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Abstract-The cytotoxic and mutagenic properties of the anticancer drug cis-diammine- 
dichloroplatinum(I1) (cisplatin) are mediated by bifunctional adducts between purines. Experiments 
performed in this study employed a new repetitive thermal-cycling technique to detect cisplatin adduct 
formation following exposure of cells in culture (in ho) or following treatment of purified DNA (in 
vitro exposure). The initial goal of this study was to determine if cisplatin-DNA adduct formation 
could be measured accurately using phosphorimaging over a broad concentration range. If this proved 
possible, it would then be feasible to determine if adduct formation differed within chromatin compared 
with purified DNA. There were no significant differences in the cisplatin-DNA adduct pattern induced 
in closed circular or linear double-stranded plasmids in uitro, suggesting that this type of tertiary 
structural change does not affect the formation of adduct sites. Sequence-specific DNA adduct formation 
within a human repetitive DNA target sequence, alphoid DNA, following cisplatin treatment of prostate 
cancer cells in culture (in uiuo) and treatment of purified DNA in vitro revealed consistent increases 
in adduct formation over a broad concentration range, validating the experimental technique. Comparing 
preferences for cisplatin adduct site formation under these different conditions of exposure demonstrated 
statistically significant differences. Similar differences were detected for cisplatin repair-deficient 
Xeroderma pigmentosum cells treated in cell culture, indicating that in viva/in vitro preferences for 
adduct site formation are not the result of DNA repair in uiuo. 
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Molecules that form adducts with DNA bases in uiuo 
are widely recognized as carcinogens, mutagens, and 
toxins[l, 21. Asmallsubsetofthesemolecules,among 
them cisplatin (cis-diamminedichloroplatinum II), 
has found utility as antitumor agents [3]. Elucidation 
of the cytotoxic and mutagenic properties of 
molecules, such as cisplatin, requires an understand- 
ing of the interaction of these agents with DNA. Many 
elegant studies have delineated the sequence-speci- 
ficity of cisplatin-DNA adduct formation and have 
demonstrated that this agent forms bifunctional 
adducts predominantly at intrastrand GpG and ApG 
sites [4,5]. Most of these studies were performed 
under in vitro conditions. 

Understanding the action of chemotherapeutic 
agents, however, requires a knowledge of the inter- 
action of the molecule with DNA within living cells. 
Cisplatin-DNA adducts within a specific sequence 
context can be determined through the replication- 
mapping or primer-extension method [S-8]. Until 
very recently, this method had not been sufficiently 
sensitive to detect adducts formed in uivo. However, 
as we [9] and others [lo, 111 have shown recently, 
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because the thermal stable polymerase, Thermus 
aquaticus (Tuq), is effectively blocked by cisplatin 
adducts [12,13], it is possible to detect cisplatin-DNA 
adducts within human alphoid satellite DNA from 
cells exposed to this agent by performing multiple 
rounds of replication-mapping (repetitive thermal- 
cycling). Alphoid DNA was chosen because it is abun- 
dant (l-5% of the genome), providing a large target 
for cisplatin-DNA adduct formation [14,1_5]. 

The first question in this study was to determine if a 
dose-response relationship for sequence-specific cis- 
platin-DNA adduct formation could be detected 
accurately over a broad concentration range. If this 
proved possible, we could then use this technique to 
determine if there are factors, in addition to DNA 
sequence, that influence sites of cisplatin-DNA 
adduct formation. Sites of cisplatin-DNA adduct for- 
mation for different plasmid structures and for DNA 
from cells treated in cell culture (in uivo) and DNA 
treated following isolation and purification (in uitro) 
were compared over a broad concentration range. 
Adduct formation was detected and measured, using 
phosphorimaging techniques, for sites detected in the 
second monomer of a 342 bp alphoid DNA fragment. 

