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S U M M A R Y  

Incubation at approximately physiological conditions of 
amino acids, peptides, and proteins with l-(2-chloroeth- 
yl)-3-cyclohexyl-l-nitrosourea or cyclohexyl isocyanate re- 
sulted in carbamoylation of the a-amino groups of amino 
acids, the terminal amino groups of peptides and proteins, 
and the e-amino groups of lysine moieties. Carbamoylation 
of the a-amino groups and the terminal amino groups 
occurred as readily as, or more readily than, the carbamoy- 
lation of the c-amino groups. 

Carbamoylation of the amino groups of amino acids or 
peptides by 1,3-bis(2-chloroethyl)-l-nitrosourea or 1-(2- 
chloroethyl)-3-cyclohexyl-l-nitrosourea altered the electro- 
phoretic mobility of those compounds. Cyclization of 
(2-chloroethylcarbamoyl)-amino groups to form (2- 
oxazolin-2-yl)amino groups occurred at room temperature, 
and the resulting oxazolinyl compounds migrated electro- 
phoretically similarly to the parent compounds. Since such 
cyclization did not occur with cyclohexylcarbamoylamino 
groups, treatment of amino acids, peptides, or proteins with 
1,3-bis(2-chloroethyl)-l-nitrosourea might result in less per- 
manent alteration of the respective charges on the resulting 
products than would treatment with l-(2-chloroethyl)-3- 
cyclohexyl-l-nitrosourea or other nitrosoureas lacking a 
2-chloroethyl group on N-3. The relevance of these differ- 
ences in charge to differences in physiological effects is not 
presently known. 

Although the present study does not establish a definite 
relationship between carbamoylation of any specific protein 
and the physiological effects of nitrosoureas, it does rein- 
force and expand the existing evidence that carbamoylation 
of proteins is a process that must be considered in efforts to 
explain the physiological effects of these agents, and it 
points to terminal amino groups of proteins as possible 
primary sites of carbamoylation. 

INTRODUCTION 

A number of 1-(2-chloroethyl)-3-substituted 1-nitro- 
soureas has been synthesized and evaluated as chemo- 
therapeutic agents against experimental neoplasms (15, 16) 
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and several are undergoing continuing evaluation and use 
for the treatment of human cancers (8). These agents 
decompose at physiological conditions to yield carbonium 
ions that can serve as alkylating agents and isocyanates that 
can serve as carbamoylating agents (23, 38). Cheng et al. 
(1 1) observed, that, when radioactive CCNU 2 was adminis- 
tered to mice bearing the ascitic form of leukemia L1210, 
the portion of the molecule that produces the carbonium ion 
became associated primarily with the nucleic acids and the 
portion that produces the isocyanate became associated 
primarily with the proteins. Similarly, in in vitro experi- 
ments the portion that produces the isocyanate became as- 
sociated with several proteins and with polylysine. Wooley 
et al. (43) reported that, following the incubation of cul- 
tured L1210 cells with CCNU,  the cyclohexyl portion of 
the molecule was associated with both the histone and 
nonhistone nuclear proteins. Oliverio et al. (24) observed 
extensive binding of the cyclohexyl portion of CCNU to 
plasma proteins following administration of [cyclohexyl-  
~4C]CCNU to dogs. Schmall et al. (27) isolated N ~- 
cyclohexylcarbamoyllysine from hydrolysates of polylysine, 
of albumin, of histone, and of the protein of treated LI210 
cells following incubation of these materials with CCNU.  
This finding was consistent with the identification by 
Bowdon and Wheeler (4) of N6-(2-chloroethylcarbamoyl)iy - 
sine as a component of the hydrolysate of histone that had 
been incubated with BCNU. 

This paper reports: (a) additional information on the 
reaction of BCNU and CCNU with amino acids, peptides, 
and proteins: (b) evidence for sites of carbamoylation in 
addition to N-6 of the lysine moiety; and (c) some interest- 
ing differences between the carbamoylation products ob- 
tained with BCNU, or 2-chloroethyl isocyanate, and 
CCNU,  or cyclohexyl isocyanate. 

M A T E R I A L S  A N D  M E T H O D S  

Sources of Radiochemicals.  1-(2-Chloroethyl)-3-[l- 
14C]cyclohexyl-l-nitrosourea having a specific activity of 
10.1 15 mCi/mmole  was obtained from the Chemical and 
Drug Procurement Section of the Drug Development 
Branch, National Cancer Institute. 1,3-Bis(2-chloroeth- 
yl)-l-nitroso[2-~C]urea having a specific activity of 134 
mCi/mmole  was prepared by the Organic Chemistry Re- 

2 The abbreviations used are: CCNU, l-(2-chloroethyl)-3-cyclohexyl-l- 
nitrosourea; BCNU, 1,3-bis(2-chloroethyl)-l-nitrosourea. 
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search Department of Southern Research Institute. L- 
[U-l'C]Lysine having a specific activity of 310 mCi/mmole 
was purchased from New England Nuclear, Boston, Mass., 
and was diluted to specific activity of 1.475 mCi/mmole 
with L-lysine monohydrochloride that was purchased from 
Mann Research Laboratories, Inc., New York, N.Y. 

Sources of Other Chemicals. The following chemicals 
were purchased from the indicated commercial suppliers 
and were used without further purification: Dt.-homocys- 
teine, DL-methionine, DL-serine, DL-alanine, tert-butyl hy- 
pochlorite, starch (Nutritional Biochemicals, Cleveland, 
Ohio); DL-valine, L-cysteine, pronase (Grade B) (Calbio- 
chem, LaJolla, Calif.); carboxypeptidase A (Worthington 
Biochemical Corp., Freehold, N.J.); L-alanyl-D-histidine, 
L-leucyl-L-tyrosine, L-tyrosyl-L-leucine, L-alanyl-L-methio- 
nine, L-methionyl-L-alanine, glutathione (oxidized), gluta- 
thione (reduced) (Schwarz/Mann, Orangeburg, N.Y.); L- 
alanyl-L-serine, L-seryl-L-alanine, L-alanyl-L-glutamic acid, 
L-glutamyl-L-valine, L-histidyl-L-alanine, L-alanyl-L-lysine, 
L-lysyl-L-alanine dihydrobromide (Miles Laboratories,  
Kankakee, Ill.); N2-carbobenzoxy-L-lysine, N~-carboben - 
zoxy-L-lysine, insulin, L-lysine, ninhydrin, Tris, dithioeryth- 
ritol, dithiothreitol, 4-(hydroxymercuri)benzoate (Sigma 
Chemical Co., St. Louis, Mo.); cyclohexyl isocyanate 
(Corwin Co., North Haven, Conn.); 2-chloroethyl isocya- 
nate, single-coated blue-sensitive X-ray film (Eastman 
Kodak Co., Rochester, N.Y.); chlorine (Matheson Gas 
Products, Morrow, Ga.); potassium dihydrogen phosphate, 
dipotassium hydrogen phosphate, lithium chloride, calcium 
chloride, potassium iodide (Allied Chemical Co., Morris- 
town, N.J.); sodium chloride, n-butyl alcohol (J. T. Baker 
Chemical Co., Phillipsburg, N.J.); formic acid, acetic acid, 
ammonium hydroxide (E. I. duPont de Nemours and Co., 
Wilmington, Del.); and Liquifluor (Packard Instrument 
Co., Inc., Downers Grove, Ill.). 

Nonradioactive CCNU and BCNU were obtained from 
the Chemical and Drug Procurement Section of the Drug 
Development Branch, National Cancer Institute. 

