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ABSTRACT

A new DNA precipitation assay used together with the alkali unwind
ing assay may provide a rapid means of detecting DNA damage in addition
to strand breaks based on the relative amount of damage measured by
the two assays. X-rays, Adriamycin, 4-nitroquinoline-/V-oxide, /V-methyl-
/V'-nitrosoguanidine, bleomycin, RSU 1172, and five other drugs pro

duced the same relative amount of strand breakage by using the DNA
precipitation and alkali unwinding assays. However, strand breaks pro
duced by the bifunctional alkylating agents bis(2-chloroethyl)nitrosourea,
RSU 1069, and RSU 1131 were detected with greater efficiency by the
DNA precipitation assay, while the unwinding assay measured more
strand breaks than the precipitation assay after damage by the topoisom-
erase inhibitors VP-16 and VM-26 and the DNA-condensing agents
acridine orange and pyronin Y. Based on the reported mechanisms of
action of these drugs, and studies with known DNA cross-linking agents,
it appears that in addition to DNA strand breaks, the alkali unwinding
assay is more sensitive to interstrand than to DNA-protein cross-links,
while the DNA precipitation assay can be used to detect both types of
cross-links. While quantification of specific lesions is not possible with
this approach, the concomitant use of these two assays may provide a
rapid and simple method for screening genotoxic drugs for DNA damage,
and may also help to differentiate between DNA lesions which include
strand breaks, interstrand and protein cross-links, DNA-phosphate ad-
ducts, and DNA-drug precipitates.

INTRODUCTION

A recently described DNA precipitation assay permits rapid
measurement of DNA single- and double-strand breaks in mam
malian cells (1). In this assay, cells are lysed in the anionic
detergent SDS1 (pH 12.4) followed by addition of potassium

chloride; the resultant precipitate contains protein and undam
aged DNA, while broken DNA remains in the supernatant after
low speed centrifugation. Comparison between this assay and
the widely used alkali unwinding assay revealed differences in
the ability of the two methods to detect DNA single-strand
breaks produced by several genotoxic agents. While both meth
ods were equally efficient in detecting DNA strand breaks by
ionizing radiation, the alkali unwinding assay was less efficient
in detecting breaks produced by the bifunctional alkylating
agent BCNU, but was more efficient than the DNA precipita
tion assay in detecting breaks caused by the topoisomerase II
inhibitor VP-16 (1). It is well known that strand break assays
differ in their sensitivity for detecting breaks, and that, in some
cases, these differences may relate to the spectrum of DNA
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lesions produced by an agent. Thus the concurrent use of assays
based on different physical principles for detecting DNA strand
breaks might allow rapid detection of other biologically relevant
DNA lesions. We chose the alkali unwinding and DNA precip
itation assays to test this hypothesis because of their ease and
speed of performance, sensitivity for strand break detection,
and large sample handling capacity.

Cross-linking agents were of particular interest in this con
text, since one would expect, based on differences in the way in
which the two assays measure strand breaks, that the sensitivity
of DNA precipitation assay for detecting DNA strand breaks
would be reduced by the presence of DNA-protein cross-links,
while only interstrand cross-links would interfere with the abil
ity of the alkali unwinding assay to detect strand breaks. The
DNA precipitation assay involves precipitation of DNA with
protein in the presence of KC1 and SDS; DNA-protein cross
links have been observed by using a similar "K-SDS" precipi

tation assay (2-4). However, using the alkali unwinding assay,
strand breaks are detected when DNA denatures and unwinds
slowly in alkali (S), and interstrand cross-links should be more
effective in reducing strand break detection; a hydroxyapatite
chromatography technique similar to the unwinding assay has
previously been used to measure interstrand cross-links caused
by mitomycin C (6).