MATERIALS AND METHODS 

Cell lines and plasmids. The cell lines used in these 
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experiments were a human prostatic carcinoma cell 
line, PC-3 (from ATCC, Rockville, MD) [16], and 
an SV40-transformed Group A Xeroderma pig- 
mentosum (XP) line (XP12BE) (Institute for Medi- 
cal Research, Camden, NJ) [17]. Subconfluent cells 
(106) were treated in cell culture (in uiuo) with vari- 
ous concentrations of cisplatin (Sigma Chemical Co., 
St. Louis, MO) under serum-free conditions for 
2 hr, following which DNA was isolated by standard 
procedures [18]. DNA from untreated cells was 
extracted and either used as a control or treated 
with cisplatin following removal of DNA-binding 
proteins by proteinase K digestion and phenol 
extraction [ 181. Conditions of cisplatin exposure 
were held constant in that the same amount of 
purified DNA (10 pg) or cells (lo6 cells) was exposed. 
Purified cellular or plasmid DNA was treated with 
cisplatin in TE buffer (Tris-HCl, 0.01 M; EDTA, 
0.001 M; pH 7.6) for 2 hr at 37”. Following treatment 
of purified cellular or plasmid DNA, unbound 
cisplatin was removed by phenol extraction and 
ethanol precipitation [8, 191. 

The plasmid used in these experiments, ~342, was 
constructed by isolating 342 bp fragments from 
EcoRI digested human PC-3 cells and subcloning 
into the Bluescript II vector (Stratagene, La Jolla, 
CA), using standard techniques [18]. For experi- 
ments comparing sites of cisplatin-DNA adduct for- 
mation induced within different plasmid structures, 
~342 was treated with cisplatin either as a double- 
stranded circular DNA following cesium chloride 
purification [18] (Form I) or as a double-stranded 
linear template (Form III) following BumHI 
digestion at a unique site in the plasmid. 

Primers identical to those used for thermal-cycling 
experiments were employed to sequence, by the 
dideoxy method [18], the ~342 plasmid. This per- 
mitted determination (within ~2 bp) of the location 
of cisplatin-DNA adduct sites within genomic DNA 
when both the DNA sequence and the thermal- 
cycling reaction products were loaded on the same 
gel. The alphoid DNA sequence for the depicted 
plasmid, as it is for any cloned alphoid fragment, 
is only a partial representation of the consensus 
sequence. Therefore, it is sometimes necessary to 
use this sequence as a ladder to deduce the exact 
sequence from the published consensus sequence 

P41. 
Repetitive thermal-cycling assay. Substrates for 

repetitive thermal-cycling experiments were derived 
following EcoRI digestion of genomic or plasmid 
DNA. Digestion of cellular DNA was monitored by 
observation of the 342 bp and 684 bp fragments that 
are generated by EcoRI digestion of human genomic 
DNA [20]. In some experiments, the 342 bp alphoid 
fragment was isolated and purified from a low-melt- 
ing point agarose (Bethesda Research Laboratories, 
Gaitherburg, MD). In other experiments, the entire 
EcoRI digest was used without purification of the 
342 bp band as a substrate. 

The oligonucleotide primer (No. 1) used in most 
of these experiments has the sequence 5’ 
AA’ITCTCAGTAACITC 3’ and spans bp 1-16 
within the alphoid fragment. The first 5 bases of 

* Abbreviations: AAS, atomic absorption spectroscopy; 
and ASIR, adduct-site intensity ratio. 

this oligomer match the first 5 bases of the EcoRI 
recognition site, and its 16 bp sequence is an exact 
match of the first 16 bases of a 342 dimeric multimer 
of an alphoid RI subfamily. This subfamily is located 
primarily on chromosomes 1,s and 19 [20]. In other 
experiments, an oligonucleotide having the sequence 
5’ GTGGAATITGCAAGTGGA 3’ and spanning 
bp 89-106 within the alphoid first monomer was used 
as primer. This primer (No. 5) was used in similar 
experiments by Murray et al. [lo] to detect cisplatin- 
DNA adducts on alphoid DNA. 

