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Mustard in Relation to Drug-induced Cytotoxicity in Human Melanoma Cells1

Johan Hansson,2 Rolf Lewensohn, link Ringborg, and Bo Nilsson

Radiumhemmet, Karolinska Hospital, S-104 01 Stockholm, Sweden

ABSTRACT

The formation and removal of nitrogen mustard (HN2)- and mel-
phalan-induced DNA cross-links (DNA interstrand and DNA-protein
cross-links) in a human melanoma cell line (RPMI 8322), as determined
by alkaline elution of DNA, was compared and related to the cytotoxic
effect of each drug. HN2 was considerably more cytotoxic than melphalan
as determined by inhibition of colony formation. Immediately following
exposure to HN2 maximum levels of DNA cross-links were found.
Melphalan, in contrast, caused a protracted induction of DNA cross
links with maximum levels obtained 6-12 h following drug exposure.
HN2 induced approximately 13 times higher peak levels of DNA cross
links compared to equal concentrations of melphalan. Removal of DNA
cross-links following exposure to both drugs followed an exponential
time course. The rate of removal of HN2-induced DNA cross-links was,
however, 1.5-2.4 times more rapid than that of meIphaIan-induced cross
links. A strong correlation was obtained between the cytotoxicity of both
drugs and the total area under the curve for DNA interstrand cross-links,
indicating that both the initial induction of as well as the rate of removal
of DNA interstrand cross-links are important for the cytotoxic effects of
bifunctional alkylating agents.

INTRODUCTION

Bifunctional alkylating agents, the first types of drugs to be
used in chemotherapy of malignant disease, are still an impor
tant group of drugs in clinical cancer chemotherapy (1). Despite
extensive clinical experience with these drugs, their mechanisms
of action remain inadequately characterized. The bifunctional
alkylating agents react extensively with cellular macromole-
cules, thus inducing multiple kinds of molecular lesions. The
cytotoxic effects of these drugs are considered to involve reac
tions with DNA resulting in various types of DNA damage.
Besides monofunctional binding of the drug to a single site in
the DNA molecule, drug-induced cross-linking between bases
in the same DNA strand (DNA intrastrand cross-links) or in
the complementary strands of a DNA molecule (DNA inter
strand cross-links) and between DNA and protein (DNA-pro
tein cross-links) occur (1-4). Earlier investigations have estab
lished a correlation between cytotoxicity and DNA interstrand
cross-links induced by bifunctional alkylating agents (1, 2).
Removal of DNA cross-links induced by alkylating agents has
been described in several cell systems (5-10). In this study we
have compared the formation and removal of DNA damage
induced by two different bifunctional alkylating agents in a
human melanoma cell line (RPMI 8322). We have chosen to
compare the effects of HN23 (mechlorethamine) and mel

phalan, since these drugs represent two classes of bifunctional
alkylating agents (aliphatic and aromatic nitrogen mustards,
respectively), with differences in chemical reactivity, which are
used in clinical cancer chemotherapy. Drug-induced cytotoxic-

Received 10/20/86; revised 2/4/87; accepted 2/12/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This investigation was supported by King Gustaf V's Jubilee Foundation and

the Swedish Cancer Society, Stockholm, Sweden.
2To whom requests for reprints should be addressed.
3The abbreviations used are: HN2, nitrogen mustard; MEM, minimal essential

medium; PCS, fetal calf serum; PBS, phosphate-buffered saline; AUC, area under
the curve.

ity was measured by inhibition of colony formation. We have
used the method of alkaline elution of DNA for measurement
of drug-induced DNA cross-linking, since the high sensitivity
of this method allows measurements of DNA cross-links fol
lowing exposure of cells to clinically obtainable drug concentra
tions, which cause limited cytotoxic effects. This method also
offers the opportunity to measure both total DNA cross-linking
and DNA interstrand cross-linking, thus allowing for a com
parison of the relative proportions of DNA interstrand cross
links and DNA-protein cross-links induced by the drugs.

