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Abstract- 1,3-Bis(2-chloroethyl)- 1-nitrosourea (BCNU) covalently cross-links DNA under physiological 
conditions. Methyl substitution at either carbon atom of the 2-chloroethyl portion of the molecule prevents 
cross-linking. Haloalkyl nitrosoureas including 3-chloropropyl, 4-chlorobutyl and 5-chloropentyl, although 
they readily alkylate DNA, exhibit no ability to cross-link DNA. 3-(2.Chloroethyl)- 1-methylcytosine 
hydrochloride and N4-(2-chloroethyl)- 1-methylcytosine hydrochloride, similar to intermediates suggested in 
the cross-linking process, alkylate PM2-CCC-DNA readily. These two cytosine derivatives also cyclize 
readily to give 3fl’-ethano-1-methylcytosine closely similar to a species isolated from the treatment of 
polyC with BCNU. A number of processes including the extent of DNA alkylation, measured with 
I “CICCNU labeled in the ethylene portion of the molecule, as well as concomitant DNA single strand 
scission, and intramolecular alkylation and/or hydrolysis of the chloroethyl cytidine intermediate were 
investigated as to their effects upon the interstrand cross-linking process. 

Many active antineoplastic drugs which are bifunc- 
tional alkylating agents have been shown to produce 
DNA interstrand cross-links, an event generally lethal 
to the cell compared with alkylation which is repaired 
more readily. 2Xhloroethyl nitrosoureas, while not 
obviously bifunctional, induce significant interstrand 
cross-linking [ 1, 21. The suggested mechanism of this 
cross-linking involves chloroethylation of an appropri- 
ate base followed by a second alkylation at the carbon 
bearing the chlorine atom [ l-31. 

In addition to cross-linking, DNA degradation in the 
form of alkali labile sites has been reported for chloro- 
ethyl nitrosoureas [4-71. These lesions appear to result 
from a combination of phosphate alkylation as well as 
base alkylation followed by depurination or depyrimi- 
dation and production of labile apurinic sites [7]. 

These observations necessitated a more detailed 
study of the structural requirements for interstrand 
cross-linking and of the effects of the combination of 
DNA single strand scission and interstrand cross-link- 
ing as they apply to antileukemic activity. 

EXPERIMENTAL 

Materials 

[“T ]CCNU labeled in the ethylene portion of the 
molecule was a gift from Dr. Gerald Goldenberg, Mani- 
toba Institute of Cell Biology, Winnipeg, Manitoba. 
Ethidium bromide was purchased from the Sigma 
Chemical Co., St. Louis, MO 63 178, and I-DNA (mol. 
wt 3 1 Y 106) was obtained from Miles Biochemicals, 
Miles Laboratories, Inc., Elkhart, IN 465 15. 

Melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. The i.r. spectra were 
recorded on a Nicolet 7199 F.T. spectrophotometer, 
and only the principal, sharply defined peaks are re- 

ported. The n.m.r. spectra were recorded on Varian A- 
60 and A-100 analytical spectrometers. The spectra 
were measured on approximately l@- 15% (w/v) solu- 
tions in appropriate deuterated solvents with tetrame- 
thylsilane as standard. Line positions are reported in 
parts per million from the reference. Mass spectra were 
determined on an Associated Electrical Industries MS- 
9 double-focusing high-resolution mass spectrometer. 
The ionization energy, in general, was 70 eV. Peak 
measurements were made by comparison with per- 
fluorotributylamine at a resolving power of 15,000. 
Microanalyses were carried out by Mrs. D. Mahlow of 
this department. 

N4-(2.chloroethyl)-I-methylcytosine hydrochloride. 
This was prepared according to the method of Ueda and 
Fox 181. It exhibited a double m.p. at 160’ and 272- 
275” (lit. 181 m.p., 163-164” and 271-273’). 

3,N4-ethano-I-methylcytosine hydrochloride. This 
was prepared according to the method of Ueda and Fox 
[ 81 by heating a small amount of the above chloroethyl 
derivative on a heating block for a few minutes at 1 70° : 
m.p., 272-275” (lit. [8] m.p., 271-273”). 