MATERIALS AND METHODS

Cell Culture. Chinese hamster V79-171B lung fibroblasts were grown
as monolayer cultures with biweekly passaging. DNA was labeled by
incubating cells for 24 h with [14C]thymidine (specific activity, 60 mCi/

mmol) dissolved in minimal essential medium containing 5% fetal
bovine serum. While the sensitivity of both the unwinding assay and
the DNA precipitation assay can be increased by the use of an internal
standard (i.e., 'I I landed untreated cells), the experiments described

here make use of only a single isotope. Cells were exposed to drugs
dissolved in minimal essential medium containing 5% fetal bovine
serum for l h at 37Â°C,followed by washing, trypsinizing with 0.1%

G1BCO trypsin in phosphate-buffered saline, and centrifugation. The
same population of treated cells was used to measure DNA damage
with both assays described below. For experiments with permeabilized
cells, proteinase K (10 mg/ml) was dissolved in 50% phosphate buffer-
50% distilled water, and cells were incubated in this solution at 37Â°C

for 30 min. Control samples were incubated in the same solution
without proteinase K.

Chemicals. Adriamycin, /V-methyl-Ar'-nitro-A'-nitrosoguanidine,
quinacrine, ellipticine, proflavin, pyronin Y, actinomycin D, cw-plati-
num, mim-plaiimmi. nitrogen mustard, mitomycin C, melphalan, and
proteinase K were purchased from Sigma Chemical Co., St. Louis,
MO. Formaldehyde was obtained from Fisher Scientific, 4-nitroqui-
noline-A'-oxide was purchased from Aldrich Chemical Co., Milwaukee,
WI, and acridine orange from Polysciences, Warrington, PA. VP-16,
VM-26, BCNU, and bleomycin were obtained from Bristol Laborato
ries, Canada. AF-2 was synthesized by Dr. S. Swaminathan, University
of Wisconsin. RSU 1069, RSU 1131, and RSU 1172 were generously
provided by Dr. D. Chaplin, B. C. Cancer Research Center.

Alkali Unwinding Assay. The alkali unwinding assay of Ahnstrom
and Edvardsson (5) was performed as previously described (7). Briefly,
2-4 x IO4rail icilabeled cells suspended in 50 Â¿ilcomplete medium were
lysed for l h on ice in 1 ml 0.03 M NaOH-1 M NaCl, followed by
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neutralization with 1 ml 0.03 M NaH2PO4 and sonication. Single- and
double-stranded DNA were recovered on hydroxyapatite columns at
65Â°C,and samples were counted with 5 ml Hydrofluor scintillation

fluid on a Beckman liquid scintillation counter. The percentage of
double-stranded DNA was calculated as the dpm in the double-stranded
fraction divided by the dpm in the single-stranded plus double-stranded
fractions, multiplied by 100. Our standard alkali unwinding assay
involves a 1-h lysis period, during which time the DNA precipitation
assay could be completed.

DNA Precipitation Assay. The DNA precipitation assay was based
on an assay described in 1962 by Smith (3) and later by Muller (4) and
Liu et al. (2) for measuring DNA-protein binding. However, rather
than precipitating protein and a small amount of DNA bound to
protein, the assay has been adapted for strand break detection by
controlling cell density, increasing pH, and avoiding shearing the DNA
(1). Radiolabeled cells (2-4 x 10s) in 100 ^1 complete medium were
lysed in a 5-ml disposable tube with 0.5 ml 2% SDS-0.05 M NaOH,
followed by addition of 0.5 ml 0.12 M KC1. The material was heated
for 10 min at 65Â°Cfollowed by a 5-min cooling and precipitation period

on ice. Samples were centrifuged for 10 min at 3500 rpm, and the
supernatant was poured into a liquid scintillation vial containing 1 ml
0.05 M HC1. The pellet was solubilized in 1 ml 65Â°Cwater, the tube

was rinsed with 1 ml water, and 5 ml Hydrofluor scintillation fluid
were added to each vial. The percentage of DNA which precipitated
was determined by dividing the dpm in the pellet by the total of the
dpm in the pellet plus supernatant and multiplying by 100.

Calculation of Dose of Agent Producing 50% Damage. To determine
the dose of an agent required to reduce the percentage of double-
stranded DNA (or DNA precipitated) to 50% of the untreated amount,
results were normalized so that the untreated sample represented 100%
double-stranded DNA or 100% DNA precipitated, and a sonicated
sample represented 0% double-stranded DNA or 0% DNA precipitated.
The mean Â±SD of the sonicated values (16 determinations) by using
the alkali unwinding assay was 12.2 Â±2.2% and for the DNA precipi
tation assay it was 8.4 Â±1.5%. The linear best-fit equation of the log
of the normalized data versus dose of agent was calculated, and the
dose producing 50% DNA damage was determined from this equation.
Experiments were performed 2 or more times and results were averaged.
Drugs were assigned to Groups 1, 2, or 3, based on whether the slopes
of the best-fit lines, determined for each assay, differed significantly at
the 95% confidence level.

