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ADP-ribosylation of recombinant rhoA and rhoB proteins by Closrrirliunr ljorulinurrt C3 cxoenzyme increased steady-state GTP hydrolysis by 50 
to 80%. ADP-ribosylation and increase in GTP hydrolysis occurred at similar concentrations ofC3, depended on the presence of NAD and were 
prevented by anti-C3 antibody or heut inactivation ofC3. In contrast, GTP hydrolysis by Ile-41 rhoA or kkkrds. which are no substrates for the 
transfcrasc, were no1 affected by C3. ADP-ribosylation facilitated the [“H]CiDP release and subsequently, the binding of [‘H]GTP to rhoA. The 
data indicate that the increase in the steady-state GTPasc activity by ADP-ribosylation is caused by increasing the rate of GDP release which is 

suggested to be the rate limiting step of the GTPase cycle of the small GTP-binding proteins. 

ADP-ribosylation; C/o,stridirrm borubkrv C3 cxocneymc; GTPasc; rho Protein; GTP-binding 

1. INTRODUCTION 

The small GTP-binding proteins rhoA,B,C belong to 
the superfamily of ras-related proteins [ 1,2]. These 
proteins function by utilizing a guanine nucleotide- 
binding and hydrolyzing cycle [3-51. The GTP-binding 
proteins are active in the GTP-bound form and inactive 
after hydrolysis of GTD to GDP catalyzed by an associ- 
ar~i GiFase activity. Recent studies have shown that 
the activity state of rho proteins is under the control of 
regulatory proteins which can either increase the 
GTPase activity (GTPase stimulating protein, GAP) 
[6,7], facilitate the guaninc nucleotide exchange 
(guanine nucleotide dissociation stimulator, GDS) [8,9] 
or inhibit the nucleotide release (guanine nucleotide dis- 
sociation inhibitor, GDI) [lO,ll]. So far, the precise 
functions of the rho proteins are not clarified. Some 
evidence has been presented that these proteins are in- 
volved ;n the regulation of the cytoskeleton and in the 
formation of actin filaments [12-14]. 

Various GTP-binding proteins are substrates for bac- 
terial ADP-ribosyltransferases. While elongation factor 
2 is ADP-ribosylated by diphtheria toxin and Psezrdo- 
/nonus exotoxin A, heterotrimeric G-proteins are sub- 
strates of cholera- and pertussis toxins [15-181. ADP- 
ribosylation of these GTP-binding proteins has been 
shown to affect their GTP-binding and GTPase ac- 
tivities. The rhaA,B,C proteins are substrates of Clo- 
swidium botulinr~m exoenzyme C3 [ 19-2 l] which modify 
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the GTP-binding protein in Asparagine-41 [22]. So far 
no effects of ADP-ribosylation on GTP-binding and/or 
GTPase activities of rho have been reported [23]. Those 
studies were mostly performed with rho proteins 
purified from bovine brain [23,24]. Now, we studied the 
influence of ADP-ribosylation on GTP binding and 
GTP hydrolysis of recombinant rho proteins. Here we 
report that the ADP-ribosylation increases the steady 
state GTPase activity of recombinant rhoA protein, an 
effect which was paralleled by an increased release rate 
of [“H]GDP from the modified GTP-binding protein. 

2. MATERIALS AND METHODS 

Closrridirrrn botu/imrn ADP-ribosyltransfcrxe C3 was purified as 
described [19,25]. Recombinant rhoA, rhoB. Val-14 rhoA. Ile-rll rhoA 
and ras proteins were purified as described [ 12,261. The purity of rho 
proteins and of Ha-ras protein wcrc 30 to 40 and 90%, respectively. 
The amount of GTP-binding proteins present in the individual 
preparations used is given in terms of [‘H]GTP-binding activity. The 
anti-C3 antibody used was characterized in [27]. Nucleotides were 
obtained from Boehringer (Mannheim, Germany). [y-“P]GTP. 
[‘HjGTP and [‘3P]NAD were purcha!xd from NEN (Dreicich, 
Germany). 