3-(2.Chloroethyl)-I-methylcytosine hydrochloride. 
3-(2.Hydroxyethyl) I-methylcytosine, prepared ac- 
cording to the method of Mizuno et al. [91, was dis- 
solved in ethanol saturated with HCl. After removal of 
the ethanol a 30.mg sample of the hydrochloride salt 
was added to 50 ~1 of thionyl chloride in 600 ~1 of dry 
hexamethyl phosphoramide at 0”. The solution was 
very slowly allowed to warm to room temperature and 
stirred overnight. One ml ethanol was then added; the 
mixture was stirred an additional hour and then added 
to 7 ml ether. The white solid was recrystallized twice 
from ethanol/ether without heating. The yield was 
15 mg (45%), m.p. 215’ and 269-272”. 

Anal. Calc. for C,H,,N,OCl . HCl . fH,O [mol. wt 
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187.0512 (free base)]: C, 36.77; H, 5.08; N, 18.38. 
Found (187.05 19, mass spectrum): C, 36.63;H, 4.97; 
N, 17.99. P.m.r. D,O (HOD 4.76) 6 3.5 (s, 3H, CH,); 
3.9 (t, 2H, CH?); 4.5 (t, 2H, CH,); 6.2 (d, IH, CH); 
7.8 (d, lH, CH). 1.r. I’,,,:, 1 (EtOH) 3320 (N-H); 1630 
(C=O); 1560 (C=N) cm-r. 

This compound could also be converted to 3,N’- 
ethano- I-methylcytosine hydrochloride by heating a 
small amount on a heating block for a few minutes at 
220°, m.p. 269-272” (lit. [81 m.p. 271-273”). 

I-(3.Chloropropyl) I-nitrosourea, 1-(4.chlorobu- 
tyl)- 1-nitrosourea, 1-(5.chloropentyl)- I-nitrosourea 
and 1,3-bis-[ 1-(chloromethyl)ethyl]nitrosourea were 
prepared as described previously [2, 101. 1,3-Bis(2- 
chloropropyl)nitrosourea was prepared according to 
the method of Johnston et al. [ 111. 

Methods 

Fluorescence assay for determining CLC sequences 
in DNA produced by nitrosoureas. All measurements 
were performed on a G. K. Turner & Associates model 
430 spectrofluorometer equipped with a cooling fan to 
minimize fluctuations in the xenon lamp source. Wave- 
length calibration was performed as described in the 
manual for the instrument. One-cm-square cuvettes 
were used. The excitation wavelength was 525 nm and 
the emission wavelength was 600 nm. The 100 q scale 
of medium sensitivity was generally used, and water 
was circulated between the cell compartment and a 
thermally regulated bath at 22”. The fluorometric 
method of detecting CLC sequences in A-DNA has 
been described [ 12, 13 1. Cross-linking of DNA creates 
a nucleation site which allows renaturation of I-DNA 
after heat denaturation (96”/3 min) and rapid cooling 
and thus provides intercalation sites for ethidium. That 
this assay procedure detects the formation of CLC- 
DNA as a result of a chemical cross-linking event has 
been confirmed by experiments with the enzyme S,- 
endonuclease [ 12, 141. This enzyme specifically 
cleaves single-stranded DNA and is essentially inactive 
on duplex DNA and, therefore, distinguishes DNA 
which is renaturable by virtue of a chemical cross-link 
and DNA which separates into single strands on heat- 
ing. A 20.~1 aliquot was taken at intervals from the 
reaction mixture (50 mM potassium phosphate, pH 
7.2; 1.0 A,,, units of I.-DNA; 5 mM nitrosourea; total 
volume, 200 ~1) at 3 7” and added to the standard assay 
mixture (which was 20 mM potassium phosphate, pH 
11.8, 0.4 mM EDTA, and 0.5 pglml of ethidium). The 
fluorescence after the heating and cooling cycle com- 
pared with control times 100 gives the percentage of 
CLC-DNA in a sample. For a standard set of condi- 
tions (i.e. type and concentration of DNA, pH, ionic 
strength, and the temperature), the accuracy of the 
CLC assay is determined by the precision of the fluo- 
rescence readings. Overall accuracy of the CLC assay 
is estimated at + 2 per cent. 