MATERIALS AND METHODS

Drugs and Chemicals. Melphalan was obtained as a sterile powder in
commercial vials from the Wellcome Foundation, Ltd., London, Eng
land. Stock solutions of melphalan were prepared by dissolving 100 mg
of melphalan in 1 ml of 92% ethanol with 2% HC1 and diluting with 9
ml of 60% propylene glycol in sterile water with 1.2% dipotassium
hydrogen phosphate. These solutions were immediately frozen at
â€”70Â°Cin portions of 2 mg melphalan. The stock solutions were renewed

after 3 months (it has been shown with liquid chromatography that
100% of melphalan is retained intact after storage for 3 months at this
temperature).4 Immediately before each incubation, a stock solution

was further diluted in cell culture medium to the desired drug concen
trations. HN2 was obtained as a sterile powder in commercial vials
from the Boots Company, Ltd., Nottingham, England. Immediately
before each incubation 10 mg of HN2 were dissolved in 10 ml of Eagle's
MEM medium with Earle's salts (Flow Laboratories, Rickmansworth,

England) and further diluted in cell culture medium to the desired drug
concentrations. [mefAy/-'4C]Thymidine (60 mCi/mmol; 50 /iCi/ml) and
[mefAy/^Hjthymidine (5 Ci/mmol; 1 mCi/ml) were obtained from the
Radiochemical Centre, Amersham, England.

Cells. A human melanoma cell line, RPMI 8322, was used (11). Cells
were grown in Eagle's MEM medium with Earle's salts (Flow Labora
tories) supplemented with 2 mM L-glutamine, 10% PCS, 125 ID ben-
zylpenicillin, and 125 ^g streptomycin/ml. LI210 mouse leukemia cells
were grown in RPMI 1640 medium with 4-(2-hydroxyethyl)-l-pipera-
zineethanesulfonic acid buffer (Flow Laboratories) supplemented with
2 mM L-glutamine, 10% PCS, 125 IU benzylpenicillin, and 125 Mg
streptomycin/ml.

Drug-induced Cytotoxicity. Drug-induced cytotoxicity was measured
as the inhibition of colony formation according to the method of Puck
and Marcus (12). Appropriate numbers of RPMI 8322 cells suspended
in Eagle's MEM medium supplemented with 2 mM L-glutamine and
10% PCS were plated in 6-cm diameter Petri dishes and left overnight
to attach to the bottom of the dishes. The cells were then exposed to
various concentrations of HN2 and melphalan for 30 min in medium
without FCS. After removal of the drug the cells were grown in fresh
medium with 2 mM L-glutamine and 10% FCS for 14 days to produce
clones of appropriate size. The dishes were then rinsed with PBS (pH
7.4), the colonies were fixed for 2-3 min with 37% formaldehyde
solution diluted in 4 volumes of PBS and stained for 15 minutes with
Giemsa solution diluted in 4 volumes of distilled water. The number of
colonies containing at least 50 cells was counted on each dish and the
surviving fraction was calculated in relation to control dishes. The
plating efficiencies in different experiments were 67-100%.

Drug-induced DNA Cross-Linking. The alkaline elution technique
developed by Kohn (3) and Kohn et al. (13) was used with minor
modifications, essentially as previously described (14, 15). RPMI 8322
melanoma cells were seeded into Petri dishes (3.5-cm diameter dishes;
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0.6 x 10' cells/dish) and labeled for 24 h with [l4C]thymidine at a

concentration of 1 ÃÃCi/ml.Following this, the cells were incubated for
30 min with different concentrations of drug in serum-free medium.
The incubations were arrested by placing the cells on ice, after which
the medium was removed and the cells were further incubated in fresh
medium with 10% PCS for varying periods. The cells were then
resuspended in ice-cold medium with 2% PCS and irradiated on ice
with 600 rads. Following this, the cells were collected on polyvinyl
chloride filters (pore size, 2 urn: diameter, 25 mm; Millipore Corp..
Bedford, MA). To improve the reproducibility of the experiments an
internal standard of 0.2 x IO6 LI210 cells labeled with [3H]thymidine