Cross-Link Detection. For cross-link detection experiments requiring
an incubation period following drug treatment, monolayers were
washed three times following drug treatment, and left in complete
medium at 37Â°Cin a humidified CO2 incubator. Following the incu

bation period, cross-links were detected by irradiating trypsinized cells
on ice with 5 doses covering the range of 0-20 Gy X-rays. The slope of
the radiation dose-response curve (log percentage of DNA precipitated
or log percentage of double-stranded DNA versus radiation dose) was
determined from the linear best-fit equation. All correlation coefficients
were greater than 0.9. The slope of the curve for the control divided by
the slope of the drug-treated sample was defined as the CLR. In some
cross-link experiments with the DNA precipitation assay, the pellet
was washed three times to establish greater stringency, so that only
DNA tightly associated with protein would precipitate. However, this
procedure did not significantly increase the CLR.

RESULTS

Results obtained with 6 drugs analyzed for strand breakage
by using the DNA precipitation assay and the alkali unwinding
assay revealed three patterns of sensitivity (Fig. 1). Strand
breaks caused by Adriamycin and AF-2 were detected equally
well with either assay. However, the two nitroimidazoles with
alkylating functions on side chains (RSU-1069 and RSU-1131)
produced much less strand breakage when measured with the
unwinding assay, while the intercalating agents acridine orange
and pyronin Y showed more damage in the unwinding assay
than in the precipitation assay.

Table 1 lists 18 agents which produced DNA strand breaks
using both the DNA precipitation and alkali-unwinding assays.
For each drug, the slope of the line describing the log percentage
of double-stranded DNA or log percentage of DNA precipitated
as a function of drug dose was calculated, and the concentration
of agent producing 50% damage was then determined. Most of
the drugs, including X-rays and monofunctional alkylating
agents, produced strand breaks which were detected with equal
efficiency with both assays. However, three bifunctional alkyl
ating agents produced strand breaks at significantly lower drug
concentrations, using the DNA precipitation assay. A third
group of drugs produced strand breaks which were detected at
lower drug doses by using the alkali unwinding assay. This
group contains the topoisomerase inhibitors, VP-16 and VM-
26, as well as DNA intercalating agents acridine orange and
pyronin Y as shown in Fig. 1.

Drugs in Groups 2 and 3 could produce interstrand and/or
DNA-protein cross-links which would reduce the ability to
detect strand breaks with one or other of the assays. Several
known cross-linking agents were therefore examined, using
both the alkali unwinding and DNA precipitation assay. In
order to detect the cross-links, cells were first treated with
varying concentrations of the cross-linking agent and then
exposed to a graded series of X-ray doses after a variable
(postdrug) incubation period. X-rays produce DNA strand
breaks but insignificant numbers of cross-links at low doses,
and any decrease in the ability to detect these breaks would
indicate the presence of drug-induced cross-links. In cells pre-
treated with nitrogen mustard, the ability to detect X-ray-
induced single-strand breaks was reduced to a greater extent
for the DNA precipitation assay than for the alkali unwinding
assay (Fig. 2). Conversely, formaldehyde produced cross-links
which were detected at a 10-fold lower dose by the alkali
unwinding assay (Fig. 3).

Since the plot of log percentage of DNA precipitated versus
radiation dose was linear over the range of 0-20 Gy, the slope
of the curve for the control cells (no drug treatment but radia
tion) was divided by the slope of the drug-treated samples and
used as a measure of cross-linking. A CLR of 1.0 indicates that
no cross-links were detected with the assay, and as the number
increases, the extent of cross-linking increases. A delay in cross
link formation often occurs due to a requirement for conversion
of monoadducts to cross-links. Fig. 4 shows the rate of devel
opment and loss of cross-links induced by nitrogen mustard
and cis-Pt. Nitrogen mustard-induced cross-links were at a
maximum soon after treatment, and loss of cross-links was
rapid, with a half-time of about 2 h. In comparison, the maxi
mum number of ds-Pi cross-links did not occur for about 6 h
following treatment. Table 2 lists several other cross-linking
agents, and with the obvious exception of formaldehyde, the
DNA precipitation assay was more sensitive to the presence of
cross-links than the alkali-unwinding assay.