2.2. Merhoh 
GTP hydrolysis assay. GTP hydrolysis was determined in a stand- 

ard buffer containing 50 mM tricthanolamine-HC1 (pH 7.5). I mM 
EDTA, 1.1 mM MgClz, 0.1 mg/ml bovine serum albumin, 0.5 mM 
phosphatidylcholine. I mM dithiothrcitol, 50 nM [r-‘“P]GTP (about 
0-L yCiltube) and rho proteins (about 0.1-0.2 /~gltube) in a lotal 
volume of 100 ~1 ‘for the indicated periods of time at 30DC. The 
x&on was :crminati b; sddido:: or XC! g! of Ice-co!c! 20 mh? 
sodium phosphate buffer (pH 2), containing charcoal (546, w/v). After 
centrifugation (10 min, 13,000 x g) at 4OC. TOO pl of the suprnatanl 
were transferred into scintillation vials, 3.5 ml water was added and 
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the samples were counted for radioactivity. The blank was less than 
0.5% of added [‘?P]GTP and was substracted from counted radioac- 
tivity. 

In case of the experiment described in Fig. IA, C3 (0.1 kg), hcat- 
inactivated C3 (0.1 ~~(6.30 min; 95°C) was preincubated with IO@ of 
anti-C3 1gG or heat-inactivated anli-C3 IgG (IO min, 9X) for I h 
at room tcmpcraturc. Thereafter. standard buffer, rhoA (0.1 ,~g) with- 
out and with IO0 ,uM NAD were added and incubated for IO min at 
30°C. Thereafter, 50 nM [‘?P]GTP was added and the reaction was 
continued for 20 min at 30°C. 

For comparison of ADP-ribosylation and GTP hydrolysis (Fig. I C) 
the reaction medium contained the standard bufier with either un- 
lab&d or labeled NAD (IO ,uM; 0.8 yCi p?P]NAD). ADP-ribosyla- 
tion was performed for IO min at 30°C. Then 5 ~1 of anti-C3 IgG were 
added and incubated for 5 min on ice. Thereafter, [‘?P]GTP (50 nM; 
0.5 yCi) was added for determination of GTP hydrolysis and the 
reaction continued for 20 min at 30°C. The GTP hydrolysis reaction 
was terminated as described. The ADP-ribosylation was determined 

after the addition of I ml trichloroacetic acid (308, w/v), The preci- 
pitates were filtered onto nitroccllulose membranes. The membranes 
wcrc washed with 20 ml trichloroacetic acid (645, w/v) and counted for 
radioactivity. 

GTP-binding assay. The rho protein preparation (about 0.01-0.02 
@tube) was incubated for IO min at 30°C in a buffer containing SO 
mM tricthanolamine-HCI (pH ?‘.!I), I mM EDTA, I mM dithio- 
threitol. 100 ygI/ml bovine serum albumin, 0.5 mM phosphatidyl- 
choline, IO0 PM NAD and I ,I mM MgCll without and with 0.3 ,ug 
C3. Then [lH]GTP was added and the incubation continued at 3OOC. 
At the indicated times two 100 AI nliquots were placed in I ml of 
ice-cold washing buffer containing 50.mM Tris-HCI @H 7.5), 50 mM 
NaCl and 5 mM MgC12. The samples were immediately hllered onto 
nitrocellulose membranes washed four times with 4 ml of washing 
buffer and counted for radioactivity. 

For determination of the rclcase of bound nuclcotide the recom- 
binant rhoA was preloadcd with [rH]GTP by incubating 6 yl of the 
rho solution (0.01-0.02 ~8) with 4.2 mM EDTA I.6 mM MgC& and 

c3 - + - + -I- + -I- 
NAD - - + i- -I- + + 

Incubation time (min) 