(1 jiCi/ml) and irradiated with 300 rads were added to each filter. The
cells were then washed with 10 ml ice-cold PBS and lysed with 5 ml
Sarkosyl-EDTA solution (Sarkosyl, 20 g/liter-0.02 M EDTA, 7.44 g/
liter-5 M NaOH, adjusted to pH 9.5). For the analysis of DNA inter-
strand cross-links, another 2 ml of lysis solution containing 0.5 mg/ml
of proteinase K were added to the filters and allowed to remain in
contact with the filters for 1 h. The filters were washed with 5 ml 0.02
M EDTA (acid form), pH 9.5, and the DNA was then eluted from the
filters for 16 h at a flow rate of 0.035 mi/min with a tetraethylammon-
iumhydroxide-EDTA solution [0.02 M EDTA (acid form), 5.845 g/
liter; tetraethylammoniumhydroxide adjusted to pH 12.1; for the anal
ysis of DNA inter strand cross-links 0.1% Sarkosyl was added]. The
eluted DNA was collected in 8 fractions and the I4C and 3H activities

in each fraction as well as the activities remaining on the filter at the
end of elution were analyzed by liquid scintillation counting after adding
1.4 volumes of Instagel (Packard Instrument Company, Downers
Grove, IL) to each sample.

Extensive theoretical considerations on the mechanisms allowing for
the detection and quantification of DNA cross-links by alkaline elution
have been published by Kohn (3) and Kohn et al. (13). The fraction of
[14C]DNA remaining on the filter at the time when 30% of the [3H]-

DNA of internal standard cells remained on the filter was determined
for each sample. The amount of DNA cross-links was calculated from
the formula (13)

CLF
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Fig. 1. Survival of RPMI 8322 melanoma cells following exposure to HN2
and melphalan for 30 min, as determined by inhibition of colony formation.
Symbols, mean Â±SE (bars) of 3-6 separate experiments.
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where CLF is the cross-linking factor, r<>is the fraction of [14C]DNA

remaining on the filter in irradiated control cells, and r is the fraction
of [I4C]DNA remaining on the filter in drug-exposed, irradiated cells.

If CLF is multiplied by the dose of radiation delivered (in this case 600
rads), the frequency of cross-links is expressed as rad-equivalents. The
amounts of DNA-protein cross-links were calculated by subtracting the
amounts of DNA interstrand cross-links (as estimated in analyses with
proteinase K treatment) from the total amounts of DNA cross-links (as
estimated in analyses without proteinase K treatment).

Statistical Evaluation of Data. Experimental results were tested for
statistical significance with Student's t test. For the comparison of

slopes of regression lines 95% confidence limits for the ratio of the
coefficients of the slopes were obtained from the estimated variance of
the ratio (16).

RESULTS

Drug-induced Cytotoxicity. The results of colony formation
assays are illustrated in Fig. 1. The ratio of the coefficients of
the slopes of the linear portions of the survival curves was 2.65
(95% confidence limits: 2.20-3.09; P < 0.0001), indicating that
HN2 was considerably more cytotoxic than melphalan. In ad
dition to the significant difference in the slopes, the survival
curve for melphalan exhibits a much more pronounced initial
shoulder compared to the curve for HN2.

Comparison of Maximum Levels of Drug-induced DNA Cross-
Links. Examples of alkaline elution analyses performed at
various times after exposure to HN2 and melphalan for 30 min
are shown in Fig. 2. Maximum total DNA cross-linking (Fig.
la) as well as DNA interstrand cross-linking (data not shown)
was seen immediately following HN2 exposure, with decreasing
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Fig. 2. Representative results of alkaline elution experiments following expo
sure of RPMI 8322 cells to HN2 and melphalan for 30 min. Measurements of
total DNA cross-linking 0-36 h after exposure to (a) 5 >i\i HN2 and (b) 21 (j\i
melphalan (MELPH).

DNA cross-linking during further incubation in drug-free me
dium. In contrast to the results obtained with HN2, low total
levels of DNA cross-links (Fig. 2b) as well as DNA interstrand
cross-links (data not shown) were obtained immediately follow
ing incubation of RPMI 8322 cells with melphalan for 30 min.
During further drug-free incubation both types of DNA cross
links increased to maximum levels at 6-12 h after drug treat
ment, followed by a decrease 24 and 36 h after drug exposure.
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REMOVAL OF HN2- AND MELPHALAN-INDUCED DNA CROSS-LINKS

