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SUMMARY: We attempted to characterize ADP-ribose-amino acid 
bonds formed by various bacterial toxins. The ADP-ribose- 
arginine bond formed by botulinum C2 toxin in actin was 
cleaved with a half-life of about 2 h by treatment with 
hydroxylamine (0.5 M). In contrast, the ADP-ribose-cysteine 
bond formed by pertussis toxin in transducin and the ADP- 
ribose-amino acid linkage formed by botulinum ADP-ribosyl- 
transferase C3 in platelet cytosolic proteins were not af- 
fected by hydroxylamine. HgCI2 cleaved the ADP-ribose-amino 
acid bond formed by pertussis toxin in transducin but not 
those formed by botulinum C2 toxin or botulinum ADP-ribosyl- 
transferase C3 in actin and platelet cytosolic proteins, 
respectively. NaOH (0.5 M) cleaved the ADP-ribose-amino acid 
bonds formed by botulinum C2 toxin and pertussis toxin but 
not the one formed by botulinum ADP-ribosyltransferase C3. 
The data indicate that the ADP-ribose bond formed by 
botulinum ADP-ribosyltrans f erase C3 differs from those 
formed by the known bacterial ADP-ribosylating toxins. 
© 1988 Academic Press, Inc. 

Various bacterial toxins such as diphtheria, cholera 

and pertussis toxin affect the metabolism of the eukaryotic 

cell by ADP-ribosylation of proteins [i]. These ADP-ribosyl- 

transferases differ in their protein substrate specificity 

and with respect to the amino acid residue modified by the 

respective toxin. While diphtheria toxin ADP-ribosylates 

diphthamide [2], a posttranslationally modified histidine, 

cholera toxin ADP-ribosylates arginine residues [3], and 

pertussis toxin modifies cysteine residues [4]. 
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Recently, it was shown that Clostridium botulinum type 

C produces two distinct ADP-ribosyltransferases, botulinum 

C2 toxin and botulinum ADP-ribosyltransferase C3 [5-7]. 

Whereas botulinum C2 toxin ADP-ribosylates actin in argi- 

nine-177 [8], the substrate for botulinum ADP-ribosyltrans- 

ferase C3 appears to be a GTP-binding protein [9]; the ADP- 

ribose-amino acid bond of this protein has not yet been 

characterized. 

Hilz and coworkers showed that ADP-ribose-protein bonds 

can be characterized by their stability towards neutral 

hydroxylamine [i0], dilute alkali [i0] and mercury ions 

[ii]. The mono-ADP-ribosylation of a glutamate residue cata- 

lyzed by poly-ADP-ribose synthase is characterized by its 

instability towards neutral hydroxylamine or dilute alkali 

[10,18]. This type of ADP-ribose bond was, therefore, called 

hydroxylamine-"labile" (half-life 3-10 min). The ADP-ribose- 

arginine bond formed by mono-ADP-ribosyltransferase purified 

from turkey erythrocytes is reportedly more stable against 

hydroxylamine [19]. Similarly, the ADP-ribose-arginine bond 

formed by cholera toxin in G-proteins, Gs and transducin, 

has a half-life of 1-2 h in the presence of hydroxylamine 

[20]. 

We studied the stability of the ADP-ribose protein bond 

formed by botulinum C2 toxin, botulinum ADP-ribosyltransfe- 

rase C3 and pertussis toxin and report here that the ADP- 

ribosylation catalyzed by botulinum ADP-ribosyltransferase 

C3 is more stable than the ADP-ribose-arginine bonds formed 

by botulinum C2 toxin or the ADP-ribose-cysteine bond formed 

by pertussis toxin. 

MATERIALS AND METHODS 
Materials 

Botulinum C2 toxin and botulinum ADP-ribosyltransferase 
C3 were purified as described [12,13]. Transducin was 
prepared according to K~hn [14]. Pertussis toxin was a gift 
of Dr. M. Yajima (Kobe, Japan). [3zP]NAD was prepared 
according to Cassel and Pfeuffer [15]. Hydroxylamine-HCl was 
obtained from Sigma (Deisenhofen, FRG) and HgCI2 from Merck 
(Darmstadt, FRG). All other reagents were from commercial 
sources. 

Preparation of human platelet membranes and cytosol 
Platelets were isolated as described [16] and lysed by 

freezing and thawing in a hypotonic medium containing i0 mM 
triethanolamine/HCl (pH 7.5) and 5 mM EDTA. Platelet mem- 
branes and cytosol were obtained by centrifugation of the 
lysate for 15 min at 30.000 xg and kept at -20*C until use. 
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N-ethylmaleimide treatment of platelet membranes and cytosol 
Membranes and cytosol of human platelets were incubated 

with the indicated concentrations of N-ethylmaleimide for 15 
min at 25°C. After termination of the reaction by addition 
of dithiothreitol (I0 mM, final concentration), membranes 
and cytosol were immediately used in the ADP-ribosylation 
assay. 