w 
ADP-ribosyltransferase C3 

&l/ml> 

Fig. IA. Influence of C3-induced ADP-ribosylntion on GTP hydrolysis by recombinant rhoA. Recombinant rhoA (3 pmol [?-i]GTP-binding 
activity) was incubated in the absence and presence of 100 PM NAD without and with 0.1 r((g C3 or heat-inactivated C3 (30 rnin, 95OC) for IO 
min. Studies with anti-C3 antibody were performed after 60 min prcincubation of C3 with the antibody or the heat-inactivated antibody (10 min, 
95°C) at O°C. Release of jrPi from [“P]GTP was determined after further incubation for 20 min. Dnta are means (2 RD., n=3) of a represcntativc 
experiment repeated three times. B. Effects of ADP-ribosylation on the time course ofGTP hydrolysis by recombinant rhoA. rhoA wasprcincubated 
in the absence (~,a) and presence (0.m) of 0.1 & C3 without (o,o) and with (W) 100 yM NAD for IO min, then 50 nM [‘zP]GTP (time point 0 
mitt) was added and the a2Pi release was determined at the indicated time points. The arrow indicates the addition of NAD at time point 10 min 
(III). Dala are means of a representative experiment performed in duplicate and repratcd three times. C. C3 concentration dependence of 
ADP-ribosylation and enhancement of GTP hydrolysis, AW-ribosylation oi recombinant rho (5 pmol [‘HjGTP-binJinL; uthipy) wn~ performed 
at the indicated concentrations of C3 in the presence of IO ,uM [‘?P]NAD or with unlabeled IO ,uM NAD for IO min. Thcrcaftcr. anti-C3 antibody 
was added to inhibit further ADP-ribosylntion. Then, 50 nM [32P]GTP was added for determination of GTP hydrolysis and the rclcose of32Pi was 
determined after 20 min (0). The amount of incorporated [)lP]ADP-ribose (0) was studied by the filter assay. Data arc means of a representalive 

experiment performed in triplicate and repeated three times. 
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Fig. 2. Effects of ADP-ribosylntion by C3 on the GTP hydrolysis by 
various GTP-binding proteins. rhoA, rhoB, Val-14 rhoA. Ile4l rhoA 
and Ha-ras (each 3-10 pmolltube) were ADP-ribosylatcd with 0,3 pug 
C3 and 100 PM NAD for IO min. Then the relcasc of szP, from 
[‘?P]GTP was dctcrmined after a further 20 min of incubation. Data 
arc means 2 S.E.M. of three independent expcrimcnts performed in 

triplicate. 

6G pmol [‘H]GTP (2 @i; 30.4 Cbmmol) for IO min al 30°C in a total 
volume of 36 ~1. Then tricthanolamine-HCI and MgClz were added 
to give 25 and 4.8 mM, respectively. ADP-ribosylation of preloaded 
rhoA was curried out in 30 mM triethanolaminc HCI (pH 7.9, I .7 mM 
MgC12, I mM dithiothmitol, 0.2 mM EDTA, lOO~g/ml bovine serum 
albumin, 0.6 mM phosphatidylcholinc, 0,3 /tg C3 without and with 
100 PM NAD for IO min at 30°C. Determination of the release 
reaction was stnrted with the addition of I mM GTP. At the indicated 
periods of time 20 ,uI of the reaction mixture were transferred into 1 
ml of washing bufler and imnxdialely filtered through nilrocctlulosc 
membranes as described above. 

3. RESULTS 

The ADP-ribosylation of rhoA increased the steady- 
state GTP hydrolysis maximally by 50 to 80%. This 
effect depended on both the presence of the transferase 
(C3) and the co-substrate (NAD). Heat inactivation of 
C3 for 30 min at 95°C or pretreatment of C3 with a 
polyclonal anti-C3 antibody prevented the increase in 
[32P]phosphate release (Fig. 1A). The time course of 
GTP hydrolysis caused by rhoA is depicted in Fig. 1B. 
After a short lag phase of about 5 min, which is most 
likely due to the slow GDP/$P]GTP exchange, the 
release of [“‘PIphosphate was linear for at least 25 min. 
Prior ADP-ribosylation of rho protein with C3 and 
NAD increased the rate of phosphate release by about 
50%. In the presence of C3 and without NAD no in- 
crease in GTP hydrolysis was detected. But the addition 
of NAD after 10 min increased the [32P]phosphate 
release to rates observed with C3 and NAD present 
during the preincubation period. Fig. 1C shows the C3 
concentration dependent ADP-ribosylation of rhoA 
and the increase in GTP hydrolysis. Both reactions oc- 
curred at the identical concentrations of the transferase 
suggesting a causal relationship of both phenomena. In 
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Fig. 3. Influcncc of ADP-ribosylation on [SP]GTP hydrolysis in the 
pmtencc of unlabeled GTP and GDP. rhoA was ADP-ribosylatcd in 
the abscncc (0,111) and presence (8,m) of 0.3 NB C3 and IOOpM NAD 
for 10 min at 30°C. Thercaftcr, the effects of increasing concentrations 
of unlabeled GTP (0,~) and GDP (~.a) on the hydrolysis of [“P]GTP 
wcrc studied. Data arc means of a rcprcscntativc cxpcrimcnt per- 

formed in triplicate and rcpeatcd three times. 