When DNA cross-linking induced by several concentrations of
the two drugs was analyzed, similar results were obtained for
total DNA cross-linking and DNA interstrand cross-linking
(Fig. 3). Thus, HN2 caused a rapid induction of DNA cross
links followed by a rapid decrease in DNA cross-linking during
36 h. Melphalan, in contrast, caused a protracted increase in
DNA cross-linking for 6 h followed by a plateau at 6-12 h and
a decrease 12-48 h after drug exposure. Fig. 4 illustrates the
results of alkaline elution analyses at the time of maximum
DNA cross-linking for each drug. For all types of DNA cross
links there were approximately linear dose-response relation
ships for both drugs. However, on a molar basis, the maximum
levels of melphalan-induced DNA cross-links as seen 6 h fol
lowing drug exposure were much lower than those obtained
immediately following exposure to HN2 (Fig. 4), with an ap
proximately 13-fold higher maximum level of total DNA cross-
linking following exposure to HN2 as compared to an equi-
molar concentration of melphalan (Table 1). At the time of
maximum DNA cross-linking the proportion of DNA inter-
strand and DNA-protein cross-links obtained were similar for
both drugs with DNA interstrand cross-links accounting for
approximately 30-40% and DNA-protein cross-links for 60-
70% of total DNA cross-linking (Table 1). When maximum
DNA cross-linking was plotted against cell survival (Fig. 5)
significantly different (P = 0.01) curves were obtained indicat
ing a much higher cytotoxic effect by melphalan compared to
HN2 at equal DNA cross-linking.
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Fig. 3. Induction and removal of DNA cross-links following exposure to HN2
and melphalan for 30 min. a, total DNA cross-linking. Cells were exposed to 1
(â€¢)or 3 Â»AIHN2 (A) and 6.5 (O) or 13 Â»iM (A) melphalan: b, DNA interstrand
cross-linking. Cells were exposed to 1 (â€¢)or 3 Â¡IMHN2 (A) and 6.5 (O) or 21 ^M
melphalan (A). <â€¢</..equivalent(s).
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Fig. 4. DNA cross-linking in RPMI 8322 cells in relation to drug concentra
tion at the time of maximum cross-linking immediately following exposure to
HN2 for 30 min (â€¢)and 6 h following a 30-min exposure to melphalan (O). a,
total DNA cross-linking; b, DNA interstrand cross-linking; c, DNA-protein cross-
linking. Symbols, results of individual experiments. , regression lines with
zero intercept for the dose-response relationship for each drug, eq., equivalent(s).

Removal of DNA Cross-Links. A decrease in both types of
DNA cross-links, as measured by alkaline elution, was seen
during drug-free incubation 0-36 h after exposure to HN2 and
12-48 h after melphalan exposure (Fig. 3). A delayed induction
of DNA strand breaks by the drug could conceivably cause a
change in DNA elution patterns indistinguishable from that
caused by a decrease in DNA cross-linking. However, since no
strand breaks could be detected following exposure to these
doses of HN2 and melphalan with alkaline elution analyses
without previous X-ray treatment of cells (data not shown), the
changes in DNA elution patterns obtained in these experiments
are likely to reflect a decrease in the amounts of DNA cross
links. A reduction of DNA cross-linking could be caused either
by elimination of the cells containing DNA cross-links due to
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REMOVAL OF HN2- AND MELPHALAN-INDUCED DNA CROSS-LINKS

Table 1 Relative DNA cross-linking induced by HN2 and melphalan in RPMl
8322 melanoma cells, and the proportions of DNA interstrand cross-links and

DMA protein cross-links induced by each drug
A comparison was made otila- maximum amounts of DNA cross-links induced

by the two drugs, immediately after HN2 exposure and 6 h after exposure to
melphalan. From the slopes of regression lines for the dose-response relationships
(Fig. 4), the relative amounts of DNA cross-links obtained with each drug as well
as the relative proportions of DNA interstrand cross-links and DNA-protein
cross-links were calculated.

Relative DNA
cross-linking.

HN2/melphalan

Fraction of total DNA
cross-linking (%)

HN2 Melphalan
Total DNA cross- 12.9 (10.1-15.7)"

links
DNA interstrand 10.9(8.5-13.4) 30.8(27.0-34.6) 36.3(25.3-47.3)

cross-links
DNA-protein 14.1(10.7-17.5) 69.2(60.4-77.9) 63.3(43.6-83.0)

cross-links
" Numbers in parantheses, 95% confidence intervals.