ADP-ribosylation assay 
ADP-ribosylation was carried out in a medium containing 

i0 mM thymidine, 0.5 mM ATP, 6 mM MgClz, 0.i ~M [szP]NAD 
(about 1 uCi/tube), ADP-ribosylating toxins at the indicated 
concentrations and 50 mM triethanolamine/HCl (pH 7.5) with 
about 100-300 og of platelet membranous or cytosolic protein 
or 1 ~g transducin in a total volume of 200 ~I. ADP-ribo- 
sylation with pertussis toxin (activated by 20 mM dithio- 
threitol) was performed in the presence of 0.01% Lubrol PX. 
After 30 min of incubation at 37°C, reactions were termi- 
nated by the addition of 2% SDS and 100 mM HEPES, pH 7.5 
(final concentrations each). 

Studies on the stability of ADP-ribose-protein bonds with 
hydroxylamine, NaOH and HqClz 

After termination of the ADP-ribosylation with 
SDS/HEPES, 50 ~I aliquots of the reaction mixture were added 
to the same volume of 2 mM or 1 M NaCI, 1 M NH2OH (pH 7.5), 
1 N NaOH or 2 mM HgCI~, and incubated for the indicated 
periods of time at 37°C or as indicated. Thereafter, pro- 
teins were precipitated by addition of trichloroacetic acid 
(20%, final concentration). The formed pellet was washed 
with diethylether and dissolved in 50 ~I of electrophoresis 
buffer. SDS-PAGE was performed according to Laemmli [17]. 
Gels were stained with Coomassie Blue, destained and subjec- 
ted to autoradiography for 24-48 h. 

RESULTS AND DISCUSSION 

The stability of ADP-ribose bonds formed by botulinum 

C2 toxin, botulinum ADP-ribosyltransferase C3 and pertussis 

toxin were studied under denaturing conditions in order to 

prevent any shielding effects of the native proteins. As is 

shown in Fig. IA, in the presence of 0.5 M hydroxylamine (pH 

7.5) 32P-ADP-ribose-arginine residues formed by botulinum C2 

toxin in actin were degraded by about 50% after an incuba- 

bation of 2 h. A similar stability has been reported for 

ADP-ribose-arginine bonds formed by endogenous ADP-ribosyl- 

transferases and cholera toxin [19,20]. The ADP-ribose-amino 

acid bond formed by botulinum ADP-ribosyltransferase C3 was 

not affected by hydroxylamine. In accordance with a previous 

report [20], pertussis toxin-catalyzed ADP-ribosylation of a 

cysteine residue in transducin was stable towards treatment 

with hydroxylamine (Fig. IB). It was recently reported that 

the substrate of botulinum ADP-ribosyltransferase C3 is 
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Fig. I: Stabilities towards NHzOH of s2p-ADP-ribose-amino 
acid bonds formed by botulinum C2 toxin, botulinum 
ADP-ribosyltransferase C3 and pertussis toxin. Pla- 
telet cytosol (A) was incubated with [s2P]NAD and 
botulinum C2 toxin (C2, 0.I pg/ml) and botulinum 
ADP-ribosyltransferase C3 (C3, 3 ~g/ml) ; purified 
transducin (B) was incubated with [s2P]NAD and per- 
tussis toxin (PT, 20 pg/ml). Thereafter, samples 
were treated with 0.5 M NaCl for 180 min (lanes I, 
5) or with 0.5 M NH2OH for 30 min (lanes 2, 6) 60 
min (lanes 3, 7), 120 min (lane 8) or 180 min (lane 
4). SDS PAGE of samples was performed (15% acryl- 
amide in A, 11% acrylamide in B), and szP-ADP- 
ribosylated peptides were analyzed by autoradio- 
graphy. The Mr values of radiolabelled peptides were 
43 kDa (corresponding to the Mr of actin), 22-24 kDa 
(corresponding to the Mr of GTP-binding proteins 
ADP-ribosylated by botulinum ADP-ribosyltransferase 
C3) and 39 kDa (corresponding to the Mr of the a- 
subunit of transducin) in panels A and B, respecti- 
vely. 

sensitive towards the sulfhydryl-group-alkylating reagent, 

N-ethylmaleimide, employed at a high concentration (200 mM) 