order to test the specificity of the reaction, we studied 
the effect of C3-induced ADP-ribosylation on GTP hy- 
drolysis with various rho proteins. As shown in Fig. 2, 
the ADP-ribosylation of recombinant rhoA and rhoB 
proteins increased GTP hydrolysis by about 50 and 
60%, respectively. ADP-ribosylation of the Val-14 rhoA 
protein, a mutant which is characterized by a low en- 
dogenous GTPasc activity, resulted in a small but con- 
sistently detected increase (about 20%) in [32P]phos- 
phate release. In contrast, GTP hydrolysis of He-41 
rhoA was not increased after incubation with C3 and 
NAD. This protein lacks the ADP-ribose acceptor 

k B 

of 1 I . \ 10 

0 10 20390204060 
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Fig. 4. Influence of ADP-ribosylation on the binding and release of 
[‘H]GTP/GDP from recombinant rhoA, A. rhoA protein (0.01 pmol) 
was ADP-ribosylnted in the presence of IOO~M NAD without (0) and 
with (0) C3 (0.3 lug) for 10 min at 3OOC. Thcrcalkr, [‘H]GTP was 
added and binding was determined at the indicated time points. B. For 
dutcrmination of the release of [‘H]GTP/GDP rhoA was preloadcd 
with [%]GTP by EDTA trcalmcnt and, thereafter, ADP-ribosylakd 
with C3 (o), NAD (0) and C3 plus NAD (0) as dcskibcd in the 
Method section. Thercaftcr, the rclcase of [‘HjGDP was detemtincd 
by measuring the remaining protein-bound radioactivity aiux a&ii- 
tion of 1 mM unlabeled GTP by the lilter assay. The fret M$* 
concentrations were 0.1 mM in the binding assay and 0.6 mM in the 
rcleasc WY. Data arc means of a rcprcscntative experiment per- 

formed in triplicate and repeated three times. 
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Asparagine41 and cannot serve as a substrate for the 
transferase. Accordingly, the GTP hydrolysis catalyzed 
by Ha-ras was not affected by C3. This finding is in 
agreement with previous reports that Ha-ras is not a 
substrate for C3 [28]. 

Fig. 3 shows the influence of increasing concentra- 
tions of unlabeled GTP or GDP on hydrolysis of 
[3H]GTP by recombinant rhoA. Whereas the isotope 
dilution curve of GTP was identical with control and 
ADP-ribosylated rhoA, a significant difference between 
unmodified and modified rhoA was found with increas- 
ing concentrations of GDP. Under control conditions 
the KS0 value for inhibition of [3zP]GTP hydrolysis was 
about 250 nM GDP, In contrast, with ADP-ribosylated 
rhoA GDP inhibited hydrolysis of [32P]GTP half-maxi- 
mally at about 450 nM. 

Since the GTPase cycle of small GTP-binding 
proteins is most likely controlled by the slow release of 
bound GDP, we studied the influence of ADP-ribosyla- 
tion on the release of previously bound [‘HJGTP. For 
this purpose, the exchange of rhoA-bound GDP with 
[3H]GTP was accelerated by chelating Mg2+ in the pres- 
ence of EDTA. Exchanged nrrcleotide was fixed by 
readdition of Mg”. Fig. 4B shows that the off-rate of 
bound nucleotide was increased after ADP-ribosyla- 
tion. The half-life of bound [3H]GTP/GDP was de- 
creased from about 30 to 20 min at 0.6 mM free Mg?‘. 
Accordingly, a similar increase in the on-rate of 
[3H]GTP binding was observed with ADP-ribosylated 
rhoA protein (Fig. 4A). 

