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Chlorambucil [ p  [ bis( 2-chloroethy1)ami- 
no] phenylbutyric acid} (CAE) is a nitro- 
gen mustard derivative which is in current 
clincal use in the treatment of certain malig- 
nancies (1-3). CAB has been reported to 
react with DNA (4) and with proteins (5-7). 
Among the proteins it affects is a-chymo- 
trypsin ( X T )  whose esterolytic activity is in- 
hibited upon preincubation with CAB (8) .  
Since CAB reacts with such functional groups 
as carboxyl, amino, imidazole, and thiol ( 9 ) ,  
i t  could not be categorically stated whether 
CAB inhibits chymotrypsin by reacting a t  
the active site of the enzyme or a t  sites other 
than the active site, thereby causing an al- 
teration in the conformation of the protein 
with a concomitant loss in enzymic activity. 
An opportunity to resolve this question 
presented itself by the use of the unique 
property of p-ni trophenyl trimethyl acetate 
(TMAc-pNP), a substrate which binds a t  the 
active site of XT in a 1 : l  combination to 
form a complex, TMAc-XT, which is remark- 
ably stable at neutral p H  values and is reac- 
tivated by hydroxylamine ( 10). 

This communication suggests that CAB 
binds and inactivates XT a t  the active center 
in view of the protection from inactivation by 
CAB afforded by TMAc-XT. 

Materials and Methods. TML4c-XT was 
prepared according to the method of Balls et 
al. ( 10). To 1 ml each of ( 1) a-XT ( 1 mg/ml 
in 1 mM HCl),  ( 2 )  TRIIAc-XT ( 1 mg/ml in 
water), and (3) TMAc-XT ( 2  mg/ml in 
water) was added 0.8 ml of 0.1 M NaHC03. 
CAB, dissolved in 95% ethanol, was added to 
the enzyme solutions to a final ethanol con- 
centration of 10% and a final CAB concentra- 
tion of 5.0 X loh3 $1 for solutions 1 and 2, 
and a final CAB concentration of 1.0 X lop2 
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M for solution 3.  These solutions were prein- 
cubated a t  room temperature for 30, 60, and 
90 min, a t  which time aliquots of solutions 1 
and 2 were taken for activity measurements 
with 3.5 ml of 3.87 X M glutaryl- 
L-phenylalanine-p-nitroanilide in a solution of 
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FIG. 1 .  Reaction of chlorambucil with trimethyl- 
acetyl-chymotrypsin Chymotrypsin, chlorambucil- 
treated chymotrypsin, and trimethylacetylchymo- 
trypsin were tested for enzymic activity with glu- 
taryl-L-phenylalanine-p-nitroaniliide. Trimethylace- 
tylchymotrypsin was also tested for activity upon 
removal of the acyl moiety with hydroxylamine a t  
pH 7.0 (10) before and after treatment with chlor- 
ambucil. Aliquots were taken for activity measure- 
ments at the indicated times. See text for details. 0, 
a-chymotrypsin; 0 ,  a-chymotrypsin in 5.0 X M 
chlorambucil ; 0, trimethylacetylchymotrypsin ; M, 
trimethylacetylchymotrypsin treated with 5 X 
M chlorambucil ; A,  trimethylacetylchymotrypsin, 
activated with hydroxylamine ; A) trimethylace- 
tylchymotrypsin, treated with low2 M chlorambucil 
and subsequently activated with hydroxylarnine. 
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10% DMSO and 4.2 X M sodium 
barbital buffer, pH 8.0, containing 5.0 X 

M CaCIz. Aliquots of 0.5 ml of solution 
3 were added to equal volumes of 2 M hy- 
droxylamine, pH 7.0. The latter solution was 
permitted to stand at  room temperature for 
15 min to insure complete reactivation of the 
enzyme. Aliquots of 0.2 ml were than taken 
for activity measurements as described above. 
The release of p-nitroaniline with time was 
followed spectrophotometrically a t  4 10 mp. 
Control enzymes with ethanol substituting for 
ethanolic CAB were treated in an anaiogous 
manner. 

Results and Discussion. In  the course of a 
90-min preincubation period with CAB, X?' 
loses 73% of its enzymic activity (Fig. 1) .  
Some 70% of the enzymic activity is inac- 
tivated in the formation of TMAc-XT. Upon 
reactivation of the TMAc-XT with hydroxyla- 
mine at  pH 7.0 with the subsequent removal 
of the acyl group, approximately 95% of the 
activity is recovered. TMAc-XT, treated with 
CAB, also exhibits 30% of its original activi- 
ty. However, the latter enzyme preparation, 
after treatment with CAB and subsequent 
exposure to hydroxylamine to deacylate the 
enzyme at the active site, presents 90-97% of 
its original activity. Significantly, CAB- 
inactivated XT is not reactivated upon treat- 
ment with hydroxylamine (Table I) .  