Fluorescence determination of alkylation of PMZ- 
CCC-DNA by nitrosoureas. A 20.~1 aliquot was taken 
at intervals from the reaction mixture 150 mM potas- 
sium phosphate, pH 7.2, 1.2 A26O units of PM2-CCC- 
DNA (90% CCC), 5 mM nitrosourea in a total volume 
of 200 ~1 at 37” I and added to the standard assay 
mixture (which was 20 mM potassium phosphate, pH 
11.8, 0.4 mM EDTA, and 0.5 pg/ml of ethidium). The 

fluorescence after heating at 96”/3 min followed by 
rapid cooling was compared with the initial value. 

Under these conditions unreacted PMZ-CCC-DNA 
returns to register after heat denaturation because of 
topological constraints. Alkylated PM2-CCC-DNA 
shows a decrease in fluorescence because of thermally 
induced depurination followed by alkaline strand scis- 
sion of the apurinic site in the assay medium [ 151. The 
ratio of the decrease in fluorescence (after the heating 
and cooling cycle) to that of the control is a measure of 
the extent of alkylation. In a control experiment it was 
shown that none of the components interfered with the 
ethidium fluorescence. Provided no single strand 
cleavage of PM2-CCC-DNA is observed (detected by 
the characteristic rise in fluorescence before the heat- 
ing/cooling cycle), this technique can be used to meas- 
ure levels of alkylation not readily observed using i.- 
DNA. 

Binding of [ i4C ICCNU to I-DNA. Duplicate loo-p1 
mixtures containing the desired concentration of 
[ ‘T ]CCNU were incubated at 37’ and pH 7.2 with 1.0 
Az6,, i-DNA (mol. wt 3 1 < 106). After a 6-hr incuba- 
tion, a 10.~1 aliquot was transferred to the assay solu- 
tion and the extent of interstrand cross-linking was 
measured. A 1.~1 aliquot was transferred to 10 ml of a 
toluene based liquid scintillation mixture (Scinti-Verse, 
Fisher Scientific Co., Edmonton, Alberta) and counted 
on a Beckman LS 100~ (Serial No. 1000930) scintilla- 
tion counter using a 1 i4C ltoluene standard (New Eng- 
land Nuclear, Dorval, Quebec, 4 x lo5 dis./min/ml) to 
determine initial CCNU concentration. The remaining 
reaction mixture was dialyzed at 4” against three IOOO- 
ml vol. of 20 mM potassium phosphate (pH 7.0) con- 
taining 2 mM EDTA. The DNA nucleotide equivalent 
concentration of the dialysate was determined by U.V. 
absorption at 260 nm assuming an extinction coeffi- 
cient of 7000. A 100.pl aliquot of the dialysate was 
then counted as described above to determine the con- 
centration of DNA bound radioactivity. A loo-n1 ali- 
quot of the dialysis solution was used to determine 
background counts. 

The ratio of initial CCNU concentration to DNA 
bound radioactivity (corrected for a 1.0 A,,, DNA 
concentration) is used to determine the hydrolyzed 
drug/bound drug ratio. The ratio of DNA nucleotide 
equivalent concentration after dialysis to DNA bound 
radioactivity is used to determine the binding ratio. 

Conversion of N”-(2-chloroethyl)-I-methylcytosine 
to 3,N4-ethano-l-methyZcycytosine. The p.m.r. (D,O, pH 
7.2) of the chloroethyl derivative shows a sharp reso- 
nance for the methylene protons at 6 3.6 (s, 4H). Under 
the same conditions, the cyclized product exhibits a 
close A,B, pattern centered at 6 4.25 (m, 4H). 