4. DISCUSSION 

We studied the influence of the C3-induced ADP- 
ribosylation on the GTPase cycle of recombinant rho A 
protein by measuring the [3’P]phosphate released from 
the GTP-binding protein. In contrast to previous 
reports [23,24], we observed an about 50 to 80% in- 
crease in rho protein-catalyzed GTP hydrolysis in the 
presence of C3 and NAD. Several findings indicate that 
the increase in GTP hydrolysis was caused by ADP- 
ribosylation but not by any unspecific alteration of rho 
protein. Stimulation of GTP hydrolysis occurred only 
in the presence of C3 and NAD and not with either 
agent alone. The effect was blocked by anti-C3 antibody 
or heat treatment of the rather stable C3 for 30 min at 
95°C. Moreover, the C3 concentration dependence for 
ADP-ribosylation of rho and increase in GTP hy- 
drolysis correlated very well. Finally, the effect was ob- 
served with various rho proteins known to be substrates 
of C3. Thus, besides rhoA and rhoB even ADP-ri- 
bosylation of Val-14 rhoA, which is constitutively in- 
hibited in its GTPase activity [6], resulted in a small but 
significant increase. In contrast, GTP hydrolysis by Ile- 
41 rhoA or Ha-ras protein which are no substrates for 
ADP-ribosylation was not increased. 

The rate limiting step of the GTPase cycle of small 
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GTP-binding proteins is suggested to be the release of 
bound GDP. Several fmdings indicate that the ADP- 
ribosylation does in fact facilitate the GDP/GTP ex- 
change. For example, the inhibition curve of [“‘P]GTP 
hydrolysis observed in the presence of increasing con- 
centrations of GDP was shifted to higher GDP con- 
centrations by ADP-ribosylation indicating a decrease 
in the affinity for GDP. Moreover, ADP-ribosylation 
increased the off-rate of the bound nucleotide, 

Several other laboratories failed to observe an effect 
of ADP-ribosylation on GTP-binding or hydrolyzing 
activity of rho. So far, the reason for this discrepancy 
is not clear. We studied the influence of ADP-ribosyla- 
tion on steady-state GTPase activity at rather low con- 
centration of Mg” (100 ,uM), which increases GDP/ 
GTP exchange and facilitates measurements of 
[“?P]phosphate release. Moreover, we used recombinant 
rho proteins which were purified by gel filtration and 
anion exchange chromatography only. Previous studies 
were performed with rho proteins purified from bovine 
brain preparations mostly by using detergents which 
may affect the GDP/GTP turn-over of the rho protein. 
Furthermore, recombinant rho differs from rho 
proteins purified from mammalian tissues in lacking the 
posttranslational modification, e.g. poly-isoprenylation 
at the C-terminus. ADP-ribosylation of rho occurs in 
Asparagine-41 which is located in the so-called effector 
region and rather distant from the C-terminus [3,4,22]. 
However, it is feasible that the missing posttranslational 
modification influences the overall structure of the rho 
protein and renders the GDP/GTP-binding more sensi- 
tive towards ADP-ribosylation. 

It has been shown that the ADP-ribosylation does not 
block the interaction of the rhoA protein with its spe- 
cific GTPase-activating protein (GAP) [12]. In con- 
sideration of the fact that GAPS increase the GTPase 
hydrolysis by small GTP-binding proteins several 
hundred-fold, the increase in GTP hydrolysis by ADP- 
ribosylation appears to be rather small. However, the 
data presented clearly indicate that ADP-ribosylation 
of rho protein affects the rate of the GTPase cycle. 
Further studies are necessary to clarify the functional 
consequences of the ADP-ribosylation on the activity 
state of rho and its interactions with the various regulat- 
ing proteins like the guanine nucleotide dissociation 
stimulator (GDS) and dissociation inhibitor (GDI). 

Ackno~,tl~dson~nrs: We thank Dr. A. Hall (Institute of Cancer 
Research, London) for the gift of the rhoA/B expression system. Ma- 
terial described herein is part of the thesis of CM. The study was 
supported by the Dcn~schc Forschungsgemcinschaft (AK 6/2-l). 

REFERENCES 

[II Madaulp. P. and Axel, R. (1985) Cell 41, 31-40. 
[2] Barbacid, M. (19&l) Annu. Rev. Biachem. 56, 779-827. 
[3] Bournc, H.R., Sanders, D.A. and McCormick, F. (1991) Nature 

349, 117-127. 



Volume 297, number 1,2 FEBS LETI-ERS February 1992 

[4] Bourne, H.R., Sanders, D.A. and McCormick, F. (1990) Nature 
348, 125-l 32. 