NS-(2-Chloroethylcarbamoyl)-L-lysine and N6-cyclohex - 
ylcarbamoyl-L-lysine were synthesized by G. S. McCaleb of 
the Organic Chemistry Department of Southern Research 
Institute as described below. 

A stirred suspension of L-lysine (13.7 mmoles) in 100 ml 
of chloroform was treated with 2-chloroethyl isocyanate 
(13.7 mmoles), and the suspension was stirred overnight. 
The solvent was removed under reduced pressure to give a 
white solid, which was stirred at room temperature in 10 ml 
of cold water, collected on a filter, and washed 2 times with 
2 ml of cold water. The product was dried in vacuo. 
Elementary analysis of the product yielded the following 
data: 

CgH18C1N303 

Calculated: C 42.94 H 7.21 N 16.70 
Found: C 42.64 H 7.12 N 16.42 

Infrared absorption (cm- 1): 3340 (N--H);  2925, 2850 (CH); 
2600 (broad, acid H); 1610 (C = O of urea); 1565 (amide 
II). 

Carbamoylation by Nitrosoureas 

A stirred suspension of L-lysine (13.7 mmoles) in 100 ml 
of chloroform was treated with cyclohexyl isocyanate (13.7 
mmoles), 10 ml of ethanol were added, and the mixture was 
stirred at room temperature overnight. The mixture was 
heated at 60 ~ for 1 hr, and the solvent was removed under 
reduced pressure to give a white solid. This solid was 
triturated with 20 ml of cold water and was collected on a 
filter, washed 2 times with 5 ml of water, and dried in a 
vacuum. Elementary analysis of the product yielded the 
following data: 

C13H25N303 
Calculated: C 57.54 H 9.29 N 15.13 
Found: C 57.37 H 9.24 N 15.13 

Infrared absorption (cm-1): 3335 (N--H);  2925, 2850 
(C--H);  2600 (broad, acidic H); 1620 ( C = O  of urea); 1570 
(amide II). 

N-Cyc lohexy lca rbamoylg lyc ine ,  N-cyclohexylcar-  
bamoylvaline, N-cyclohexylcarbamoylphenylalanine, and 
N-(2-chloroethylcarbamoyl)valine were prepared in this 
laboratory. A fresh solution of cyclohexyl isocyanate (0.63 
ml, about 5.5 mmoles) or 2-chloroethyl isocyanate (0.42 ml, 
about 5.5 mmoles) in 6.0 ml of absolute ethanol was added 
to a stirred, ice-cold solution of the respective amino acid 
(5.0 mmoles) in 5 ml of 1.0 y sodium hydroxide, and the ice 
cold mixture was stirred for 60 to 90 min. Concentrated 
hydrochloric acid (0.5 ml) or glacial acetic acid (0.75 ml) 
was added, and stirring was continued for 30 min to permit 
complete precipitation of the product. The product was 
collected by filtration, washed 2 times with 10 ml of cold 
water, and dried in a vacuum. Upon paper electrophoresis 
(see below) and/or  l-dimensional paper chromatography 
(see below) of the products, none of the respective parent 
amino acid was detected with ninhydrin or the chlorine: 
starch:iodide system (see below). Mass spectrometry of the 
products yielded the expected molecular ions: N-cyclohexyl- 
carbamoylglycine, m/e=200; N-cyclohexylcarbamoyl- 
phenylalanine, m / ~ 2 9 0 ;  N-cyclohexylcarbamoylvaline, 
mien242; N-(2-chloroethylcarbamoyl)vaine, m/e=222. 
Each of these compounds had infrared absorption bands 
(cm -1) within the following ranges and the bands were 
assigned to the designated structural features: 3400 to 3265 
(N--H);  2970 to 2845 (multiple bands) (C--H);  2720 to 
2535 (acid H); 1735 to 1705 ( C = O  of carboxyl); 1630 to 
1605 ( C = O  of ureido); 1570 to 1560 (amide II). For 
N-cyclohexylcarbamoylphenylalanine,  absorption bands 
were also present at 3025 and 3060 cm -1 and were 
considered to be due to aromatic C - - H  bonds. 

A solution of 20 mg of the N-(2-chloroethylcarbamoyl)- 
valine in 4 ml of water was heated in a boiling waterbath 
for 10 min and then evaporated to dryness in a stream of 
nitrogen. Mass spectrometry of this material did not yield a 
molecular ion ( m / ~ 1 8 6 )  that would be expected for 
N-(2-oxazolin-2-yl)valine, but fragments having m/e=169 
(186 - OH), m / ~ 1 4 3  [186 - CH(CH3)2], m/e=126 
[186 - OH - CH(CH3)2], rn/e=36 (HCI) were detected. 
Infrared spectrum (cm-1): 3200 (broad, N--H) ;  2960, 
2930 ( C - H ) ;  2600 (broad, acidic H); 1700 (C=N) .  Proton 
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magnetic resonance spectrum in dimethyl sulfoxide-d6 with 
tetramethylsilane as internal reference (ppm): 0.84 and 0.90 
(singlets, 6H, CHa of CHs- -C- -CH3) ,  1.98 (multiplet, 1H, 
H of (CH3)2C--H), 3.2 to 3.56 (multiplet, 2H, - -CH=N),  
3.86 (doublet, 1H, - - C H - - N ) ,  4.0 to 4.24 (doublet of 
doublets, 2 H , - - C H z - - O ) ,  4.8 to 7.1 (broad, 2H, NH and 
OH). 

Incubation of Reaction Mixtures. The compositions of the 
reaction mixtures are given in the notes of the tables. These 
mixtures were incubated in polyethylene-capped glass vials 
in an air incubator at 37 ~ . 

Electrophoresis. Electrophoresis was performed on 2- x 
22.5-inch strips of Whatman No. 3 MM paper with a 
solution that was 1.5 M with respect to acetic acid and 0.5 M 
with respect to formic acid; the sample was placed on the 
strip near the anode. A Savant Instruments, Inc., water- 
cooled apparatus was used. A potential difference of 2000 V 
was applied for 1 hr, and the current was 50 to 100 ma. In 
some instances, following electrophoresis the strip was 
dried, 3.5-inch segments were cut from each end and 
discarded, and the remainder of the strip was sewed to the 
edge of a 15- • 15-inch sheet of Whatman No. 3MM paper. 
Chromatography was then performed with isopropyl al- 
cohol:concentrated hydrochloric acid:water (65:17:18, 
v /v/v)  by the descending technique in a direction at 90 ~ to 
the length of the strip. 

Chromatography. The chromatography that was per- 
formed in conjunction with electrophoresis was described in 
the preceding section. In other experiments, l-dimensional 
chromatography on Whatman No. 1 paper was performed 
by the descending technique with a solvent consisting of 
n-butyl alcohol:propionic acid:water (47:22:31, v/v/v) or of 
n-butyl alcohol saturated with 1.5 M ammonium hydroxide. 