500

MAXIMUM TOTAL DNA
CROSS-LINKING (rad-eq)

1000

Fig. 5. Relationship between cytotoxicity as obtained from the survival curves
in Fig. 1 and maximum DNA cross-linking as measured immediately following
exposure to HN2 and 6 h following exposure to melphalan. eg., equivalent(s).
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Fig. 6. Rate of removal of drug-induced DNA cross-links, a, total HN2-
induced DNA cross-links 0-36 h after drug exposure; ft, melphalan-induced DNA
cross-links 12-48 h after drug exposure; , exponential functions for the
removal of DNA cross-links determined by regression analysis, eq., equivalent(s).

drug-induced cell death or by a removal of cross-links in the
DNA of living cells. Measurements of the total 14C activity
recovered in alkaline elution experiments 0-48 h after drug
treatment excluded the former possibility, since there was no
significant decrease in the I4C activity in drug-treated samples

in relation to untreated controls with increasing time after drug
exposure and thus no indication of drug-induced cell kill during
this period (data not shown). Thus, the observed decrease in
DNA cross-linking is likely to represent removal of DNA cross
links from the DNA of living cells.

When the remaining fraction of DNA cross-links was plotted
on a logarithmic scale versus time, an approximately exponen
tial rate of removal of DNA cross-links was seen for both drugs
(Fig. 6). With regression analysis, exponential functions for the
removal of each type of DNA cross-link could be calculated
from the data for each concentration of the two drugs according
to the equations

In y = In a â€”ct

where y is DNA cross-links remaining at t h after the time of
maximum cross-linking, a is the maximum amount of DNA
cross-links as estimated with linear regression analysis, and c
is the rate constant for the removal of DNA cross-links. From
these exponential functions the rates of removal of both types
of DNA cross-links following exposure to each drug were
calculated (Table 2). The rate of removal of melphalan-induced
DNA cross-links was similar following exposure to all drug
doses. Following exposure to 1-3 Â¿Â¿MHN2 the rates of removal

of both types of DNA cross-links were more rapid, as compared
to melphalan. However, following 5 Â¿Â¿MHN2 the rate of re
moval of both types of DNA cross-links was significantly lower,
with half-lives of DNA cross-links similar to those for mel
phalan-induced DNA cross-links. This dose was therefore ex
cluded in the comparison of the overall rate of removal of DNA
cross-links induced by the two drugs. The average rate of
removal of HN2-induced DNA cross-links was 1.6 times more
rapid than that of melphalan-induced DNA cross-links (HN2-
induced DNA interstrand cross-links being removed 2.4 times
and DNA-protein cross-links 1.5 times more rapidly, respec
tively). In addition, the rate of removal of HN2-induced DNA
interstrand cross-links was 1.8 times faster (95% confidence
interval, 1.5-2.1; P< 0.0001) than that of DNA-protein cross
links. While the rate of removal of melphalan-induced DNA
interstrand cross-links was not significantly more rapid than
that of DNA-protein cross-links (ratio, 1.1; 95% confidence
interval, 0.9-1.4).

Area under the Curve for DNA Cross-Links in Relation to
Drug Toxicity. In order to compare the total amounts of DNA
cross-links over time with drug-induced cytotoxicity, the AUC
for each type of DNA cross-link was calculated. For the expo
nential parts of the curves the AUC could be calculated by
integrating the exponential function for cross-linking removal
over time. Thus, the total AUC for this part of the curve is
expressed by the integral

j a e-"(dt) = -
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REMOVAL OF HN2- AND MELPHALAN-INDUCED DNA CROSS-LINKS

Table 2 Removal of DNA cross-links 0-36 h after exposure to HN2 and 12-48 h after exposure to melphalan
The rate of removal of DNA cross-links followed exponential functions (range of correlation coefficients, -1.00 to -0.92). Values are given for half-lives of DNA

cross-links (iw) and the relative rate of removal of DNA cross-links induced by each drug, expressed as

t:, (melphalan induced cross-links)

/. (HN2-induced cross-links)

DNA interstrand cross
links

DNA-protein cross-links

HN2Total

DNA cross-linksConcentration

(MM)1.01.5

3.0
5.0<Â»

(h)7.9

7.5
8.3

11.9MelphalanConcentration

(MM)6.5

9.013.0

21.0f*

(h)13.112.9

13.3
12.9Relative

rate of removal of
DNA cross-links

P< 0.001

Av. (1-3 M

1.0
1.5
3.0
5.0

Av. (l-

1.0
1.5
3.0
5.0

Av. (1-3 MM):

7.9

4.3
5.1
5.7
7.9

P = 0.001

5.0

9.2
8.2
9.3

13.3

P< 0.001

8.9

Av. (6.5-21 MM):