Oligonucleotide primers (1 ,ug) were 5’ end-lab- 
eled with 50 &i of [y’P]ATP (6000 Ci/mmol) (New 
England Nuclear, Boston, MA) using 2 units of T4- 
DNA kinase and the supplied buffer (New England 
Biolabs, Beverly, MA) according to standard con- 
ditions. Labeled primer (150 ng) was then added to 
plasmid or cellular DNA templates (1.5 ,ug for total 
EcoRI digested cellular DNA, 100 ng of the 342 bp 
fragment isolated from cellular DNA using low-melt- 
ing-point agarose DNA, or 100 ng of plasmid DNA). 
Detection of specific cisplatin-induced polymerase 
arrest sites was enhanced by maintaining these 
primer: template ratios for each experiment. The 
primer and template were then mixed with 1 U Tuq 
polymerase (Promega, Madison, WI), Taq poly- 
merase buffer (Promega), a 200pM concentration 
of each deoxynucleotide triphosphate (dNTP) (Pro- 
mega), and 5% DMSO in a final volume of 20 pL. 
The reaction mixtures were placed within a DNA 
thermal-cycler heating block (Perkin-Elmer-Cetus, 
Norwalk, CT). Thermal cycles were performed at 
94” for 20 set, 35” for 1 min for primer No. 1 and 50 
for primer No. 5 [lo], and 72” for 1 min for 20 
cycles (plasmid experiments) or 36 cycles (cellular 
experiments). Using the primer-to-template ratios 
described in this study, the autoradiographic signal- 
intensity represented at the end of the 342 bp mol- 
ecule had not yet plateaued following this number 
of thermal cycles. Reaction products were mixed 
with 6pL of stop buffer (95% formamide, 0.05% 
bromophenol blue, 0.05% xylene cyanol, and 20 mM 
EDTA), and four ,uL of each reaction was resolved 
on a 6% acrylamide/8.3 M urea sequencing gel. 

Determination of cisplatin bound per template and 
phosphorimaging. The amount of cisplatin bound 
per alphoid fragment was determined by measuring 
the amount of cisplatin in specific DNA samples with 
flameless AAS* performed in a Perkin-Elmer model 
400 graphite furnace [21]. Determination of DNA 
concentrations was performed using a Beckman 
model DU-64 spectrophotometer. 

A Molecular Dynamics Phosphorimager/ 
Densitometer (model 400B) with ImageQuant soft- 
ware (Microsoft Corp.) was used to determine the 
intensity of specific bands on filters. The area of each 
band of interest was defined, and the area under the 
curve (AUC) was calculated following subtraction 
of an identical volume in a directly adjacent area on 
the same lane. The latter was necessary because the 
background was found to vary lane to lane even for 
the same experiment (see Figs. l-4). This value was 
divided by the signal-intensity measured for the AUC 
produced at the end of the 342 bp alphoid fragment 
at the top of the autoradiograph. This value rep- 
resents the ASIR and provides a mechanism for valid 
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comparison for measurements from other inde- 
pendent experiments. Since only a minority of 
alphoid fragments under all in viuo and most in vitro 
conditions of cisplatin exposure employed in this 
study had cisplatin adducts toinhibit the progression 
of the polymerase, this ratio also provided an 
additional control on accuracy of loading lanes with 
equal DNA concentrations. 

The intensity of adduct formation for each of the 
8 sites detected within the second monomer of the 
alphoid molecule was determined by deriving the 
ASIR for each site for both different concentrations 
and conditions of cisplatin exposure. The percentage 
of adduct formation within the second monomer was 
determined by dividing the ASIR for a single site by 
the total ASIR value for sites detected within the 
second monomer (and multiplying by 100). Com- 
parisons were made for in viuo and in vitro substrates 
that had equivalent DNA adduct formation, as deter- 
mined by AAS over a broad concentration range. 

Statistical methods. Student’s t-test was used to 
determine if there were statistical differences in cis- 
platin adduct formation following (i) treatment 
under different conditions of exposure, (ii) treatment 
of different plasmid structures, and (iii) treatment of 
PC-3 and XP cells in uioo. 