Detection of Materials on the Eiectrophoretograms and 
Chromatograms. Three methods of detection of materials 
were used. (a) The electrophoretograms and chromato- 
grams were sprayed with a 0.2% solution of ninhydrin in 
n-butyl alcohol saturated with water, and the sprayed 
papers were allowed to dry overnight at room temperature. 
(b) The electrophoretograms and chromatograms were 
either sprayed with a 1% solution of tert-butyl hypochlorite 
in hexane or exposed to chlorine gas in a glass jar for 
approximately 5 rain, and then the papers were hung in a 
current of air in a fume hood until most of the hypochlorite 
or chlorine was removed. When the residual adsorbed 
chlorine was sufficiently low, the papers were sprayed with a 
1% starch: 1% potassium iodide solution and allowed to dry 
at room temperature. The detectable materials appeared as 
dark spots on a gray background. (c) To detect radioactive 
materials, the electrophoretograms and chromatograms 
were placed in contact with Eastman single-coated blue- 
sensitive X-ray film and stored in the dark for suitable 
periods of time prior to development of the film. (In some 
instances, after development of the film the papers were 
sprayed with ninhydrin or with chlorine:starch:iodide to 
determine the degree of coincidence of radioactive and 
colored spots.) 

Radioassays. The radioactive materials were located on 
the electrophoretograms by means of radioautography as 
described above, and the paper was cut into 0.5-inch strips 

and immersed in a toluene solution of Liquifluor for 
radioassay with a Packard TriCarb scintillation spectrome- 
ter. 

Enzymatic Degradations of Peptides and Proteins. These 
degradations with Pronase and with carboxypeptidase A 
were performed as described in the notes of the pertinent 
tables. 

R E S U L T S  

Reactions of Nitrosoureas and Isocyanates with Amino 
Acids and Peptides. Chromatography of the reaction mix- 
ture of lysine and CCNU yielded evidence of the presence of 
a single reaction product, and a product having approxi- 
mately the same RF value was obtained upon incuba- 
tion of lysine with cyclohexyl isocyanate (Table 1). No 
ninhydrin-positive material was detected on chromatograms 
of incubation mixtures containing CCNU or cyclohexyl 
isocyanate but no lysine. These data are consistent with the 
anticipated reaction sequence in which the CCNU decom- 
poses to generate cyclohexyl isocyanate, which in turn 
reacts with the lysine, and one would expect this reaction to 
be the carbamoylation of 1 or both of the amino groups of 
the lysine. 

The data of Table 2 show that, when [2-chloroethyl- 
14C]CCNU was incubated with L-lysine, 2 new nonradioac- 
tive materials having Rlysine values of 0.40 and 0.55 were 
obtained. Electrophoresis yielded better resolution of the 
reaction mixtures than did the chromatography of the 
experiment of Table 1. When [cyclohexyl-14C]CCNU was 
incubated with L-lysine, 2-radioactive materials having 
R~ysine values of 0.41 and 0.55 were obtained, and much 
more radioactivity was present at R~ysine 0.12 than was 
present when lysine was not in the incubation mixture. 
Three radioactive materials having R~y,ine values of 0.13, 
0.41, and 0.54 were obtained by incubating nonradioactive 
CCNU with L-[U-~4C]lysine. These data are indicative of 
the cyclohexylcarbamoylation of lysine. The data for the 
carbobenzoxy compounds and the products of their reaction 
with CCNU lead to a tentative identification of the products 
of the reaction of L-lysine with CCNU. It appears probable 
that the product having an R~ysJne of 0.54 to 0.55 is 
N2-cyclohexylcarbamoyllysine, the product with an R~y~ine 

Table 1 
Chromatography Of incubation mixtures of lysine with CCNU and 

2-chloroethyl isocyanate 
The indicated reactants (10 tamoles of lysine and 20 umoles of CCNU 

and of cyclohexyl isocyanate) were incubated in 1 ml of 0.05 M Tris buffer, 
pH 7.4, at 37 ~ for 16 hr. Portions of the reaction mixtures were then 
chromatographed l-dimensionally by the ascending technique on What- 
man No. 1 paper with a solvent consisting of n-butyl alcohol:propionic 
acid:water (47:22:31, v/v/v). Materials on the chromatograms were 
detected by spraying with ninhydrin without subsequent heating. 

Reactants Rv 

CCNU 
Cyclohexyl isocyanate 
Lysine 0.07 
Lysine + CCNU 0.07 0.80 
Lysine + cyclohexyl isocyanate 0.07 0.84 
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C a r b a m o y l a t i o n  b y  N i t r o s o u r e a s  

Table 2 
Electrophores& o f  reaction mixtures o f  amino acids with C C N U  

Five ~moles of e-lysine, N2-carbobenzoxylysine, or N"-carbobenzoxylysine in 0.45 ml of 0.1 M phosphate buffer, pH 7.4, were 
mixed with 5 umoles of [2-chloroethyl-~'C]CCNU or [cyclohexyl-'4C]CCNU in 0.05 ml of acetone, and the mixtures were incubated 
at 37 ~ for 6 hr. ['4C]CCNU was omitted from the controls. Aliquots of the incubation mixtures were placed on strips of Whatman 
3MM paper for electrophoresis at 2000 V, 50 to 100 ma for 1 hr with the electrolyte consisting of 1.5 M acetic acid:0.5 M formic acid. 
Duplicate strips were used for electrophoresis. The dried electrophoretograms were stored in contact with X-ray film for a suitable 
period to detect the radioactive areas, and then 1 of the set of electrophoretograms was sprayed with 0.2% ninhydrin in n-butyl 
alcohol saturated with water without subsequent heating, and the other set was exposed to chlorine, aerated, and sprayed with a 1% 
starch: 1% potassium iodide solution. L-[U-'4C]Lysine (0.42 #mole) in 0.45 ml of 0.1 M phosphate buffer, pH 7.4, was mixed with 0.42 
#mole of CCNU in 0.05 ml of acetone and incubated at 37 ~ for 6 hr. The remainder of the procedure was the same as that described 
above except the strips were not sprayed with ninhydrin or treated with chlorine:starch:iodide. 

Reactants RLysine a 

[ 2-chloroethyl-~tC ]CCN U 
[cyclohexyl-~4C ]CCNU 
[2-chloroethyl-a4C]CCNU + L-Lysine 
[cyclohexyl-x4C]CCNU + L-Lysine 

CCNU + L-[U-14C]lysine 

N2-Carbobenzoxy-L-lysine 
[cyclohexyl-x4C]CCNU + N~-carbobenzoxy-L-lysine 0.12 a 
N6-Carbobenzoxy-L-lysine 
[cyclohexyl-~4C]CCNU + N6-carbobenzoxy-L-lysine 0.I1 a 

0.I0 ~ 
0.10 
0.10 0.40 c, a 0.55 ~, a 
0.12 0.41 c, a 0.55 ~. 

(0.08) e (0.49) (1.00) 
O. 13 0.41 0.54 

(0.09) (0.38) (1.00) 
0.59 ~, a 
0.6V, a 

0.74 
O. 72 O. 90 
O. 75 1.00 ~' a 
0.77 0.96 1.00 c. a 

O. 70 0.88 
0.4V, a 
0.45 c, a 0.73 0.92 

1.00 

a Distance migrated expressed as a fraction of the distance that lysine migrated in the same experiment. 
b Italics indicate detection by radioautography. 
c Detected with ninhydrin. 
a Detected with chlorine:starch:iodide. 
e Values in parentheses, quantities of radioactivity present in the materials at the indicated R,y,i,, positions relative to the 

quantity present in the material at R~y~i~e 0.54 to 0.55. 

of  0.40 to 0.41 is N6-cyclohexylcarbamoyllysine,  and the 
product  with an R~ysine of 0.12 to 0.13 is N2,N6-di(cyclohex- 
ylcarbamoyl) lysine.  Radioassay  data showed that  the major  
ca rbamoyla t ion  product  was the 1 tentat ively identified as 
N2-cyclohexylcarbamoyllysine and that  approximate ly  45% 
as much N~-cyclohexylcarbamoyl lys ine  and 9% as much 
NLN~-di(cyclohexylcarbamoyl) lys ine  were formed. 