The greater sensitivity of the DNA precipitation assay for
detecting cross-links by most drugs could be explained if this
assay is able to detect DNA-protein as well as DNA-DNA
cross-links. To examine this possibility, cells were exposed to
nitrogen mustard, then permeabilized and incubated with or
without proteinase K for 30 min. Cells were then irradiated and
assayed for cross-links by using both assays. Proteinase K did
not significantly reduce the cross-link factor for the alkali
unwinding assay, but was effective in reducing the number of
cross-links detected with the DNA precipitation assay (Fig. 5).
Control experiments indicated that proteinase K treatment
caused some additional strand breakage, but did not affect X-
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Fig. 1. Comparison between the DNA pre
cipitation and alkali unwinding assays for de
tecting DNA strand breakage. Chinese ham
ster V79 cells were incubated with drugs for 1
h at 37'C prior to assay for DNA strand

breaks. The mean Â±SD for triplicate deter
minations is shown, x, percentage of double-
stranded DNA measured by using the unwind
ing assay; â€¢¿�.percentage of DNA precipitated.

DNA PRECIPITATION AND ALKALI UNWINDING ASSAYS
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Table I Comparison between DNA precipitation and alkali unwinding assays for
detecting DNA strand breaks

Chinese hamster V79 cells were exposed to drugs for l h at 37'C. Samples of

cells were then examined for strand break production by using the alkali unwind
ing and DNA precipitation assays. The dose of agent producing 50% double-
stranded DNA or 50% DNA precipitated was calculated.

Concentration required to pro
duce 50% damage

AgentGroup

1: Both assays equally sensi
tiveX-raysAdriamycin4NQO"AF-2Actinomycin

DRSU
1172MNNGBleomycinQuinacrineEllipticineProflavinDNA

precip
itation8.1

Gy1.1
Mg/ml0.38

Mg/ml31
Mg/ml1.5

Mg/ml0.68
mg/ml3.1
Mg/ml30
mg/ml50

Mg/ml0.26
Mg/ml1.5

Mg/mlAlkali

unwind
ing9Gy1.4

Mg/ml0.38
Mg/ml38
Mg/ml1.1

Mg/ml0.76
mg/ml3.2
Mg/ml46
mg/ml56

Mg/ml0.4
Mg/ml0.8

Mg/ml

Group 2: DNA precipitation assay-
significantly more sensitive

BCNU
RSU- 1069
RSU-1131

Group 3: Alkali-unwinding assay sig
nificantly more sensitive

VP- 16
VM-26
Acridine Orange
Pyronin Y

29 Mg/ml
45 Mg/ml

3.2 Mg/ml
0.1 8 Mg/ml

0.1 Mg/ml
68 Mg/ml

60 Mg/ml
> 100 Mg/ml
>IOO Mg/ml

1.3 Mg/ml
0.08 Mg/ml
0.02 Mg/ml

18 Mg/ml
â€¢¿�4NQO,4-nitroquinolineWV-oxide; MNNG, Ar-methyl-N'-nitro-/V-nitroso-

guanidine.

ray-induced strand break detection by either assay.
While results in Fig. 5 suggest that the alkali unwinding assay

is less able to detect cross-links because it can measure only
interstrand but not DNA-protein cross-links, another possibil
ity must also be considered. The sensitivity for detection of

o
Q

40

0 10 20

Dose (Gy)

0 10 20

Dose (Gy)

Fig. 2. Measurement of nitrogen mustard-induced DNA cross-links with the
use of the alkali unwinding assay (left) and the DNA precipitation assay (right).
Chinese hamster V79 cells were exposed to nitrogen mustard for l h at 37'C
prior to X-irradiation. â€¢¿�,0 MM;A, 2.5 MM;T 5 MM;x, 25 MM.Mean and SD of
3 samples is shown.