6.5
9.0

13.0
21.0

Av. (6.5-21 JIM):

6.5
9.0

13.0
21.0

Av. (6.5-21 MM):

12.9

8.6
13.5
13.0
11.8

12.1

14.5
12.6
13.5
13.8

13.5

1.64(1.41-1.91)*/><0.001

2.43 (1.96-3.0\)P< 0.001

1.52 (1.27-1.83)/Â»<O.OOI

" Average rates of removal of DNA cross-links were estimated by separate regression analyses performed on the combined data of the indicated drug concentrations.
* Numbers in parentheses, 95% confidence intervals.

To the AUC obtained from this calculation for each dose of phalan. These drugs cause multiple types of DNA damage,
HN2, the AUC during the 30 min of drug exposure was added,
assuming a linear rate of induction of DNA cross-links from
zero levels at the start of drug exposure (Fig. 3). For melphalan
the estimation of the total AUC was more complicated due to
the more prolonged period of build up of DNA cross-links. The
curve for the build-up of DNA cross-links was constructed
simply by drawing straight lines connecting the data points
(Fig. 3). The area under this part of the curve was added to that
under the exponential part of the curve. The total AUC for
each type of DNA cross-link following exposure to each con
centration of the two drugs was related to the cytotoxic effect
as obtained from the exponential parts of the survival curves
(Fig. 1). From this comparison excessively toxic doses giving a
cell survival of less than 10% (i.e., the highest concentration
studied for each drug) were excluded since they yielded results
that deviated markedly from the relationships estimated at less
toxic drug concentrations (possibly due to experimental error
in quantitating high levels of toxicity and DNA cross-links, or
to the presence of a small fraction of cells with a greater
tolerance for DNA cross-links). For each drug there was a good
correlation between surviving fraction and AUC for total DNA
cross-links and DNA-protein cross-links (Fig. 7, a and b).
However, as indicated by the slopes of the regression lines,
melphalan caused a significantly higher toxicity than did HN2
at a given AUC. When the AUC for DNA interstrand cross
links was plotted against surviving fraction the data for both
drugs fitted the same regression line (r = 0.992), indicating a
similar relationship between drug toxicity and AUC for both
drugs (Fig. 7c).

DISCUSSION

In this study we have compared DNA cross-links induced by
two different bifunctional alkylating agents, HN2 and mei

among them three different classes of DNA cross-links: DNA
protein cross-links, DNA interstrand cross-links, and DNA
intrastrand cross-links (1-4). DNA cross-links, in particular
DNA interstrand cross-links, have been correlated to the cyto-
toxicity induced by these agents (1,2).

In spite of the similarity of HN2 and melphalan, important
chemical differences exist which influence the reactions of the
drugs with DNA. Thus, HN2 belongs to the group of aliphatic
nitrogen mustards that spontaneously form highly reactive
cyclic immonium ions in aqueous solution. These reactive in
termediaries bind very rapidly to different cellular macromole-
cules, including DNA. Melphalan, in contrast is an aromatic
nitrogen mustard in which the substitution of an aromatic group
on the nitrogen atom reduces the nucleophilicity of the drug
and renders it less reactive (1). The higher reactivity of HN2 is
probably reflected in the pronounced cytotoxic effect of this
drug compared to melphalan (Fig. 1) as well as the rapid
formation of large amounts of DNA cross-links (Fig. 2a).
Immediately following exposure to HN2 for 30 min maximum
levels of both DNA interstrand cross-links and DNA-protein
cross-links were found, while maximum cross-linking was ob
served 6-12 h after melphalan exposure (Fig. 2b). This differ
ence between the drugs regarding the rate of induction of DNA
cross-links is in agreement with earlier results presented by
Ross et al. (6), who found maximum total levels of DNA cross
links between 0 and 1.5 h following exposure of LI 210 cells to
HN2, and 12 h following melphalan exposure. These investi
gators only measured the total amounts of DNA cross-links;
no distinction between DNA interstrand cross-links and DNA
protein cross-links was made. Since DNA-protein cross-links
induced by other agents such as irans-diamminedichloro-
platinum(II) have been shown to form rapidly following drug
exposure (17), the more rapid induction of DNA cross-links by
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Fig. 7. Relationship between AUC for DNA cross-linking induced by HN2
(â€¢)and melphalan (O) in relation to drug-induced cytotoxicity obtained from the
survival curves in Fig. 1. , results of regression analyses with zero intercept.
a, total DNA cross-linking. The slopes of regression lines for each drug are
significantly different (P = 0.001); b, DNA-protein cross-linking. The slopes of
regression lines are significantly different (P = 0.0005); c, DNA interstrand cross
links. The slopes of regression lines for each drug do not differ significantly (P =
0.2). Results for both drugs fit a common regression line (r = 0.992). eq.,
equivalent(s).