Apparent ly ,  ca rbamoyla t ion  of alanyllysine,  lysylalanine,  
and valylleucine also occurred when these peptides were 
incubated with C C N U  and with B C N U  (Table 3). Two 
products  were detected when alanyllysine,  lysylalanine,  or 
valylleucine was treated with BCNU,  and, when the reac- 
tion mixture was allowed to stand at room condit ions for 3 
days, the quant i ty  of one of these products  decreased and 
that  of the other  product  increased. Only single products  
were detected upon incubating alanyllysine,  lysylalanine,  
and valylleucine, respectively, with C C N U .  Possible expla- 
nat ions for these facts are given in a following section. In 
another  exper iment  (Table 4), C C N U  was incubated with a 
number  of o ther  peptides containing a variety of potent ia l ly  
chemically active groups, and in each case 1, and only 1, 
product  was detected. The products  formed from several of 
the peptides migrated e lectrophoret ical ly  (4.2 to 6.3 cm) 
similarly to 1 of the radioactive mater ia ls  (5.2 cm) derived 
from the [ c y c l o h e x y l - ~ 4 C ] C C N U ,  but the amounts  of 
radioact ivi ty  at this posit ion on the e lec t rophore tograms  
were much greater  if the peptides were present during the 
incubation,  and a hypochlor i te :s tarch: iodide-posi t ive ,  nin- 
hydrin-negat ive spot was also detected at this position. 
Al though the techniques used in this exper iment  do not 
exclude the possibil i ty that  these par t icular  peptides en- 

hanced the fo rmat ion  of the slowly migrat ing mater ia l  (5.2 
cm) derived directly from the C C N U ,  it is significant that  
the other  peptides included in the experiment  did not cause 
such enhancement .  Since a react ion product  was obtained 
with C C N U  and valylleucine in the experiments  described 
in both Tables 3 and 4, these results are consistent with the 
explanat ion  that  ca rbamoyla t ion  of the te rminal  amino 
groups of the peptides occurred. 

Evidence of the Cyclization of N-(2-Chioroethyl)ureido 
Groups of Reaction Products. The data  of Table  5 show the 
effects of heat ing upon certain N-ca rbamoy l  amino acids. 
The e lect rophoret ic  migra t ion  of N6-cyclohexylcarbamoyl  - 
lysine is much less than that  of lysine, and heat ing this 
compound  in water  at 100 ~ for 10 min apparent ly  did not 
alter the compound.  Electrophoresis  of a sample of N6-(2 - 
ch loroe thy lcarbamoyl ) lys ine  that  had been stored in a 
freezer yielded 2 detectable materials ,  the one present in the 
larger quant i ty  migrated much less than did lysine, and the 
other  migrated slightly more than did lysine. After  a por t ion 
of the aqueous solution of this sample of compound  was 
heated at 100 ~ for 10 min, electrophoresis  again yielded 2 
materials ,  but the quant i ty  of slowly migra t ing  mater ia l  was 
less and the quant i ty  of rapidly migrat ing mater ia l  was 
greater  than that  present in the unheated solution. G. S. 
McCa leb  of the Organic  Chemis t ry  Research Depar tmen t  
of The Southern  Research Insti tute had observed previously 
that ,  during the purif icat ion of  newly synthesized Ne-(2 - 
ch loroe thylcarbamoyl ) lys ine ,  a por t ion of this compound  
that  yielded an infrared spectrum indicating the presence of 
a ureido group was converted to another  compound  whose 
infrared spectrum lacked evidence of the presence of a 
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Table 3 
Two-dimensional electrophoresis chromatography of products of incubation of peptides with 

[cyclohexyl- ~ ~C]CCNU or [carbonyl- ~4C]BCNU 
This experiment was performed in the same manner as described in Table 2 except that, following 

electrophoresis, the strips were sewed onto the edges of sheets of Whatman 3 MM paper, and l-dimensional 
descending chromatography with a solvent consisting of isopropyl alcohol:concentrated hydrochloric 
acid:water (65:17:18, v/v/v) was performed at 90 ~ to the length of the strips. The positions of materials on the 
electrophoretogram-chromatograms were detected as described in Table 2. No radioactive material was 
detected at the positions indicated in this table when the incubation mixtures contained the labeled nitrosoureas 
but no peptide. 

Reactants 

Distance of migration detected by: 

Ninhydrin Radioautography 

RF after Rv after 
cm from chroma- cm from chroma- 

origin tography origin tography 

Alanyllysine 
Alanyllysine + [cyclohexyl-~4C]CCNU 
Alanyllysine + [carbonyl-~4C]BCNU 

Lysylalanine 
Lysylalanine + [cyclohexyl-~4C]CCNU 
Lysylalamine + [carbonyl-14C]BCNU 

Valylleucine 
Valylleucine + [cyclohexyl-14C]CCNU 
Valylleucine + [carbonyl-14C]BCNU 

27.0 

28.7 

15.3 

0.36 

0.44 

0.95 

13.2 0.98 
15.5 0.52 
25.5 0.54 a 

12.0 0.98 
15.0 0.58 
26.5 0.58 '~ 

8.4 0.98 ~, c 
8.5 0.98 

15.5 0.98". d 

a Aging 72 hr at room temperature resulted in a decided increase in the amount of the product with the 
greater electrophoretic mobility and a corresponding decrease in the amount of product having the lesser 
electrophoretic mobility. 

"This spot was also detected by the chlorine:starch:iodide system. 
" No new spot was detected after heating the reaction mixture for 10 min at 100 ~ 
a Heating for 10 min at 100 ~ resulted in a decided increase in the amount of the product with the greater 

electrophoretic mobility and a corresponding decrease in the amount of product having the lesser 
electrophoretic mobility. 

u r e i d o c a r b o n y l  g roup  but  was cons i s ten t  with the presence 
of  an oxazo l iny l  group.  J o h n s t o n  and  Opl ige r  had previ- 
ously observed  and repor ted  (17) the cyc l iza t ion  of  chloro-  
e thy l  b iure ts  to oxazol ines  upon hea t ing  in boi l ing water ,  
and  Kre l ing  and  M c K a y  had  repor ted  (21) the cyc l iza t ion  of  
1 ,3-b is (2-ch loroe thyl )urea  to 2 - ( 2 - c h l o r o e t h y l ) a m i n o o x a z o -  
line under  s imi la r  condi t ions .  Thus ,  it appea r s  that ,  upon 
hea t ing  a so lu t ion  of  N~- (2 -ch lo roe thy l ca rbamoy l ) l y s ine  (I), 
or  more  s lowly dur ing  s torage  at low t e m p e r a t u r e ,  cycliza- 
t ion to yield NS-(2-oxazol in-2-yl ) lys ine  (H)  occurs,  as shown 
in C h a r t  1. The  e l ec t rophore t i c  da t a  ind ica te  tha t  the net 
charge  on the cyclized m a t e r i a l  is s imi la r  to tha t  of lysine. 