RESULTS 

Effect ofplasmid configuration on sites of cisplatin- 
DNA adduct formation. As an initial step in under- 
standing possible factors affecting cisplatin-DNA 
adduct formation, the effect of tertiary DNA struc- 
ture was investigated through the use of separate, 
well-defined plasmid structures. The plasmid ~342 
containing a 342 bp alphoid DNA dimer sequence 
and existing either as a double-stranded covalent 
closed circle (Form I) or as a double-stranded linear 
form (Form III) was treated with cisplatin at two 
different concentrations. Following gel analysis, 
adducts were detected predominantly at GpG and 
ApG sites on the template (CpC and CpT on the 
sequence shown) (Fig. 1). Even under these in vitro 
conditions, there was a preference for adduct for- 
mation at specific dinucleotide purine sites, demon- 
strated by the observed variations in signal-intensity. 
Following phosphorimaging evaluations of three 
experiments, a dose-response increase was detected 
for cisplatin exposure (experiment in Fig. 1 is rep- 
resentative), but there were no significant differences 
found when comparing each site on Form I and III 
plasmids (data not shown). 

Detection of cisplatin-DNA adducts in vivo and in 
vitro from PC-3 cells. To determine the repro- 
ducibility and sensitivity of this method for detection 
of cisplatin-DNA adducts within living cells, the 
PC-3 prostatic carcinoma cell line was exposed in 
cell culture (in uiuo) to different concentrations of 
cisplatin. No differences were observed in either the 
pattern or signal-intensity of adduct sites inde- 
pendent of whether 342 bp alphoid dimer fragments 
were isolated and purified, or the entire EcoRI 
digestedDNA mixture wasutilized (data not shown). 
Figure 2, using primer No. 1, shows a clear dose- 
response for DNA adduct formation at cisplatin con- 
centrations ranging from 20 to 200pM. Treatment 

GATC 1 2 3 4 5 

Fig. 1. Effect of plasmid conformation on cisplatin adduct 
sites in u&o. A plasmid containing a 342 bp alphoid 
fragment was treated with 100 nM cisplatin either as Form 
I DNA (lane 1) or Form III DNA (lane 2), or with 10 nM 
cisplatin as Form I (lane 3) or Form III (lane 4). These 
treatment conditions resulted in 1 cisplatin adduct per 2 
alphoid fragments following treatment at 1OOnM and 1 
adduct per 20 fragments at 10nM. Lane 5 was untreated 
plasmid DNA. Repetitive thermal-cycling was performed 
using primer No. 1 according to the conditions detailed in 
Materials and Methods. The DNA sequence represented 
on the left side of the figure results from anneahng the 
plasmid with the identical primer used for repetitive 
thermal-cycling. As such, the DNA sequence shown 
represents the complementary strand. The intense signal 
at the top of the primer-extension lanes represents the end 

of the 342 bp fragment. 

of PC-3 cells in culture with these concentrations 
resulted in increasing cisplatin-DNA adduct forma- 
tion, as measured using AAS (Table 1). As demon- 
strated in Table 2, although cisplatin dose-escalation 
resulted in a consistent increase in ASIR values, 
there were no significant changes detected in the 
percentage of adduct formation within the second 
monomer or the 342 bp alphoid fragment with 
increasing cisplatin concentration. The lowest con- 
centration at which cisplatin adducts could be 
detected was 2OpM (Fig. 2, lane 2). Considering 
the template of the alphoid molecule alone, this 
treatment resulted in approximately 1 adduct per 
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Fig. 2. Effect of cisplatin concentration on detection of cisplatin-induced adduct sites in duo. 
Subconfluent PC-3 prostatic carcinoma cells were either untreated (lane 1) or exposed to 20 PM (lane 
2) 50 PM (lane 3), 100 PM (lane 4) and 200 ,uM (lane 5) of cisplatin according to the conditions detailed 
in Materials and Methods, using primer No. 1. Reaction products were loaded adjacent to the sequence 
of a plasmid having 342 bp alphoid fragment (depicted on the left side of the figure) generated with 
the identical primer used in repetitive thermal-cycling. Sites of cisplatin adducts are depicted as (a-h), 
and the corresponding adduct sites on the DNA template (as determined from the consensus sequence 
[14]) are shown. The intense signal at the top of the primer-extension lanes represents the end of the 

342 bp fragment. NS depicts non-specific sites of polymerase inhibition. 