A l-ml D,O reaction mixture containing 65 mmoles 
of the chloromethyl compound in deuterated 200 mM 
potassium phosphate (pH 7.2) was incubated at 37” in 
the p.m.r. probe of a Varian A- 100 analytical spectrom- 
eter. The rate of intramolecular cyclization was ob- 
tained by monitoring the changes in the areas of the 
signals listed above. 

Conversion of 3-(2.chloroethyl)-1-methylcytosine to 
3,N4-ethano-I-methylcytosine. The p.m.r. (D,O, pH 
7.2) of the chloroethyl derivative shows a resonance for 
one of the ring protons at 6 7.8 (d, 1H). Under the same 
conditions, the cyclized product exhibits a similar 
doublet for one of the ring protons shifted slightly 
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upfield. While the inner peaks of the two doublets 
overlap, the outer resonances are cleanly separated. 

A l-ml D,O reaction mixture containing 65 mM of 
the chloroethyl compound in deuterated 200 mM po- 
tassium phosphate (pH 7.2) was incubated at 37” in the 
p.m.r. probe of a Varian A- 100 analytical spectrometer. 
The rate of intramolecular cyclization was obtained by 
monitoring the changes in the areas of the signals listed 
above. 

RESULTS AND DISCUSSION 

2Chloroethylnitrosoureas result in significant DNA 
interstrand cross-linking (BCNU cross-links 42 per 
cent of I-DNA in 6 hr) under physiological conditions 
of pH 7.2 and 3 7”. As reported earlier [ 2 1, the extent of 
cross-linking is strongly dependent on the nature of the 
halogen in the nitrosourea. Fluoroethyl, bromoethyl 
and iodoethyl nitrosoureas exhibit little ability to form 
interstrand cross-links, while hydroxyethyl and meth- 
oxyethyl derivatives do not cross-link DNA. Chloro- 
ethyl derivatives appear to be more active than the 
corresponding bromoethyl and iodoethyl compounds 
in the leukemia L1210 test system [ 111. Recently 
Johnston et al. [ 161 investigated a series of 2-chloro- 
ethyl and 2-fluoroethyl analogues of MeCCNU. They 
reported that the 2-fluoroethyl compounds were, in four 
of five examples, “clearly inferior to the corresponding 
2-chloroethyl compounds”. A similar conclusion was 
reached [ 171 using Lewis Lung Carcinoma, a solid 
tumor system. 

Since the DNA interstrand cross-linking ability of 2- 
haloethylnitrosoureas, reported in a previous publica- 
tion [ 21, appears to be generally in accord with reported 
L 12 10 in vivo activities [ 11 I, a more detailed study of 
the effects of structure on the cross-linking phenome- 
non was undertaken. 

DNA interstrand cross-linking of chloroalkyl 
nitrosoureas 

Four nitrosoureas were synthesized, all of which 
contained a chlorine atom on a primary carbon atom. 
They included 1-(2.chloroethyl)- 1-nitrosourea (CNU), 
1-(3-chloropropyl)-1-nitrosourea (CPNU), 1-(4-chlo- 
robutyl)- I-nitrosourea (CCBNU) and 1-(5.chloropen- 
tyl)-1-nitrosourea (5.CPNU) [ lo]. While all of these 
derivatives alkylate DNA significantly (Table l), only 
the 2-chloroethyl derivative was able to produce cova- 
lent interstrand cross-links (CNU cross-links 36 per 
cent of i-DNA in 6 hr). We have observed* that the 
extent of DNA interstrand cross-links induced by bi- 
functional alkylating agents such as epoxides and aziri- 
dines increases with increasing distance between the 
alkylating sites. If cross-linking by chloroethyl nitro- 
soureas involves chloroethylation of one base followed 
by substitution of chloride by a second nucleophilic 
site, one might expect chloropropyl, chlorobutyl or 
chloropentyl nitrosoureas to induce some interstrand 
cross-links. 