N - ( 2 - C h l o r o e t h y l c a r b a m o y l ) v a l i n e  was e lec t rophore t i -  
cal ly much  less mobi le  than  was val ine (Table  5) but,  
fo l lowing hea t ing  of  a so lu t ion  of  this c o m p o u n d ,  a ma te r i a l  
m i g r a t i n g  s l ight ly  f a r the r  than  val ine was detected.  Mass ,  
in f ra red ,  and  p ro ton  magne t i c  r e sonance  spect ra l  da t a  
es tab l i shed  the ident i ty  of  the pa ren t  c o m p o u n d  and demon-  
s t ra ted  tha t  the ma te r i a l  fo rmed  upon  hea t ing  was N-(2-  
oxazo l in -2-y l )va l ine  (see " S o u r c e s  of  O t h e r  M a t e r i a l s " ) .  

These  d a t a  indica te  t ha t  cyc l iza t ion  of  the 2 -ch lo roe thy l -  

_ H C  _ 

CI(C~)zNHCNH(CI~),,CHCOO ~ 'l-~/NH(C~.(~HCOO 
Nit+ H,C-N /H3+ 

Chart I. Cyclization of N~-(2-chloroetbylcarbamoyl)lysine (I) yields 
N~-(2-oxazolin-2-yl)lysine (II).  

c a r b a m o y l  g roup  can occur  when this g roup  is a t t ached  to 
e i ther  N-6 of  lysine moiet ies  or N-2 of  a m i n o  acids. 

This  facile cyc l iza t ion  process  offers an exp lana t ion  for 
the occur rence  of  2 de tec tab le  products  upon  incubat ing  
a lanyl lys ine ,  lysy la lan ine ,  or va lyl leucine  with B C N U  
(Table  3) and  the appa ren t  convers ion  of  the slowly 
mig ra t i ng  ma te r i a l  to the rapidly  mig ra t ing  ma te r i a l  upon 
aging the i ncuba t ion  mix ture  at room t empera tu r e .  

U n d e r  expe r imen ta l  cond i t ions  tha t  cause cycl iza t ion  of  
2 - c h l o r o e t h y l c a r b a m o y l  group,  there  is no evidence of  
a l t e ra t ion  of  c y c l o h e x y l c a r b a m o y l  groups.  

Enzymatic Degradation of a Cyclohexylcarbamoylated 
Dipeptide and a Cyciohexylcarbamoylated Protein and Iden- 
tification of the N-Cyclohexylcarbamoyl Amino Acids. 
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Table 4 
Eleetrophoresis of incubation mixtures of peptides and 

[ c yclohex yl- ~ 4 C] C C N U 
The procedure in this experiment was the same as that described in 

Table 2 except that the electrophoretograms were sprayed with a I% 
solution of tert-butyl hypochlorite instead of being exposed to chlorine. 

Components of incubation 
mixture 

Distance of migration (cm) 
detected by 

Radio- Hypochlorite: 
autography Ninhydrin starch:iodide 

CCNU 5.2~; 24.3"; 
29.4 a 

Valylleucine 
Valylleucine + CCNU 7.5 

Alanylserine 
Alanylserine + CCNU 6.3 b 

Serylalanine 
Serylalanine + CCNU 4.6 n 

Alanylglutamic acid 
Alanylglutamic acid + CCNU 4.6 ~ 

Glutamylvaline 
Glutamylvaline + CCNU 5.4 n 

Leucyltyrosine 
Leucyltyrosine + CCNU 4.2 ~ 

Tyrosytleucine 
Tyrosylleucine + CCNU 4.7 b 

Alanyllysine 
Alanyllysine + CCNU 17.1 

Lysylalanine 
Lysylalanine + CCNU 17.2 

Alanylhistidine 
Alanylhistidine + CCNU 14.5 

Histidylalanine 
Histidylalanine + CCNU 14.6 

Alanylmethionine 
Alanylmethionine + CCNU 5.1 ~ 

Methionylalanine 
Methionylalanine + CCNU 5.4 b 

Reduced glutathione 
Reduced glutathione + CCNU !1.0 

Oxidized glutathione 
Oxidized glutathione + CCNU 9.2 

20.2 20.5 
20.7 7.6; 20.0 

22.6 25.7 
24.0 6.7; 23.8 

21.2 22.3 
21.1 5.0; 21.8 

19.0 21.1 
20.2 4.3; 17.8 

19.0 20.3 
18.6 7.3; 20.8 

15.3 16.5 
16.1 4.3; 15.8 

15.9 16.5 
16.6 5.9; 16.0 

30.8 30.3 
t7.1; 32.2 16.9; 30.3 

33.0 31.9 
17.3; 34.3 17.2; 34.0 

29,8 29.6 
30.2 14.0; 27.4 

26.0 25.7 
26.6 14.4; 27.0 

19.0 18.7 
19.2 4.8; 20.4 

20.7 19.5 
19.3 5.6; 19.7 

12.4 
11.0; 13.3 

13.8 14.1 
9.4:13.6 13.9 

a Mean of 15 determinations. These spots were present on all electro- 
phoretograms of reaction mixtures containing [cyclohexyl-14C]CCNU, and 
therefore these spots are not relisted for the reaction mixtures listed below. 

0 Activity at this position greatly increased over that at same position 
with CCNU alone. 

Carbamoylat ion by Ni trosoureas  

C h r o m a t o g r a p h y  of  an incuba t ion  mix tu re  of  [cyclohexyl- 
1 4 C ] C C N U  and  va ly l l euc ine  yielded 2 r ad ioac t ive  spots  t ha t  
co r r e sponded  in RF values  to the 2 spots  o b t a i n e d  for an 
incuba t ion  m i x t u r e  c o n t a i n i n g  [cyc lohexy l - l tC]CCNU but 
no va ly l l euc ine  (Tab le  6). However ,  af ter  c a r b o x y p e p t i d a s e  
A was added  to the previous ly  incuba ted  mix tu re  of  
[ c y c l o h e x y l - ~ C ] C C N U  and va ly l leuc ine  and  this  m i x t u r e  
was in tu rn  incuba ted ,  c h r o m a t o g r a p h y  of a s ample  of  th is  
2nd incuba t ion  m i x t u r e  showed the presence  of  a new 
rad ioac t ive  m a t e r i a l  (RF, 0.64) tha t  m i g r a t e d  c h r o m a t o -  
g r a p h i c a l l y  s i m i l a r l y  to N - c y c l o h e x y l c a r b a m o y l v a l i n e .  
K n o w n  N - ( c y c l o h e x y l c a r b a m o y l ) v a l i n e  was added  to the 
bulk  of  the 2rid i ncuba t ion  mix ture ,  and the m i x t u r e  was 
t rea ted  as shown in C h a r t  2. 

Thus  the r ad ioac t ive  c o m p o u n d  present  in the ca rboxy-  
pep t idase  A - t r e a t e d  incuba t ion  mix tu re  hav ing  an  Rv of  
0.64 m i g r a t e d  iden t ica l ly  with k n o w n  N - ( c y c l o h e x y l c a r -  
b a m o y l ) v a l i n e  in 1 solvent  sys tem on pape r  and  in 1 solvent  
sys tem on sil ica gel. Af te r  m e t h y l a t i o n ,  the  r ad ioac t ive  
p roduc t  and  the ch lo r ine : s t a r ch : iod ide -pos i t i ve  m a t e r i a l  
m i g r a t e d  iden t i ca l ly  on silica gel in 2 solvent  sys tems ,  and  
the expec ted  m o l e c u l a r  ion (m /e ,  256) was de tec ted  by mass  
spec t rome t ry .  