[21]. In platelet membranes and cytosol, ADP-ribosylation of 

21-24 kDa proteins by ADP-ribosyltransferase C3 was inhi- 

bited by N-ethylmaleimide at a concentration as low as 100 

pM (Fig. 2) Since pertussis toxin-induced ADP-ribosylation 

of cysteine residues is also prevented by N-ethylmaleimide 

at low concentrations [22], one might assume that ADP- 

ribosyltransferase C3, too, modifies cysteine residues. In 

order to test this hypothesis, we took advantage of the 

recent finding that the ADP-ribose-cysteine bond is sensi- 

tive to mercury ions [Ii]. As shown in Fig. 3C, treatment of 

ADP-ribosylated transducin with 1 mM HgCI2 for I0 min large- 

ly removed the ADP-ribose residue; after 1 h of incubation, 

the loss of ADP-ribose appeared to be complete. Neither the 

ADP-ribose-arginine bond in actin (Fig. 3A) nor the ADP- 
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Fiq. 2: Influence of N-ethylmaleimide on ADP-ribosylation by 

botulinum ADP-ribosyltransferase C3. Membranes and 
cytosol of human platelets were pretreated with N- 
ethylmaleimide (NEM) at the indicated concentrations 
as described. After incubation with botulinum ADP- 
ribosyltransferase C3 (3 ~g/ml) and [32P]NAD, 
samples were subjected to SDS PAGE and 32p-ADP- 
ribosylated peptides were analyzed by autoradio- 
graphy. 

Fig. 3: Stability towards HgCl2 of 32P-ADP-ribose-amino acid 
bonds formed by botulinum C2 toxin, botulinum ADP- 
ribosyltransferase C3 and pertussis toxin. Platelet 
cytosol (A,B) was incubated with [32P]NAD and 
botulinum C2 toxin (C2, 1 ~g/ml) or botulinum ADP- 
ribosyltransferase C3 (C3, 3 ~g/ml); purified 
transducin (C) was incubated with [32P]NAD and 
pertussis toxin (PT, 20 ~g/ml). Thereafter, samples 
were treated with 1 mM NaCI for 60 min (lanes 4, 8, 
12) or with 1 mM HgCI2 for i0 min (lanes i, 5, 9), 
30 min (lanes 2, 6, i0) and 60 min (lanes 3, 7, ii), 
respectively. Samples were subjected to SDS PAGE 
(iI~ acrylamide):, and 3zP-ADP-ribosylated peptides 
were analyzed by autoradiography. The Mr values of 
the respective s~P-ADP-ribosylated substrates were 
as in Fig. I. 

ribose-amino acid linkage in the botulinum ADP-ribosyltrans- 

ferase C3 substrate (Fig. 3B) was affected by mercury ions 

after incubations for up to 1 h. The high resistence towards 

dilute alkali of the ADP-ribose-amino acid bond formed by 

botulinum ADP-ribosyltransferase C3 is depicted in Fig. 4. 

While treatment with 0.5 M NaOH at 37°C resulted in a time- 

dependent cleavage of the ADP-ribose-amino acid bonds in 

actin and in transducin, the ADP-ribose-amino acid bond of 

the botulinum ADP-ribosyltransferase C3 substrate remained 

almost unaffected. 

Taken together, the data presented indicate that the 

ADP-ribose-amino acid bond formed by botulinum ADP-ribosyl- 
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Fig. 4: Stability towards NaOH of 32p-ADP-ribose-amino acid 
bonds formed by botulinum C2 toxin, botulinum ADP- 
ribosyltransferase C3 and pertussis toxin. Platelet 
cytosol (A,B) was incubated with [32P]NAD and botu- 
linum C2 toxin (C2, 1 ~g/ml) or botulinum ADP- 
ribosyltransferase C3 (C3, 3og/ml); purified trans- 
ducin (C) was incubated with [32P]NAD and pertussis 
toxin (PT, 20 ~g/ml). Thereafter, samples were 
treated with 0.5 M NaCl for 60 min (lane 4) or with 
0.5 M NaOH for 10 min (lane 1), 30 min (lane 2) and 
60 min (lane 3). Samples were subjected to SDS PAGE 
(ii ~ acrylamide) and 32P-ADP-ribosylated peptides 
were analyzed by autoradiography. The Mr values of 
the respective 32P-ADP-ribosylated substrates were 
as in Fig. I. 

transferase C3 differs in its stability towards hydroxyl- 

amine, mercury ions and dilute alkali from ADP-ribose-amino 

acid bonds formed by botulinum C2 and pertussis toxins. So 

far, a similarly stable ADP-ribose-amino acid bond has only 

been observed in the elongation factor 2, in which diphthe- 

ria toxin catalyzes ADP-ribosylation of a diphthamide resi- 

due [24]. As diphthamide is an amino acid unique for the 

elongation factor [1,2] our findings suggest a novel type of 

ADP-ribose bond formed by botulinum ADP-ribosyltransferase 

C3. 
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