Steric effects were then investigated by preparing 
three appropriately substituted nitrosoureas: 1,3-bis(2- 
chloroethyl)-nitrosourea (BCNU); 1,3-bis(2-chloro- 
propyl)nitrosourea (BCNU-P-Me)and 1,3-bis[ l-(chlo- 
romethyljethyllnitrosourea (BCNU-X-Me) [ lo]. Al- 
kylation of PM2-CCC-DNA is observed for all three 

* J. W. Lown and L. W. McLaughlin, unpublished results. 

H.P 28, 14 H 

Table 1. DNA alkylation and rate of aqueous decomposition 
of selected nitrosoureas 

Compound 
% Alkylated PMZ-CCC-DNA 

after 180 min of reaction 

CNU 8 65t 
CPNU 6 81 
4-CBNU 5 82 
5-CPNU 5 13 
BCNU 79 70+ 
BCNU-a-Me 22 42 
BCNU-/-Me 74 52 

* See Ref. 10. 
t Observed after 60 min of reaction after which time 

extensive DNA cross-linking obscures measurement of alkyl- 

ation 121. 

compounds (Table 1); however, only the unsubstituted 
chloroethyl derivative BCNU forms interstrand cross- 
links (42 per cent cross-linked x-DNA in 6 hr). The 
loss of cross-linking ability by chain lengthening or 
chain branching parallels the structure activity studies 
of Johnston et al. [ 11 I who observed that similar 
structure modification results in low activity or loss of 
activity in the leukemia L 12 10 test system. 

Factors affecting DNA interstrand cross-linking by 2- 
chloroethylnitrosoureas 

The extent of interstrand cross-linked DNA pro- 
duced by chloroethylnitrosoureas is considerably lower 
than that observed for many other bifunctional alkylat- 
ing agents under comparable conditions. (Compare 
CCNU with mitomycin C, Table 2.) Four processes 
could explain these observed low levels of cross-link- 
ing: (i) the extent of initial alkylation of the DNA is 
low, (ii) labilization of the chlorine atom to allow 
chloroethylated bases to complete the cross-link occurs 
only at sites in the DNA which are infrequently alky- 
lated, (iii) intramolecular alkylation or hydrolysis com- 
petes favorably with interstrand cross-linking for the 
intermediate chloroethylated base, and (iv) DNA deg- 
radation occurs concomitantly with alkylation and 
cross-linking and causes cross-linking, as measured 
spectrofluorometrically, to appear lower. 

Binding of[ “‘C ICCNU to i-DNA. To determine the 

extent of binding to DNA, [ ‘C ICCNU labeled in the 
ethylene portion of the molecule was allowed to react 
with j.-DNA under physiological conditions (see Ex- 
perimental). Previous work involved a similar study 
with mitomycin C [ 121. The results from that study as 
well as those from the present one are listed in Table 2. 
As can be observed from Table 2, even at twice the 
concentration, the extent of alkylation by CCNU is 
much lower than that observed for mitomycin C. Addi- 
tionally, the amount of nitrosourea which hydrolyzes is 
far greater than in the case of mitomycin C. Both of 
these observations suggest that CCNU is much less 
selective in its reaction with nucleophiles, even reacting 
to a large extent with water. As the concentration of 
CCNU increases, the extent of binding increases as is 
expected; however, even at binding ratios which ap- 
proach those of mitomycin C, the amount of cross- 
linked DNA is below 50 per cent. 

Intermolecular reactions of 2-chloroethylcytidine de- 
rivatives. Previous work by Ludlum et al. [3] has 
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Table 2. DNA interstrand cross-linking by CCNU and mitomycin C 
____. 

CCNU 

Drug concentration (M) 2.19 i 1.2 x 10m4 1.03 * 0.2 x 10-1 6.53 i_ 0.1 x 10-2 
% Cross-linked DNA 5_tl 39i 1 47-t 1 
Nucleotide equivalents 

Bound drug 2131 +- 74 484& 121 13 * 7 
Hydrolyzed drug 

Bound drug 3271 & 148 3498 _t 21 3331 5 335 

* Data from Ref. 12. 
t Ratio of interstrand cross-lined: total alkylation = 1: 430. 