In add i t ion  to giving add i t iona l  evidence  for the car-  
b a m o y l a t i o n  of  the  t e r m i n a l  a m i n o  g roup  of  a d ipep t ide ,  
this  e x p e r i m e n t  showed  tha t  the c a r b a m o y l a t e d  pept ide  was 
a subs t ra t e  for c a r b o x y p e p t i d a s e  A and  tha t  d e g r a d a t i o n  of  
pept ides  wi th  this  e n z y m e  could be useful in iden t i fy ing  
c a r b a m o y l a t e d  a m i n o  acid moiet ies .  

Bovine insul in ,  which  con ta ins  I lysine m o i e t y  located  
near  the t e r m i n a l  c a r b o x y l  end of the molecule  and  which 
has  g lyc ine  and  p h e n y l a l a n i n e  as the end a m i n o  acid 
moie t ies  at the 2 a m i n o  t e rmina l s  of the b r a n c h e d  molecule ,  
was chosen as a m o d e l  p r o t e i n  for the s tudy of c a r b a m o y l a -  
t ion.  Fo l lowing  incuba t ion  of insul in with  [cyclohexyl- 
~ C ] C C N U  and  c h r o m a t o g r a p h y  of the i ncuba t ion  mix tu re ,  

Table 5 
Electrophoresis of compounds before and after heating 

Aliquots of solutions of the respective compounds in water (5 mg/ml) 
before and after heating at 100 ~ for 10 rain were placed on strips of 
Whatman No. 3MM paper for electrophoresis at 2000 V, 50 to 100 ma for 
1 hr. To detect the positions of the compounds on the electrophoretograms, 
the strips were either sprayed with ninhydrin solution or treated with the 
chlorine:starch:iodide system. 

Distances 
Material migrated (cm) 

Lysine (no heating) 26.1 
N6-Cyclohexylcarbamoyllysine 

Before heating 9.7 
After heating 10.2 

N~-(2-Chloroethylcarbamoyl)lysine 
Before heating 11.7," 29.0 
After heating) (2.8, 29.2 

Valine (no heating) 17.5 
N-(2-Chloroethylcarbamoyl)valine 

Before heating 2.8 
After heating 19.5 

Single underscore, component that was present in the larger quantity. 
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Table 6 
Reaction of [cyciohexyl-14C]CCNU with valylleucine and the enzymatic degradation of the product 

A mixture consisting of 15 #moles of valylleucine, 30 #moles of [cyclohexyl-'*C]CCNU, 1.35 ml 
0.05 M Tris buffer, pH 7.4, 0.15 ml acetone, and 0.03 ml of propylene glycol was incubated at 37 ~ for 
4 hr. Valylleucine or [cyclohexyl-~*C]CCNU was omitted from the respective control mixtures. 
After this incubation, aliquots of the mixtures were chromatographed in duplicate on Whatman No. 
1 paper with a solvent consisting of n-butyl alcohol saturated with 1.5 M ammonium hydroxide. To 
I-ml portions of the incubated mixtures, 10 units of carboxypeptidase A in 0.03 ml of 10% LiCI and 
0.5 mmole of NaCi in 0.1 ml of water were added, and these new mixtures were incubated for an 
additional period of 3 hr at 37 ~ Aliquots of these incubation mixtures were chromatographed as 
described for the Ist incubation mixtures. After radioautography of the chromatograms, the 
chromatograms were either sprayed with a solution of ninhydrin or treated with the chlorine: 
starch:iodide system. 

Rv's of spots detected by 

Chlorine: 
Reactants Ninhydrin starch:iodide Radioautography 

Known valine 0.12 
Known leucine 0.25 
Known N-cyclohexylcarbamoylvaline 
After initial incubation 

Valylleucine 0.37 
[ c yclohex yl-14C ]C C N U 

Valylleucine + [cyclohex.vl-~4C]CCNU 

After incubation with carboxypeptidase A 
Valylleucine 

[cyclohexyl-' ~C ]CCNU 

Valylleucine + [cyclohexyl- x4 C]CCN U 

0.35 

0.12 
0.27 
0.35 

0.12 
0.26 
0.35 

0.66 

0.35 
0.86 

0.35 
0.84 

0.35 
0.86 

0.35 
0.64 
0.85 

0.87 
0.94 

0.86 
0.94 

0.87 
0.94 

0.64 
0.87 
0.93 

a radioactive spot was detected at the origin of the 
c h r o m a t o g r a m  (insulin does not migrate  in this solvent 
system) (Table 7). After  t rea tment  of t h e  incubat ion 
mixture with Pronase,  ch roma tog raphy  showed the pres- 
ence of several radioactive compounds  that  were not 
detected with ninhydrin.  Because the incubated pronase 
itself gave a complex pat tern of chlorine:starch: iodide:  
detectable mater ia ls  at Rv values up to 0.45, it was 
not possible to de termine  whether  the radioact ive mater ia ls  
having RF values up to 0.45 were also detectable by 
chlor ine:s tarch: iodide,  but a radioactive spot detectable 
with chlor ine:s tarch: iodide was present on the chromato-  
gram at a posit ion corresponding to the Rv value for known 
N-cyc lohexy lca rbamoylpheny la lan ine  (Rv, 0.60). Fur ther  
t rea tment  of the react ion mixtures with carboxypept idase  A 
made little difference in the pat tern of radioact ive mater ia ls  
detected after ch romatography ,  a l though a new spot with an 
Rv of 0.20 was present and the relative quant i ty  of 
radioact ivi ty  at the position having an Rv of 0.30 was 
increased  s o m e w h a t .  Known  N - c y c l o h e x y l c a r b a m o y l -  
phenyla lanine  and known N-cyc lohexylcarbamoylg lyc ine  
were added to the carboxypept idase  A-t reated reaction 
mixture,  and this mixture was treated in the same sequence 
of  steps as that  shown in Char t  2 for the incubat ion mixture 

with valylleucine. C h r o m a t o g r a p h y  on W h a t m a n  No. 1 
paper  yielded radioactive,  chlorine:starch: iodide-posi t ive 
bands: A, having an RF of 0.59, and B, having an RF of 0.31. 
Upon ch roma tog raphy  on silica gel with n-butyl  alcohol:wa- 
ter (16:1), the Rv of A was 0.60 and that  of B was 0.40. The 
RF'S of methyla ted  A on thin-layer  ch roma tog raphy  were 
0.90 for ch lo ro fo rm:methano l  (9:1) and 0.92 for acetone: 
chloroform (3:1). The Rv's of methylated B on thin- layer  
ch roma tog raphy  were 0.95 for ch lo ro fo rm:methano l  (9:1) 
and 0.78 for ace tone :ch loroform (3:1). The expected molec- 
ular ion for the methyl  ester of N-(cyclohexylcarbamoyl) -  
glycine ( m / e ,  214) was detected by mass spectrometry,  and 
al though the molecular  ion for the methyl  ester of N- 
(cyc lohexylcarbamoyl)phenyla lan ine  was not detected, a 
typical  f ragmenta t ion  pattern for this compound  was ob- 
tained. The results provide strong evidence that  carbamoy-  
lat ion of the terminal  phenyla lanine  and glycine moieties 
occurred upon the t rea tment  of insulin with C C N U .  It is 
suggested that  the unidentified radioactive mater ials  de- 
tected on the ch roma tog rams  of the enzymic digests are 
peptides resulting from the incomplete  breakdown of the 
insulin. No impressive evidence of the ca rbamoyla t ion  of 
the N6-amino group of the lysine moiety of  insulin was 
obtained,  but such evidence was not dil igently sought and it 
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is possible that some carbamoylation of this group did 
o c c u r .  