The recovery of full hydrolytic activity 
from deacylation of TMAc-XT which has 
been treated with CAB indicates that reac- 
tions of CAB with acylated protein at  sites 
other than the active site are not reactions of 
consequence in that major conformation 
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changes leading to an alteration in conforma- 
tion about the active site of the enzyme do 
not occur. On the other hand, reaction of XT 
with CAB inactivates the enzyme. Since the 
difference between XT and TMAc-XT each 
treated with CAB and then hydroxylamine, is 
the alkylation of sterically available sites on 
the protein molecule other than the active 
site, and since both preparations retain full 
activity, i t  is concluded that the inactivation 
of XT by CAB occurs by reaction with the 
enzyme at its active center, and not a t  a 
possible allosteric or nonspecific site. 

The active center of XT is known to in- 
clude Ser-195 and His-57 (11). It is not 
likely that the alkylating agent reacts with 
the serine residue. I t  is more likely that CAB 
reacts with the imidazole group of His-57 
or, conceivably, the P-carboxyl of Asp-194 
which is adjacent to Ser-195 which has been 
implicated in the active site ( l l ) ,  provided 
that the carboxyl group is in a sterically 
available position. Reaction of CAB with 
Met-192 also cannot be ruled out as a prima- 
ry reaction site causing inactivation since the 
sulfur atom of Met-192 is susceptible to 
electrophilic attack (12). 

Summary. The inactivation of a-chymo- 
trypsin by chlorambucil has been blocked by 
prior acylation of the active site of the en- 
zyme with p-ni trophenyl trime thy lace tate. 
Trimethylacetyl-chymotrypsin which has been 
deacylated with hydroxylamine a t  pH 
7.0 after exposure to chlorambucil exhibits 
full enzymic activity in contrast to the loss in 
activity shown by chlorambucil-treated chy- 
motrypsin. These data suggest that inactiva- 

TABLE I. Response of Chlorambucil-Treated Chymotrypsin to Hydroxylamine. 
~ ~ 

Moles of p-nitroaniline 
raleased/min/ml Percentage of 

( x  109) control activity 

€'remiincubation time" Preincubation timea 

Addition to a-chymotrypsin 90 min 140 min 90min 140rnin 

None 38.9 37.2 
Chlorambucil 12.4 7.0 
Chlorambucil, f ollowecl 9.3 4.0 

by hydroxylamine 

100 100 
31.6 18.4 
24.1 10.5 

'I After the indicated preiiicubat.ing times, the enzymes were tested f o r  activity as delscribed 
in the text. 
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tion of the enzyme occurs by reaction of the 
antitumor drug at  the active site of the en- 
zyme rather than at  a nonspecific or alloster- 
ic site. 

This investigation was supported by a grant from 
the Faculty Leaves and Research Committee, Bow- 
ling Green State University. Burroughs Wellcome & 
Co., Inc., kindly supplied the chlorambucil. 

1. Froese, G., Hamade, J. F., and Linford, J. H., 

2. McIlvanie, S. K., J. Amer. Med. Ass. 196, 141 

3. Masterson, J. G., and Nelson, J. H., Amer. J. 

4. Trams, E. G., Nodkarni, M. W., and Smith, P. 

Cancer Res. 29, 800 (1969). 

(1966). 

Obstet. Gynecol. 93, 1102 (l%S). 

K., Cancer Res. 21, 560 (1961). 

5. Linford, J. H., Can. J. Biochem. Physiol. 41, 
931 (1963). 

6. Stacey, K. A., Cobb, M., Cousens, S. F., and 
Alexander, P., Ann. N.Y. Acad. Sci. 68, 682 (1958). 

7.  Alexander, P., and Cousens, S. F., Biochem. 
Pharmacol. 1, 25 (1958). 
8. Brecher, A. S., Arch. Int. Pharm. Ther. 162, 

186 (1966). 
9. ROSS, W. C. J., Advan. Cancer Res. 1, 397 

(1953). 
10. Balls, A. K., McDonald, C. E., and Brecher, 

A. S., Proc. Int. Symp. Enzyme Chem., Tokyo and 
Kyoto, 1957, 392 (1958). 

11. Hess, G. P., Brookhaven Symp. Biol. 21, 155 
(1969). 

12. Hartley, B. S., Struct. Activ. Enzymes Fed. 
Eur. Biochem. Symp. lst, 57 (1%4). 

Received Dec. 29, 1970. P.S.E.B.M., 1971, Vol. 137. 