Mitomycin C * 

1.2 x 10-a 
84i 1 

50 

42 

indicated that the cytidine residues of nucleic acids are 
alkylated most txtensively by chloroethyl nitrosoureas. 
The two most likely positions for chloroethylation 
appeared to be the 3 position and the N4 position of 
cytidine. The 3 position is known to be alkylated by a 
variety of alkylating agents [ 181. Although the 3 posi- 
tion of cytidine in the DNA helix would appear to be 
inaccessible to alkylation because of hydrogen bond- 
ing, nevertheless treatment of DNA in vitro or iri vivo 
with N-methyl-N-nitrosourea [ 191, N-ethyl-N-nitro- 
sourea [ 181 or N-methyl-N-nitro-N-nitrosoguanidine 
[ 201 has resulted in the isolation of small amounts of N- 
3 alkylated cytidine residues. Chloroethylation by ni- 
trosoureas might well occur at the 3 position prior to 
cross-linking, as suggested by Ludlum et al. [ 3 I. C hlo- 
roethylation of the N4 position provides a nitrogen half- 
mustard which appeared to be the most likely interme- 
diate chloroethylcytidine residue which would retain 
alkylating activity. While the N” position. of cytidine is 
not generally observed to be alkylated significantly 
after treatment of DNA with a variety of alkylating 
agents [ 181, recent research by Singer [21 I has indi- 
cated that treatment of cytidine with N-ethyl-N-nitro- 
sourea results in significant amounts of N4-ethylated 
cytidine. The observed low levels of cross-linking by 
chloroethylnitrosoureas at relatively high levels of al- 
kylation suggested that such a less reactive site might be 
involved in the cross-linking phenomenon. 

Two model compounds were prepared to test alkyl- 

ating activity: 3-(2.chloroethyl)- I-methylcytosine hy- 
drochloride and N’-(2.chloroethyl)- I-methylcytosine 
hydrochloride (see Fig. 2.) As indicated in Fig. 1, both 
compounds show significant, although relatively low 
levels of alkylation of PM2-CCC-DNA. While labiliza- 
tion of the chlorine atom to nucleophilic displacement 
can be explained for the NJ-(2.chloroethyl) derivative, 
the basis for the alkylating activity observed for the 3- 
(2.chloroethyl) analogue is unclear. In light of the 
observation that 3-chloropropyl, 4-chlorobutyl and 5- 
chloropentyl nitrosoureas show no cross-linking activ- 
ity, it appears that labilization of the chlorine atom to 
nucleophilic displacement is a prerequisite for cross- 
linking to occur. 

Intramolecular reactions of 2-chloroethylcytidine 
derivatives. The possibility that intramolecular alkyla- 
tion or cyclization competes favorably with cross- 
linking was investigated by comparing the rates at 
which 3-(2.chloroethyl)- 1-methylcytosine and N4-(2. 
chloroethyl)- 1-methylcytosine alkylate intramolecu- 
larly to form 3,N4-ethanocytosine (Fig. 2). The cycliza- 
tions were observed to follow first-order kinetics (Fig. 
3). The N”-substituted compound in aqueous buffer 
(pH 7.2) at 37” has a half-life of 16 min and complete 
conversion to the cyclic compound occurred within 
150 min. The 3-substituted derivative under the same 
conditions has a half-life of 53 min. The faster rate of 
the N“ derivative may result from nitrogen mustard 
labilization of the chlorine atom to nucleophilic dis- 

50 1 I I , I / I I I / 

0 60 120 180 240 300 360 420 480 540 

TIME (mln) 

Fig. 1. Reaction of drug with 1.0 A,,, PMZCCCDNA, pH 7.2, 37”. Key: N4-(2.chloroethyl)- l- 
methylcytosine hydrochloride (A) 5 mM; (0) 10 mM; and 3-(2.chloroethyl)- I-methylcytosine hydrochlo- 

ride (A) 5 mM; (0) IOmM. 
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c’ --NH 

;;:‘:” -5fb -?II$ 
3 CH3 3 

Fig. 2. Conversion of N4-(2.chloroethyl). I-methylcytosine or 3-(2.chloroethyl). 1-methylcytosine to 3+V- 
ethano- I-methylcytosine. 