DISCUSSION 

Previous investigations (4, l l, 27) have emphasized the 
carbamoylation of the 6-amino group of lysine moieties of 
proteins and have not dealt with the carbamoylation of the 
2-amino groups of amino acids and of the terminal amino 
groups of peptides and proteins upon treatment with 
nitrosoureas. The results reported here show that car- 
bamoylation of the 2-amino groups and the terminal groups 
does occur when amino acids, peptides, and proteins are 
incubated with a nitrosourea at approximately physiological 
conditions. This reaction is not particularly surprising, 
because Stark et al. (28 33) studied the reaction of cyanate 
with amino acids a number of years ago and developed a 
method to determine the sequences of amino acids in 
proteins in which carbamoylation of terminal amino groups 
with cyanate was an essential step (32). Stark's studies 
showed that, at physiological conditions, reactions of cya- 
hate with hydroxyl, carboxyl, sulfhydryl, or histidinyl 
groups either did not occur or were readily reversible, but 
reaction with amino groups yielded stable products. How- 
ever, Brown and Wold (6, 7) observed that certain alkyl 
isocyanates caused deactivation of chymotrypsin and elas- 
tase by reaction with the hydroxyl groups of the serine 
moieties of the active sites of these enzymes, but the 
occurrence of such reaction was highly dependent upon the 
topography of the active site of the enzymes and the 
lengths of the alkyl chains of the isocyanates. Considera- 
tion of the dissociation constants of the respective pro- 
tonated amino groups and experimental evidence led 
Stark (30) to the conclusion that, at physiological condi- 
tions, that o~-amino groups of amino acids and the termi- 
nal amino groups of peptides and proteins were more 
susceptible to carbamoylation than were the ~-amino 
groups of lysine moieties. Cerami and Manning (9) and 
Lee and Manning (22) have reported that carbamoylation 
of the terminal amino groups of hemoglobin occurred 
much more rapidly than did carbamoylation of the 
~-amino groups of the lysine moieties when cyanate re- 
acted with hemoglobin. Although the stabilities of the 
products obtained upon carbamoylation of the various 
chemically active groups of amino acids, peptides, and 
proteins by isocyanates derived from nitrosoureas might 
differ from the stabilities of products obtained upon car- 
bamoylation by cyanate, it would be expected that the 
relative rates of carbamoylation of the respective chemi- 
cally active groups would be similar for isocyanates and 
cyanate. The experimental results of the present study 
are consistent with such an expectation and indicate that 
the extent of the carbamoylation of o~-amino groups and 
terminal amino groups of peptides and proteins by iso- 
cyanates may be as great as, or greater than, the extent 
of carbamoylation of ~-amino groups of lysine moieties. 

Carbamoylation of proteins might have important effects 
upon the properties and functioning of those proteins. An 
example of great interest currently is the prevention of 

Carbamoylation by Nitrosoureas 

CARBOXYPEPTIDASE A-TREATED REACTION MIXTURE 
OF VALYLLEUCINE AND [CYCLOHEXYL-14CJCCNU 

+ 

KNOWN N-(CYCLOHEXYLCARBAMOYL)VALINE _ 
I CHROMATOGRAPHY (WHATMAN NO, 1; 

I-BuOH SATURATED WITH 
1,5 M NH40H) 

RADIOACTIVE, CHLORINE:STARCH:IODIDE- 
POSITIVE BAND (RF=0.65) 

~[/EXTRACTED WITH ETOH 
S~l LJT ION 

~/ TLC ESILICA GEL; 
I-BuOH:H20(86:I4 ~ 

RADIOACTIVE, CHLORINE:STARCH:IODIDE- 
POSITIVE BAND (RF=0,55) 

EXTRACTED WITH MEOH 

SOLUTION 

TREATED WITH DIAZOMETHANE 

SOLUTION OF METHYLATED MATERIAL 

TLC ESILICA GEL; / / I ~  TLC ~ILICA GEL; 
ACETONE : CHLOROFORM ( 3 ~  ~ROFORM : METHANOL (9 : i~ 

R~J)IOACTIVE, I -RADIOACTIVE~ 
CHLORINE:STARCH:IODIDE-~CHLORINE:STARCH:IODIDE- 
POSITIVE SPOT (RF=0,91) I POSITIVE SPOT (RF=0,85) 

'I TLC ~-ESILICA GEL; 

+CHLOROFORM:METHANOL (9:1~ 
RADIOACTIVE, CHLORINE:STARCH:IODIDE- 

POSITIVE BAND 

/EXTRACTED WITH MEOH 

SOLUTION 

~J/EvAPORATED TO DRYNESS 
IN VACUO 

RESIDUE 

+J~A.SS SPECTROMETRY 
MOLECULAR ION OF M/E=256 

EExPECTED M/E FOR THE METHYL ESTER OF 
N-(CYCLOHEXYLCARBAMOYL)VALINE=256] 

Chart 2. Isolation and identification of N-(cyclohexylcarbamoyl)valine 
after incubating valylleucine with [cyclohexyl-'4C]CCNU. I-BuOH, n- 
butyl alcohol; TLC, thin-layer chromatography. 

sickling of erythrocytes containing hemoglobin S by car- 
bamoylation of the hemoglobin (primarily at the terminal 
amino groups) with cyanate (10). We have recently demon- 
strated in in vitro experiments that treatment of erythrocytes 
containing hemoglobin S with C C N U  or BCNU can 
prevent the sickling of those cells (42). In unreported 
experiments we have observed also that the hemoglobin of 
mouse erythrocytes has an altered electrophoretic 
mobility following the i.v. administration of CCNU to mice 
at a dosage level that is used for chemotherapy of experi- 
mental neoplasms. The effects of such carbamoylation of 
hemoglobin upon the health of the mouse are not now 
known. Although we have demonstrated in the present 
study that carbamoylation of insulin can be accomplished 
in vitro with CCNU,  we do not know whether this 
alters the activity of the insulin, nor do we know whether 
carbamoylation of insulin occurs in vivo following the 
administration of CCNU or other nitrosoureas. These 
results point to the possibility that carbamoylation of any 
protein containing a terminal amino group might occur 
following the administration of nitrosoureas to living sub- 
jects and to the probability that such carbamoylation 
would alter the functioning of that protein. 

We have obtained data in unreported precursory experi- 
ments that indicate that certain compounds containing 
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Table 7 

Reaction of [cyclohexyl-X4C]CCNU with insulin and the enzymatic degradation of the product 
A mixture consisting of 4.9 #moles of insulin, 30.0 umoles of [cyclohexyl-~4C]CCNU, 9.8 ml of 

0.05 • Tris buffer, pH 7.4, 0.2 ml acetone, and 0.03 ml of propylene glycol was incubated at 37 ~ for 
6 hr. Insulin or [cyclohexyl-~'C]CCNU was omitted from the control mixtures. After this incuba- 
tion, aliquots of the mixtures were chromatographed in duplicate on Whatman No. 1 paper with a 
solvent consisting of n-butyl alcohol saturated with 1.5 M ammonium hydroxide. To 8 ml of the in- 
cubation mixtures, Pronase (51.75 proteinase units Kaken) in 0.2 ml of 0.05 M Tris buffer, and 0.1 
ml of 20.75 mM CaCI2 were added, and these new mixtures were incubated for an additional period 
of 16 hr at 37 ~ Aliquots were then used for chromatography as described above. To 4.15-ml por- 
tions of these incubation mixtures were added 20 units of carboxypeptidase A in 0.2 ml of 10% LiC1 
and 2.4 mmoles of NaCI in 0.45 ml of water, and these mixtures were incubated for 2 hr at 37 ~ Ali- 
quots of these mixtures were chromatographed as described above, and after radioautography of 
the chromatograms, the chromatograms were either sprayed with a solution of ninhydrin or treated 
with the chlorine:starch:iodide system. 