[5] Hall, A. (1990) Science 249, 635-640. 
[6] Garrelt, M.D., Self, A.J.. Van Ocrs, C. and Hall, A, (1989) J. Biol. 

Chcm. 264, 10-13. 
[7] Yamamoto, J., Kikuchi, A.. Ucda, T., Ohga, N. and Takai, Y. 

(1990) Mol. Brain Rcs. 8, 105-111. 
[S] Kaibuchi, K., Mieuno,T., Fujioku, H., Yamamoto, T., Kishi, K., 

Fukumoto, Y., Hori, Y. and Takai, Y. (1991) Mol. Csll. Biol. I I, 
2873-2080, 

[9] Isomura, M., Kaibuchi, K., Yemamoto. T., Kawamura, S.. 
Katayama, M. and Takai, Y. (1990) Biochem. Biophys. Rcs. 
Commun. 169,6X!-659. 

[IO] Ghpa. N.. Kikuchi, A., Ueda. T., Yamamoto, J. and Takai, Y. 
(1989) B&hem. Biophys. Rcs. Commun. 163, 1523-1533. 

[II] Ueda, T., Kikuchi, A., Ohga, N., Yamamoto, J. and Takai, Y. 
(1990) 1. Biol. Chcm. X5. 9373-9380. 

[I21 Paterson, HI., Self, A.J., Garrett, M.D., Just, I., Aktorics, K. 
and Hall, A. (1990) J. Cell Biol. I II, 1001-1007. 

[I31 Mohr, C,, Jua, I., Hull. A. and Aktories. K. (1990) FEDS Lctt. 
275, 168-172. 

[I41 Chardin, P., Boquct, P., Madaulc, P., Popoff, M.R.. Rubin, E.J. 
and Gill, D.M. (1989) EMBO J. 8, 1057-1092. 

[IS] Collier, R.J., in: ADP-Ribosylating Toxins and G Proteins (J. 
Moss and M. Viiughan, Eds.), American Society for Microbiol- 
ogy, Washington, DC., 1990, pp,. 3-19. 

[I61 Wick, M.J. and Sglewski, B.H., in: ADP-RibosylatingToxins and 

G Proteins (J. Moss and M. Vaughan, Bds.). American Society 
for Microbiology, Washington. D.C., 1990, pp. 3143. 

[l7] Ui, M., in: ADP-Ribosylating Toxins and G Proteins (J. Moss 
and M. Vaughan, Eds.). American Society for Microbiology, 
Washington, DC,, 1990, pp, 45-77. 

[I81 Moss, J. and Vau@tan, M. (1988) Adv. Enzymol. R&t. Areas. 
Mol. Biol. 61, 303-379. 

[19] Aktorics, K., Weller, U. and Chhutwnl. G.S. (1987) FEBS Lett. 
212, 109-l 13. 

[20] Braun, U., Habermann, B., Just, I,, Aktories, K. and Vandc- 
kcrckhove, J. (1989) FEBS Latt. 243,70-76. 

[2l] Rubin, E.J., Gill, D.M., Boquet. P.and Popoff, M.R. (1988) Mol. 
Cell Biol. 8, 418-426. 

[22] Sekine. A., Fujiwara, M. and Nnrumiya, S. (1989) J. Biol. Chcm. 
264, 8602-8605. 

[23] Kikuchi, A.. Yamamoto. K.. Fuji&T. and Takai. Y. (1988) J. 
Biol. Chem 263, 16303-16308, 

[24] Hoshijima, M., Kondo. J., Kikuchi. A., Yamamoto. K. and 
Takui, Y. (1990) Mol. Brain Rcs. 7, 9-16. 

[25] Ahtories, K., Rt)sencr, S,, Blaschke, U. and Chhatwal, G.S. 
(1988) Eur. J. B&hem. 172,445-450. 

[26] Hall, A. and Self, A.J. (1986) J. Biol. Chcm. 261, 10963-10965. 
[27] Rtisener, S., Chhutwal, G.S. and Aktories, K. (1987) FEBS Lett. 

224, 3842. 
[28] Aktorics, K., Braun, U., Rosener, S., Just, I. and Hall, A. (1989) 

Biochem. Biophys. Res. Commun. 158, 209-213. 

99 