Table 1. Effect of cisplatin concentration on in vivo and 
in uitro adduct formation for PC-3 cell DNA 

Cisplatin 
concentration Cisplatin 

(PM) (pg/pg DNA) Adducts/lO kb 

In viva 
10 61 * 7* 1.3 
20 79* 11 1.6 
50 212 * 14 4.7 

100 425 2 18 8.1 
200 675 2 24 14.4 

In vitro 
2 84* 13 1.8 
5 220 +- 17 4.8 

10 440 2 22 8.6 
20 670 f 31 14.3 
50 952 f 69 20.3 

* Mean ‘-’ SEM for three separate AAS determinations. 

40 single-stranded alphoid molecules. The lowest 
concentration at which all 8 adducts could be 
detected clearly was 5OpM, which resulted in 
approximately 1 adduct per 14 single-stranded mol- 
ecules. 

For in vitro treatment, genomic DNA from PC-3 
cells was treated with various concentrations of cis- 
platin following DNA isolation and purification. 
With increasing concentrations of drug exposure 
there was an increase in overall adduct formation 
(Table 1). At the drug-to-DNA ratios of exposure 
used in this study, there was approximately a 1: 10 
ratio of adduct formation for in vitro compared with 
in uiuo exposure (Table l), as measured by AAS. 
As for in uivo treated substrates using primer No. 1, 
there was a consistent adduct pattern for in uitro 
treated DNA (Fig. 3) over a range of cisplatin 
exposures. Limits of in uivo and in vitro detection 
were equivalent considering the amount of cisplatin 
adduct formation per pg of DNA (Table 1, Figs. 2 
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Table 2. Cisplatin adduct formation in alphoid DNA detected with primer No. 1 

Site 

In vivo 

PC-3* XPt In vitro* 

50 PM 1OOpM 2OOpM 50 /AM 1OOpM 2OOpM 5!JM 10 PM 20 PM 

a % 17.0 18.6 17.9 17.7 18.0 17.9 12.6 
ASIR 0.0062 0.0099 0.0141 0.0069 0.0099 0.0143 0.0046 

h% 28.6 28.1 29.3 29.2 30.1 31.1 20.4 
ASIR 0.0106 0.0150 0.0269 0.0101 0.0161 0.0248 0.0076 

c % 12.3 11.5 10.1 10.1 11.1 10.1 15.3 
ASIR 0.0046 0.0062 0.0079 0.0035 0.0061 0.0080 0.0056 

d% 11.6 11.6 11.5 11.7 10.9 10.5 14.2 
ASIR 0.0043 0.0062 0.0090 0.0041 0.0060 0.0084 0.0052 

e % 8.2 7.2 7.2 8.2 8.5 7.1 8.0 
ASIR 0.0030 0.0038 0.0056 0.0028 0.0046 0.0056 0.0030 

f% 8.5 8.1 7.7 8.7 8.5 8.1 8.7 
ASIR 0.0032 0.0043 0.0060 0.0030 0.0046 0.0065 0.0032 

g% 8.3 10.6 10.1 8.5 7.7 8.6 9.7 
ASIR 0.0031 0.0056 0.0079 0.0029 0.0042 0.0068 0.0036 

h% 7.8 7.1 7.1 5.9 5.2 5.6 11.1 
ASIR 0.0029 0.0037 0.0054 0.0021 0.0028 0.0049 0.0041 

13.4 
0.0076 0.0116 
21.7 22.7 

0.0122 
14.1 

0.0080 
14.4 

0.0081 
7.7 

0.0044 
8.7 

0.0050 
8.6 

0.0049 
11.4 

0.0065 

13.3 

0.0197 
13.7 

0.0119 
15.3 

0.0133 
8.3 

0.0072 
7.9 

0.0068 
8.7 

0.0074 
10.1 

0.0087 

*t The ASIR and the percentage of adduct formation values are means of *six or tthree independent 
determinations for each concentration shown. 

and 3). At the highest concentration of cisplatin 
exposure represented in Fig. 3 (50 PM, lane 6), there 
was a marked reduction in the signal representing 
the end of the 342 bp molecule at the top of the 
autoradiograph. This is because at this concentration 
a majority of alphoid molecules have adducts that 
retard the progression of the polymerase. Other than 
the DNA represented in this lane, with increasing 
cisplatin concentration, signal-intensity increased for 
all observed sites of adduct formation, as reflected 
by the increasing ASIR values. However, as was 
detected following in uiuo treatment, there were 
no significant changes in the percentage of adduct 
formation at any site (a-h) in the second monomer 
with dose-escalation (Table 2). 