0.001 0.01 0.1 M

Concentrationof Formaldehyde (X)

Fig. 3. Comparison between the alkali unwinding and DNA precipitation
assays for detecting cross-links induced by formaldehyde. Chinese hamster V79
cells were exposed to formaldehyde for l h before X-irradiation prior to assay for
DNA damage by using the DNA precipitation assay (O, O Gy, or â€¢¿�,20 Gy) or
the alkali unwinding assay (A, 0 Gy, or A, 20 Gy). Mean and SD for 3 samples
is shown.

interstrand cross-links by the alkali unwinding assay is depend
ent on lysing time. This is shown in Fig. 6, using nitrogen
mustard to induce cross-links. When cells without cross-links
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Fig. 4. Time course of development and loss of cross-links measured by using
the DNA precipitation assay, a, Chinese hamster V79 cells were exposed to
nitrogen mustard (â€¢,2.5 MM;x, 5 MM;A, 25 MM);or cis-Pt (â€¢,20 MM;X, 50 MM;
A, 100 MM)for 1 h. At varying times following drug exposure cells were irradiated
with 0-20 Gy, and the slopes of the dose-response curves were determined. The
cross-link ratio was calculated as described in "Materials and Methods."
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Fig. 5. Effect of proteinase K treatment on measurement of cross-links induced
by nitrogen mustard by using the DNA precipitation assay (left) or the alkali
unwinding assay (right). Cells were exposed to nitrogen mustard for l h followed
by incubation for 30 min in 10 mg/ml proteinase K (/'A ) dissolved in 50% buffer-

50% distilled water. â€¢¿�.control; x, nitrogen mustard; A, nitrogen mustard with
proteinase K. The mean and SD of 3 samples is shown.

Table 2 Comparison between DNA precipitation and alkali unwinding assays for
detecting DNA cross-links

Chinese hamster V79 cells were exposed to drugs as monolayer cultures for 1
h prior to trypsinizing and exposing on ice to doses of X-rays from 0-20 Gy.
Samples of cells were then examined for radiation-induced DNA strand breakage
by using the alkali unwinding and DNA precipitation assays. The slope of the
radiation dose-response curve was determined for each drug concentration, and
the ratio of the slope of the treated to control sample was defined as the cross
link ratio.

100

AgentMitomycin

CMelphalancis-Pttrans-PtNitrogen

mustardFormaldehydeConcentration15

|iM60

MM50

MMK
HI liM20

MM50
MMMIO
,,M20

MM50
MM20

MM50

MM100

MM500

MM500
MM0.5

MM1.0

MM2.5

MM5.0

MM25.0

MM1.2mM(0.01%)6.0

mM (0.05%)Time

afterTreatment

(h)000066600666060000000Cross-lDNA
pre

cipitation1.171.38Â°1.161.47Â°1.301.45"1.87Â°1.001.151.233.03"6.38Â°1.63Â°1.70Â°1.141.291.82Â°2.30Â°3.60Â°1.141.66Â°nk

ratioAlkali

un
winding1.001.121.

001.38Â°1.201.37Â°1.63Â°1.001.001.001.47Â°2.14Â°.09.30Â°.00.10.10.28Â°2.02Â°3.30Â°5.30Â°

" The slope of drug-treated samples differed significantly from the slope of

untreated samples at the 95% confidence level.

were lysed in 0.03 M NaOH-1 M NaCl, the rate of unwinding
was exponential. But in the presence of interstrand cross-links,
the DNA was unable to unwind past these lesions, and a "break"

in the unwinding curve was observed. The position of this break
is dependent upon the frequency of interstrand cross-links, so
at low concentrations, the break occurs at later times, (i.e., the
DNA must unwind further to reach a cross-link). Since we have
used a standard 60-min lysing period for the results shown in
Table 2, only those drug concentrations which produce suffi
cient numbers of cross-links to produce a break in the unwind
ing curve before about 20 min lysis will appear to cause DNA-
DNA cross-links with this assay.