Reactants 

RF'S of spots detected by 

Ninhydrin 

Chlorine: 
starch: 
iodide 

Radio- 
autography 

Known N-cyclohexylcarbamoylglycine 
Known N-cyclohexylcarbamoylphenylalanine 
Known N6-cyclohexylcarbamoyllysine 
Known 1,3-dicyclohexylurea 
After initial incubation 

Insulin 
[cyclohexyl- ~ 4C ]CC N U 

Insulin + [cyclohexyl-a'C]CCNU 

After incubation with pronase 
Insulin 
[cyclohexyl-~'C ]CCNU 

Insulin + [cyclohexyl-~4C]CCNU 

After incubation with carboxypeptidase A 
Insulin 
[cyclohexyl- ~ 4C ]CC N U 

Insulin + [cyclohexyl-14C]CCNU 

After adding known N-cyclohexylcarbamoylphenylala- 
nine and known N-cyciohexylcarbamoylglycine to 
the carboxypeptidase A-treated reaction mixture 

Insulin + [cyclohexyl-~'C]CCNU 

0.33 

0.28 
0.59 
0.34 
0.95 

0 
0.86 

0 
0.87 

0 ~ 
0 ~ 
0.86 

0 a 

0.61 
0.87 
0.92 

0.63 
0.88 

O" 

0.31 

0.59 
0.84 

0.86 
0.93 
0 
0.86 
0.94 

0.86 
0.92 
0 
0.15 
0.30 
0.42 
0.60 
0.86 
0.92 

0.84 
0.91 

0.16 
0.20 
0.30 
0.43 
0.61 
0.84 
0.91 

0 
0.15 
0.20 
0.31 
0.43 
0.58 
0.85 
0.91 

a Pronase yielded a complex, multicomponent chromatographic pattern up to RF 45. 
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sulfhydryl groups might compete with lysine for reaction 
with cyclohexyl isocyanate. Stark reported (28) that cyanate 
reacts readily at approximately physiological conditions to 
yield S-carbamoylcysteine but that this reaction is readily 
reversible at this pH. This implies that carbamoylation of 
sulfhydryl groups of proteins might yield products with 
short half-lives, and, therefore, the effects of carbamoyla- 
tion might be transient. On the other hand, Twu and Wold 
(34) have reported the deactivation of yeast alcohol dehy- 
drogenase upon treatment of this enzyme with butyl iso- 
cyanate, and their evidence indicates that dectivation was 
probably due to carbamoylation of sulfhydryl groups. It 
has also been observed that a rat liver DNA polymerase 
isozyme that is sensitive to 4-(hydroxymercuri)benzoate 
is inhibited by treatment with CCNU,  BCNU, l-(2-chloro- 
ethyl)-3-(trans-4-methylcyclohexyl)-  1-nitrosourea, cyclo- 
hexyl isocyanate, or 2-chloroethyl isocyanate, while an- 
other rat liver DNA polymerase isozyme that is insen- 
sitive to 4-(hydroxymercuri)benzoate is not inhibited 
by treatment with these agents (3). These results suggest 
that an S-(N-alkylcarbamoyl)  derivative of a protein is 
stable enough that formation of such a derivative could 
cause significant reduction in the activity of an enzyme. 
Therefore, carbamoylation of sulfhydryl groups of proteins 
must be considered as possible molecular sites of action of 
the isocyanates derived from N3-substituted Nl-nitro - 
soureas. 

The possibility that carbamoylation of biological mate- 
rials by isocyanates derived from nitrosoureas might con- 
tribute to the physiological effects of these agents was 
recognized early in the study of nitrosoureas as agents for 
cancer chemotherapy (23, 37). The results of various studies 
have linked carbamoylation by nitrosoureas with the deacti- 
vation of DNA polymerases (3, 39), the inhibition of the 
progression of cells through the cell cycle (5, 40), the 
inhibition of repair of DNA (18), the inhibition of the 
processing of R N A  (19), and the prevention of sickling of 
erythrocytes containing hemoglobin S (42). The results of a 
study of the interrelationships of the carbamoylating activi- 
ties, the alkylating activities, and the solubilities of a group 
of 1-(2-haloethyl)-3-substituted 1-nitrosoureas with certain 
biological effects of these agents led to the conclusion that 
perhaps the dominant influence of carbamoylation was 
upon the toxicity of the respective agent to the experimental 
animal (41). This conclusion is consistent with the fact that 
chlorozotocin (1), which has significant anticancer activity 
but low bone marrow toxicity, has high alkylating activity 
but low carbamoylating activity (unpublished results from 
our laboratory). 

The present report points out an interesting difference 
between N-(2-chloroethylcarbamoyl)amino groups and N- 
cyclohexylcarbamoylamino groups in that cyclization of the 
former to form N-(2-oxazolin-2-yl)amino groups occurs 
easily, whereas similar cyclization of the N-cyclohexylcar- 
bamoylamino groups does not occur. Carbamoylat ion of an 
amino group lowers the basicity of that group, but the 
electrophoretic data obtained in the present study indicate 
that the basicity of an N-(2-oxazolin-2-yl)amino group is 
similar to that of the corresponding amino group. Thus, 
cyclohexylcarbamoylation of an amino group of a protein 

Carbamoylat ion by Nitrosoureas 

could cause permanent alteration of the charge distribution 
on that protein, while 2-chloroethylcarbamoylation of the 
protein might cause only a transient alteration of the charge 
distribution on the protein. The significance of such differ- 
ences in the charge distributions of the altered proteins 
depends upon the importance of charge distribution to the 
functioning of the parent protein. For example, it has been 
reported that carbamoylation (33) or carboxymethylat ion 
(13) of as few as 1 or 2 ~-amino groups of lysine moieties of 
ribonuclease greatly decreases the activity of the enzyme, 
that carbamoylat ion of the ~-amino group of a single lysine 
moiety causes inactivation of bovine glutamate dehydrogen- 
ase (35), and that carbamoylation of the ~-amino groups of 
lysine moieties of a protease (26) and of phosphorylases a 
and b (14) causes deactivation of the enzymes. It has also 
been observed that acetylation (36), trifluoroacetylation 
(12), dinitrophenylation (25), car.boxymethylation (20), and 
carboxybenzylation (2) of the ~-amino groups of lysine 
moieties of proteins render the adjacent peptide bond 
resistant to hydrolysis by trypsin. 

Therefore, carbamoylation of proteins by 2-chloroethyl 
isocyanate (generated from nitrosoureas bearing a 2-chloro- 
ethyl group on N-3) might affect the properties of the 
protein differently from carbamoylation of the same pro- 
teins by isocyanates generated from nitrosoureas that have 
substituents other than a 2-chloroethyl group on N-3. 

Although the present study does not establish a definite 
relationship between carbamoylation of any specific protein 
or peptide and the physiological effects of nitrosoureas, it 
does reinforce and expand the existing evidence that car- 
bamoylation of proteins is a process that must be considered 
in efforts to explain the various physiological effects of these 
agents, and it points to terminal amino groups of proteins as 
possible pr imary sites of carbamoylation.  
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