Since there was no effect of drug concentration 
with respect to the percentage of adduct formation 
at any site in the second monomer, it was possible 
to consider data in the aggregate for PC-3-derived 
substrates annealed with primer No. 1. Eight sites 
(a-h) in the second monomer at three cisplatin con- 
centrations were measured using phosphorimaging 
in six independent in vivo and in vitro experiments. 
These data revealed a significant difference in adduct 
formation for sites b, c, and h in that site b was 
favored in Go, and sites c and h in vitro (Table 3). 

Cisplatin adduct formation in XP cells. To deter- 
mine if differences in adduct formation in uivo and 
in vitro were the result of selective repair in uiuo, 
cisplatin-DNA adduct sites were detected for human 
fibroblasts derived from an individual with XP (group 
A). These cells have been shown to be deficient in 
cisplatin-DNA repair [17]. Treatment of subcon- 
fluent XP cells in culture resulted in levels of DNA 
modification that were comparable with those 
obtained for PC-3 cells treated in cell culture, as 
detected using AAS (data not shown). Also, overall 
ASIR values and percentage of adduct formation for 

the 8 sites detected using primer No. 1 were not 
statistically different from those observed for PC-3 
cells treated in cell culture (Fig. 4, Tables 2 and 3). 

Detection of ckplatin adducts within alphoid DNA 
using a different oligonucleotide primer. An 18 bp 
oligonucleotide was used by Murray et al. [lo] in a 
similar study to determine the effect of cisplatin 
adduct formation for in vivo and in vitro treated 
HELA cells. Repetitive primer-extension was 
performed on in uivo and in vitro treated DNA 
samples obtained from PC-3 cells using specific 
activities of primer No. 5 equivalent to those used 
for primer No. 1. Under these conditions, an 
approximately 5-fold increase in the intensity of the 
342 bp stop-site at the end of the alphoid dimer was 
detected in multiple experiments (data not shown). 
Furthermore, adduct sites could be detected after 
treatment with only 10 ,uM cisplatin, and all 8 sites 
could be detected after treatment with only 20 ,uM 
cisplatin (data not shown). As was true for primer 
No. 1, a clear dose-response for signal-intensity was 
detected but there were no significant differences 
for sites within in viva and in vitro treated substrates 
detected with this primer. 

DISCUSSION 

Recently, this and other laboratories have demon- 
strated the feasibility of using alphoid DNA and 
PCR methodology to detect cisplatin-DNA adducts 
on DNA from cells treated in cell culture (in uiuo 
conditions) [sll]. As have others [lo, 111, we con- 
cluded that the bands depicted in these auto- 
radiographs are the result of cisplatin-DNA adducts 
because of the lack of bands within control untreated 
fragments and because, in reference to the consensus 
alphoid sequence [14], the sites observed in these 
experiments correspond to known sites of cisplatin- 
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Fig. 3. Detection of cisplatin-DNA adducts on purified PC-3 cellular DNA. Purified cellular DNA was 
treated at identical drug-to-nucleotide ratios with 2 PM (lane 2), 5 PM (lane 3), 10 PM (lane 4), 20 PM 
(lane 5) or 50 PM (lane 6) and used for repetitive primer extension according to conditions detailed in 
Materials and Methods, using primer No. 1. Untreated purified DNA is represented in lane 1. Reaction 
products were loaded adjacent to the sequence of a plasmid having 342 bp alphoid fragment (depicted 
on the left side of the figure) generated with the identical primer used in repetitive thermal-cycling. 
Sites of cisplatin adducts are depicted as (sh), and the corresponding adduct sites on the DNA template 
(as determined from the consensus sequence [14]) are shown. The intense signal at the top of the 
primer-extension lanes represents the end of the 342 bp fragment. NS depicts non-specific sites of 

polymerase inhibition. 