80

BO

1.0 10 100
Lysing Time (min)

Fig. 6. Influence of unwinding time on the detection of cross-links by using
the DNA-unwinding assay. Chinese hamster V79 cells were exposed to nitrogen
mustard (O, 0 MM;x, 0.5 MM;â€¢¿�.5 MM;A, 25 MM)for 1 h prior to lysis in l M
NaCI-0.03 M NaOH. After lysis, samples were neutralized and sonicated, and the
percentage of DNA in double-stranded form was determined by using hydroxy-
apatite chromatography. The mean and SD of 3 samples is shown.

DISCUSSION

DNA strand breaks represent only one type of lesion caused
by genotoxic drugs. However, because strand breaks are so
readily detected, their measurement has become a standard
method of expressing DNA damage. The concurrent use of two
assays based on different principles for detecting strand breaks
might reveal additional and perhaps more biologically relevant
classes of DNA damage. Most of the drugs examined by using
the alkali unwinding and DNA precipitation assays produced
predominantly DNA strand breaks, so that both assays were
able to detect damage with the same efficiency. Agents in Group
1 include the simple monofunctional alkylating agents like N-
methyl-jV'-nitro-A^-nitrosoguanidine and 4-nitroquinoline-A^-

oxide, but this category also includes drugs like Adriamycin,
which produce protein-masked strand breaks (8), and ellipti-
cine, proflavin, and quinicrine, which cause areas of local DNA
denaturation (9). Therefore, either two DNA damage assays
based on entirely different physical principles detect only the
DNA strand breaks, or these other changes are detected equally
well (or poorly) by both assays. However, it was observed that
fewer strand breaks were detected by both assays when Adria
mycin concentrations exceeded 2 ng/ml, perhaps due to the
masking of breaks by protein (8), or to the condensation of
DNA previously reported for this drug (10). Obviously, the
exposure time and concentration will also influence the types
of lesions produced.
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The topoisomerase II inhibitors VP-16 and VM-26 are
known to produce strand breaks and DNA-protein cross-links,
but not interstrand cross-links (2). If the unwinding assay is not
(or less) influenced by the presence of DNA-protein cross-links,
as suggested by our results, this would explain why the unwind
ing assay detects more strand breaks by these two drugs than
the DNA precipitation assay. The other 2 members of Group
3, acridine orange and pyronin Y, intercalate into DNA, causing
local denaturation followed by condensation (11). Insoluble
DNA-dye complexes are then likely to precipitate with undam
aged DNA in the DNA precipitation assay. Another possible
explanation for the increased sensitivity of the unwinding assay
relative to the precipitation assay for detecting strand breaks
by acridine orange is the possibility suggested by Alvi et al. (12)
that intercalation of acridine orange causes a change in the
configuration of the sugar-phosphate backbone of DNA which
reduces the ability of DNA to bind to hydroxyapatite; more
DNA might then appear to be single stranded. It is clear that
agents within a single group do not necessarily produce similar
DNA lesions or operate via a common mechanism.

The DNA precipitation and alkali unwinding assays appear
to be considerably less sensitive than the alkali elution assay
for detecting DNA cross-links. For example, cross-link forma
tion by concentrations less than 20 UM cis-Pt could not be
resolved with the DNA precipitation assay. However, Zwelling
et al. (13) have shown cross-link formation with 2 /UMcis-Pi.
Direct comparison of cross-link frequencies measured by using
these three assays is difficult since the alkali elution cross-link
factor is defined by using a more complex relationship (14).
The calculation of the CLR with the alkali unwinding and DNA
precipitation assays is simple, although as with alkali elution,
absolute numbers of cross-links cannot be directly determined.
The time dependency of the unwinding assay for detecting
cross-links (Fig. 6) suggests that this assay might ultimately be
more efficient in detecting these lesions, providing that longer
lysing times are used. Using [3H]thymidine-labeled cells as

internal controls could also increase the sensitivity for damage
detection with both assays. Thus, the alkali elution assay can
detect strand breaks and cross-links at lower drug concentra
tions, but the important advantages of the DNA precipitation
and alkali unwinding assays are their ability to analyze large
numbers of samples, ease, and speed of performance; 100
samples can be analyzed with both assays in under 2 h.