HN2 could conceivably be caused by the induction of a higher
proportion of DNA-protein cross-links in relation to DNA
interstrand cross-links by this drug. The present study shows
that this is not the case, since HN2 and melphalan induced
similar relative proportions of the two classes of DNA cross
links with DNA-protein cross-links accounting for approxi
mately 60-70% of the total amounts of DNA cross-links (Table
1), and both classes of DNA cross-links showed similar rates
of formation (Fig. 3). The delayed formation of DNA cross
links by melphalan is not readily understood, since melphalan

is reported to undergo rapid hydrolysis in aqueous solution,
with a half-life of approximately 1 h at pH 7.0 (37Â°C)(18).

However, the presence of human serum albumin has been
demonstrated to decrease the rate of hydrolysis of melphalan
(19). A similar effect may occur in the protein-rich intracellular
environment, allowing for a slower hydrolysis of the drug and
a delayed formation of DNA cross-links. Kohn has proposed a
two-step model for the protracted formation of DNA cross
links by melphalan (2). According to this hypothesis, rapid
binding of the drug to a nucleophilic site in one DNA strand as
a monoadduct is followed by a delayed formation of an inter
strand cross-link through the binding of the second chloroethyl
group to a site in the complementary DNA strand.

When drug toxicity was plotted against maximum DNA
cross-linking (Fig. 5), significantly different relationships were
obtained for the two drugs, with much higher cytotoxicity at
equal DNA cross-linking following melphalan compared to
HN2. Thus, if DNA cross-linking is the cause of the cytotoxic
effects of these drugs, the DNA cross-links induced by the two
drugs must have different toxic potentials. This could conceiv
ably be due to a different persistence of the lesions. In order to
study this possibility we compared the rate of removal of DNA
cross-links induced by the two drugs (Fig. 3). A rapid decrease
in HN2-induced DNA cross-links was observed during incuba
tion for 0-36 h after the removal of drug. Similarly, there was
a decrease in melphalan induced DNA cross-linking during
continued incubation 12-48 h after drug exposure. The plateau
in DNA cross-linking seen at 6-12 h after melphalan exposure
probably represents the net effect of simultaneous buildup and
removal of DNA cross-links. Similar kinetics of formation and
removal of melphalan-induced DNA interstrand cross-links
have been described in Chinese hamster ovary cells (20). The
mechanism of removal of DNA cross-links is still unknown.
Since it is likely that enzymatic repair mechanisms are involved,
we regarded it as not unlikely that the kinetics of removal of
DNA cross-links would follow an exponential (first order) time
course. Indeed, the removal of both types of DNA cross-links
induced by each drug was found to occur approximately accord
ing to first order kinetics (Fig. 6; Table 2). The rate constants
for the exponential functions indicated that the overall removal
of total DNA cross-links induced by HN2 was 1.6 times more
rapid (fvâ€ž7.9 h) than that following melphalan exposure (t*,
12.9 h) (Table 2). These results are in excellent agreement with
the findings of Ross et al. (6) of a rapid removal of HN2-
induced cross-links (t</â€ž7 h) in LI210 cells, while melphalan-
induced DNA cross-links were repaired more slowly. Other
investigators have also found rapid removal of HN2-induced
DNA cross-links (/./â€ž5-7 h) in Chinese hamster ovary cells (9),
murine brain tumor cells (10), and mouse embryonic fibroblasts
(7). Thus, there is a similarity in the rate of removal of HN2-
induced DNA cross-links in murine and human cells. Murnane
and Byfield (7) reported little or no further removal of DNA
cross-links after 24 h following treatment of murine embryonic
fibroblasts with HN2. This is in contrast to our finding of a
continued repair of DNA cross-links between 24 and 36 h (Fig.
6a). Furthermore, we could not confirm the finding of a fraction
of 10% irreparable DNA cross-links following HN2-exposure
reported by the same authors (7). In contrast, we found a
reduction in total HN2-induced DNA cross-links during 36 h
to levels below 5% of the initial levels following exposure to 1-
3 Â¿tMHN2. Since the murine cell line studied by Murnane and
Byfield is likely to be much more sensitive to HN2 (exposure
to 1.7 MMfor 2 h caused a reduction in colony formation to
10%) than RPMI 8322 cells (Fig. 1), it is possible that this
discrepancy reflects a difference in the cellular capacity to repair
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a fraction of DNA cross-links of importance for cell survival
following HN2 exposure.

