitization of
tension development

Figure 5 shows that GTPyS (10 M), an activator of G-
proteins, elicited an additional rise in tension after ten-

A

- i 95

GTP~y S ng

R 2 min

~—

3 GIP S
—u _| pCa 6.2 I
30 min Ca-free

Fig. 5. Inhibitory effect of C3 on the GTPyS-induced tension deve-
lopment. Experiments were carried out using the same protocol as
described for CCh in Fig. 3. GTPS (10 M), applied as indicated by
the bars below the tension traces, induced further tension develop-
ment in the presence of Ca’" at pCa 6.2 (see the line below B). A and
B, representative tension records in 5 control and 6 C3-treated
preparations, respectively. We observed a slowly-developing rise in
tension after application of GTP;S in the C3-treated preparation.

sion development induced by Ca?' (pCa 6.2), and this
reached a sustained level in preparations treated with C3
or without it. However, in C3-treated preparations, ten-
sion development after application of GTPyS occurred
with a slow time course and 6min later, attained
140.0+4.3% (n=46) of the peak tension of the responses
to Ca®" alone. In the control preparations, the rise in
tension produced by GTPyS reached a peak of
137.8 +5.6% (n=75) within 1.5 min, which persisted until
GTPyS was removed. The results suggest the possible role
of a rho p21-like small G-protein as a modifier at least in
the early phase of GTPyS-induced Ca?" sensitization of
tension development.

DISCUSSION

The present study shows that in j3-escin-skinned and
Ca’" storage function-free smooth muscle of guinea pig
ileun, C3 can inhibit the CCh-induced Ca?" -sensitization
of tension development (Figs.3 and 4). The present
results taken together with previous evidence that C3
causes ADP-ribosylation of the rso p21 family of small
G-proteins by its specific action on them (11, 12, 23) sug-
gests that CCh can cause Ca®* sensitization of tension de-
velopment of the smooth muscle by stimulation of a rho
p21-like G-protein and the small G-protein-dependent
modification of some intracellular processes, This is sup-
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ported by the findings that GTP7S exerted a similar Ca®" -
sensitizing effect, and the effect was also inhibited by C3.
GTPyS has been demonstrated to act on G-proteins that
are implicated in muscarinic signaling mechanisms and
mimic some muscarinic effects in intestinal smooth mus-
cle such as an increase in myofilament Ca®" sensitivity (5),
release of internal Ca®" stores (17, 18, 24) and activation
of nonselective cationic current (17, 25). To ¢laborate on
the idea that muscarinic Ca*"-sensitization of tension de-
velopment involves the small G-protein, further studies
are needed to demonstrate that C3 induced ADP-ribosyla-
tion of the G-protein correlates with its inhibitory effect
on CCh-induced tension development. In addition, it
remains to be clarified how stimulation of muscarinic
receptors is coupled to the small G-protein and how the
G-protein modifies the activities of MLC20 kinase and/or
MLC phosphatase, determinants of the extent of MLC20
phosphorylation (7).

It has been suggested that there are two pathways for
Ca’' sensitization in vascular smooth muscle: one is pro-
tein kinase C (PKC)-dependent and activated by phorbol
esters, and the other is PKC-independent and activated by
receptor agonists (26). Thus, it also remains to be clarified
whether PKC is involved in the muscarinic Ca*"-sensitiz-
ing effect in intestinal smooth muscle.

The GTPyS-induced rise in tension, but not the CCh-in-
duced one, was very slow in C3-treated preparations (cf.
Figs. 3B and 5B). Since GTPyS can activate different G-
proteins nonselectively, the GTPyS-induced rise in ten-
sion may comprise C3-sensitive and C3-resistant compo-
nents for which a G-protein-linked pathway is separately
provided. In skinned vascular smooth muscle, arachidon-
ic acid (AA) applied externally produces a slowly-deve-
loped rise, in the presence of a low and constant level of
Ca’™, through direct inhibition of MLC phosphatase
(10). The C3-resistant component is characteristic of a
slow development, and it might be due to stimulation of
phospholipase A, (PLA,), accumulation of AA and AA-
dependent modification of the Ca®" sensitivity of contrac-
tile elements. A major component of the rise in Ca** sen-
sitivity evoked by stimulation of muscarinic receptors is
not brought about by this PLA,/AA pathway, because
the C3-resistant component was virtually absent in the
Ca?" -sensitizing effect of CCh.

An interesting finding is that C3 reduced the Ca®* sen-
sitivity of tension development in the absence of CCh and
GTPyS, and its effect was abolished by GDPjS. This indi-
cates that some Ca’’ sensitization has already been
caused even under CCh- and GTPyS-free conditions by a
mechanism in which a C3-sensitive G-protein is involved
(resting Ca’* sensitization). However, Hirata et al. (14)
reported that in arterial smooth muscle permeabilized
with saponin, C3 had no such effect. It is well known that

skinning with g-escin does allow receptor-coupled signal
transduction systems to be retained. Thus, the resting
Ca’" sensitization may be produced by some ingredients
of the bath medium, such as ATP and its metabolites,
which act on their respective receptors to enhance Ca*’
sensitivity. Another possibility is that under normal condi-
tions, the Ca®' sensitizing mechanism is in a partially-
operated state and preservation of some membrane
and/or cytosol components may be required for the opera-
tion.
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