placement. The results from both compounds suggest 
that, although hydrogen bonding to the 3 or N’ posi- 
tions in the DNA helix may decrease the rate of such 
cyclizations after initial chloroethylation, intramolecu- 
lar alkylation may compete favorably with interstrand 
cross-linking. No 3 or N“ hydroxyethylated cytosine 
was observed to be formed during either reaction. 
Although a hydroxyethylated cytidine monophosphate 
derivative has been isolated after treatment of poly C 
with BCNU [ 3 1, the necessary hydrolysis of the chlor- 
ine atom appears to occur prior to alkylation. This 
observation is in accord with a recent report by Ludlum 
and Tong [ 221 concerning 3-(2.fluoroethyl)cytidine. A 
possible explanation for the formation of hydroxyethy- 
lated bases involves nucleophilic attack at the carbon 
bearing the nitrogen of the oxadiazoline suggested 
[ 10, 231 as an intermediate in the decomposition of 2- 
chloroethylnitrosoureas. 

Effects of DNA single strand scission on interstrand 
cross-linking 

The effects of single strand scission occurring con- 
comitantly with cross-linking were then investigated. 
Previous studies have shown that chloroethyl nitrosou- 
reas result in significant alkaline induced single strand 
scission 171. It has also been observed that hydroxy- 
ethyl nitrosoureas result in extensive single strand scis- 
sion most probably through phosphate alkylation [ 71. 

To determine the relative effects of single strand scis- 
sion on DNA cross-linking, a compound mixture was 
prepared. Equivalent amounts of 3-(cyclohexyl) l-(2- 
hydroxyethyl) I-nitrosourea (CHNU) and 1,3-bis(2- 
chloroethyl)- 1-nitrosourea (BCNU) were allowed to 
react with i-DNA at pH 7.2 and 37O. The mixture was 
then assayed for ability to produce interstrand cross- 
links. As can be observed in Fig. 4, addition of the 
effective single strand scission agent CHNU results in 
an apparent decrease in the extent of cross-linked DNA 
as compared to that observed for BCNU alone. Cross- 
linking as measured spectrofluorometrically involves 
heat denaturation under alkaline conditions followed 
by renaturation of DNA which has been chemically 
cross-linked. Decreasing the molecular weight of the 
DNA by single strand scission results in smaller frag- 
ments of DNA renaturing after heating and an apparent 
decrease in cross-linked DNA. 

In summary, the effects of the electrophiles from 
nitrosoureas on DNA are summarized in Fig. 5. Alkyl- 
ation of the internucleotide linkages results in type I 
single strand scission as reported previously [ 71. Alkyl- 
ation of the bases results in depurination followed by a 
slower type II single strand scission involving hydroly- 
sis of labile apurinic sites [ 71 or further intramolecular 
or intermolecular alkylation by the chloroethylated 
base. Intermolecular alkylation produces either intra- 
strand or interstrand DNA cross-links. 

0 10 20 30 40 50 60 70 80 90 100 110 120 

TIME (mm) 

Fig. 3. First-order kinetics for the formation of 3,Wethano- I-methylcytosine from (0) N4-(2.chloroethyl). 
1-methylcytosine or (A) 3-(2.chloroethyl)- I-methylcytosine. 
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"0 60 120 180 240 300 360 

REACTION TIME 

Fig. 4. Reaction of 1.0 A,,, I.-DNA pH 7.2 and 37” with (0) 
5 mM BCNU; and (0) 5 mM BCNU plus 5 mM CHNU. 

1 TYPE I SSS 

I 

TYPE II SSS 
[RAPID) (SLOW) 

+B:Bp 08: 89 

E-P E P E-P 

+(I 
DB k 

I$B:B-$ 

INTER- E-P E P INTRA-STRAND 

;;;‘” pB:\B+ p-B : ;+ CROSS-LINK 

‘INK &B:B--i] +-B:B+ 

Fig. 5. Effects of electrophiles from nitrosoureas on DNA. 
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