Following exposure to the highest concentration of HN2 (5
UM), the rate of removal of both classes of DNA cross-links was
significantly slower than at lower doses (Table 2). This could
possibly reflect saturation of repair enzymes at the highest dose
level. It should, however, be kept in mind that the decrease in
DNA cross-linking, as registered in alkaline elution analyses,
merely reflects the reversal of the drug-induced covalent binding
between complementary DNA strands or between DNA and
protein molecules, respectively. Since the cellular mechanisms
responsible for the repair of these types of DNA damage are
unknown, the reversal of the cross-linking effect may be an
early event which is followed by additional repair steps before
the DNA is restored to normal. Thus, the differences in the
rates of removal of DNA cross-links induced by the two drugs
may not necessarily reflect similar differences in the time re
quired for the completion of repair of the DNA damage induced
by these drugs.

It has been proposed by Roberts et al. (21) that the lethal
event following treatment of cells with bifunctional alkylating
agents involves inactivation of the DNA template as a result of
cross-linking, which leads to an inhibition of DNA synthesis.
These authors have also suggested that the repair of drug-
induced cross-links and attempted DNA synthesis are two
competing processes, in the sense that if the repair of cross
links is complete before the onset of DNA synthesis, the cells
may replicate normally. If this is correct, the differences in the
rate of removal of DNA cross-links following treatment with
HN2 and melphalan would have significant consequences for
the cytotoxic effects of these drugs. The total amounts of cross
links present in the DNA over a prolonged period of time would
be more important for cytotoxicity than the peak level of DNA
cross-links.

In order to study the combined effect of the induction as well
as the rate of removal of DNA cross-links, the AUC for each
class of DNA cross-links following exposure to HN2 and mel
phalan was calculated and related to cytotoxicity as obtained
from the survival curves based on inhibition of colony formation
(Fig. 1). For each drug there was a strong correlation between
cytotoxicity and AUC for total DNA cross-links and DNA-
protein cross-links, but the relationships were significantly dif
ferent for the two drugs with a higher toxicity at a given AUC
following melphalan exposure (Fig. 7, a and Â¿>).In contrast,
when the AUC for DNA interstrand cross-links was related to
cytotoxicity (Fig. 7c), the results for both drugs fit the same
regression line, indicating a similar relationship between AUC
and cytotoxicity for the two drugs. This finding supports the
hypothesis that not only the maximum amounts of DNA inter-
strand cross-links but also the rate of repair of cross-links is of
importance for the cytotoxicity of bifunctional alkylating
agents. Assuming that the cytotoxicity of these drugs is caused
by the inactivation of DNA as a template for DNA synthesis
by the presence of DNA interstrand cross-links, it is not yet
known what amount of DNA interstrand cross-links is required
to kill a human normal or neoplastic cell. Indeed, it is not
known if cell lethality is simply a question of the quantity of
DNA interstrand cross-links or whether a subfraction of cross
links by virtue of a specific strategic location in the genome
and/or by causing a specific structural perturbation in the
chromatin cause cell death. Whichever is the case, the AUC for
DNA interstrand cross-linking induced by each drug is likely
to approximately reflect the proportion of cells that attempt
DNA synthesis while carrying a lethal amount of DNA inter-
strand cross-links (assuming that the drug-induced cell cycle

perturbations are similar for both drugs). Thus, the demonstra
tion that there is a similar relationship between cell death and
AUC for DNA interstrand cross-links for both HN2 and mel
phalan supports the theory that DNA interstrand cross-linking
causes the toxic effects of bifunctional alkylating agents and
that the capacity for cellular repair of these lesions is an
important determinant of cell sensitivity to these drugs.
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