Our results obtained with both assays to detect cross-links
support, in general, previous studies that used the alkali elution
assay. trans-Pi is known to create large numbers of DNA-
protein cross-links which are present immediately after treat
ment. As with as-Pt, interstrand cross-links take at least 6 h to
form. However, for a given concentration, about 10-fold fewer
DNA-DNA cross-links form after treatment with trans-Pi than
after m-Pt (14). Table 2 shows that the cross-link factor cal
culated for 50 JIMc/s-Pt with a 6-h incubation posttreatment is
similar to the factor calculated for 500 UMtrans-Pi; presumably
these numbers reflect the presence of DNA interstrand cross
links at 6 h after treatment. However, immediately following
treatment, trans-Pi shows more cross-links than m-Pt, and
little or no cross-links in the unwinding assay, reflecting the
larger number of DNA-protein cross-links induced by this drug
immediately upon treatment. These results are qualitatively
consistent with previously published results that use the alkaline
elution assay and support the conclusion that the unwinding
assay is much less sensitive to the presence of DNA-protein
cross-links than the precipitation assay.

Why Group 2 drugs produced strand breaks which were

detected more efficiently by using the DNA precipitation assay
is not completely clear. If the sensitivity of the DNA precipi
tation assay for detecting breaks is reduced by the presence of
DNA-protein as well as DNA-DNA cross-links, then strand
breaks induced by agents which also produce both types of
cross-links should be detected with greater efficiency by the
alkali unwinding assay which is less sensitive to the presence of
DNA-protein cross-links. Both BCNU and the RSU com
pounds are considered to be bifunctional alkylating agents (14,
15), and should produce both types of cross-links. However,
only DNA-protein cross-links should be present immediately
after exposure of cells to BCNU since interstrand. cross-links
show a lag period of at least 6 h (16), and the RSU compounds
are postulated to act in a bifunctional manner only when cells
are incubated in the absence of oxygen, when both the nitro
and aziridine moieties are active (17). Thus, lesions in addition
to strand breaks and cross-links may be produced by drugs in
Group 2.

Differences in the alkyl substitution of the aziridine ring of
the RSU drugs changes their toxicity, as reflected in the drug
concentrations required to produce 50% cell kill. Thus, 120 ^M
RSU 1069 killed 50% of (aerobic) cells compared to 220 UM
RSU 1131 and 700 MMRSU 1172 (17). The order of these
values agrees with the order for strand break detection found
with the DNA precipitation assay (Table 1), and it is of interest
that the analogue with the lowest alkylating potential belongs
to Group 1 while the other two drugs belong to Group 2. Strand
breaks produced by the RSU compounds in Group 2 would not
be expected to be detected more readily by the precipitation
assay, but it is possible that the sensitivity of the unwinding
assay for strand break detection is decreased because of the
reaction of the aziridine group of the RSU compounds with the
phosphate of DNA (18). If phosphate groups are blocked or
altered by the presence of these drugs, then binding of DNA to
hydroxyapatite could be altered. A similar explanation could
account for the increased sensitivity of the alkali unwinding
assay for detecting cross-links caused by BCNU; about 70% of
the sites of ethylation by ethylnitrosourea occurred at phosphate
groups ( 19). Formaldehyde is known to produce large numbers
of DNA-protein cross-links (20), but the major effect seen here
appeared to be inhibition of DNA denaturation. Thus the
original hypothesis must be revised to take into account the
effects of individual drugs on the assays themselves. Some
drugs, like two of the RSU compounds and perhaps BCNU,
may alter binding of DNA to hydroxyapatite, while other drugs,
like acridine orange and pyronin Y, produce insoluble drug-
DNA complexes which may precipitate with undamaged DNA.

In summary, simple strand-breaking agents are likely to cause
the same amount of damage per unit dose in the alkali unwind
ing assay as in the DNA precipitation assay. Strand breaks
induced by drugs like VP-16 which, in addition to breaks,
produce DNA-protein but not DNA-DNA cross-links should
be detected more readily by using the DNA-unwinding assay.
For reasons which are not yet clear, some bifunctional akylating
agents may produce DNA strand breaks which are detected
more readily with the DNA precipitation assay. The original
concept of using two rapid strand break assays to reveal other
classes of DNA lesions appears viable, although it is apparent
that a more complete understanding of the molecular basis and
limitations of each assay will be necessary to specifically identify
different types of DNA lesions with this approach.
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