Table 3. Cisplatin-DNA adduct formation within alphoid DNA* 

DNA 
Site? sequencet In uitroz In uiuo$ XP§ In vitro11 In uiuo)l 

; APGPG ApGpApG 15.88 18.51 -+ f 0.98 0.84 26.68 17.87 f f 0.44 0.597 29.96 17.85 f k 0.39 0.47 23.52 12.30 r+_ + 0.87 0.72 23.32 12.55 f f 0.75 0.32 

: APG ApGpApG 14.52 12.49 f f 0.56 0.84 11.32 11.63 5 2 0.371 0.51 10.45 11.04 2 + 0.75 0.57 11.90 10.45 r+_ * 0.29 0.63 12.40 11.03 2 f 0.29 0.83 

f” APG GPG 8.39 8.47 f k 0.27 0.24 7.58 8.16 f 2 0.33 0.16 7.93 8.45 + 2 0.87 0.65 11.06 8.17 2 k 0.80 0.95 10.25 7.51 f 2 0.57 1.07 

: APG GPAPG 10.77 9.86 k +- 0.76 0.47 7.57 9.50 rt 2 0.76 0.38fl 8.35 5.95 + f 0.85 0.95 11.22 11.45 2 f 0.58 1.20 12.00 11.07 2 ? 0.84 0.77 

* Measured as percent adduct formation within the second monomer f SEM. 
t DNA site in the second monomer is from Choo et al. [14]. 
$ Based on 6 separate experiments with PC-3 cells and PC-3 DNA at 3 concentrations for a total of 18 

samples using primer No. 1. 
$ Based on 3 separate experiments at 3 concentrations for a total of 9 samples using primer No. 1. 

Results were not significant compared to in viuo PC-3 samples using primer No. 1. 
I] Based on 3 separate experiments in PC-3 cells and PC-3 DNA for a total of 9 samples using primer 

No. 5. Results were not statistically significant comparing in vivo and in vitro samples using primer No. 
5 

1 Significant at the P < 0.0005 level, comparing in duo and in oitro treated samples. 
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Fig. 4. Detection of cisplatin adducts in XP cells treated in cell culture. Subconfluent XP cells were 
treated in cell culture with either no treatment (lane 1) or cisplatin at 10 PM (lane 2), 20 PM (lane 3), 
50 PM (lane 4), 100 PM (lane 5) or 200 PM (lane 6) and used for repetitive thermal-cycling using primer 
No. 1 according to the conditions detailed in Materials and Methods. Reaction products were loaded 
adjacent to the sequence of a plasmid having 342 bp alphoid fragment (depicted on the left side of the 
figure) generated with the identical primer used in repetitive thermal-cycling. Sites of cisplatin adducts 
are depicted as (a-h), and the corresponding adduct sites on the DNA template (as determined from 
the consensus sequence [14]) are shown. The intense signal at the top of the primer-extension lanes 

represents the end of the 342 bp fragment. NS depicts non-specific sites of polymerase inhibition. 

DNA adduct formation [4-81 (Figs. 2-4). Also the 
demonstration in this investigation, for the first time, 
of an in vivo and in vitro dose-response relationship 
for signal-intensity at specific sites (Figs. l-4) (as 
demonstrated by reproducibly increased ASIR 
values, Table 2) further confirms the validity of our 
method, since cisplatin adduct formation is known 
to increase with increasing levels of drug exposure 
(Table 1) [4,12,13]. Although it is not known with 
certainty whether all possible cisplatin-DNA 
adducts, especially the uncommonly formed inter- 
strand adduct [4], are detected using this method, it 
has been observed that all cisplatin-DNA adducts 
may be capable of inhibiting Taq polymerase pro- 
gression [12,13]. 

In this study, relatively high concentrations of 
cisplatin were necessary to detect adduct sites in 

vivo. However, for both the purified DNA and 
chromatin substrates (Figs. 2-4), the pattern of cis- 
platin adduct formation was not altered over a broad 
concentration range, suggesting that cisplatin-DNA 
adduct sites are unlikely to be altered at lower levels 
of drug exposure. This consistent pattern of site 
detection also reaffirms that alphoid DNA is suf- 
ficiently homologous to serve as a target for detection 
of cisplatin-DNA adducts in these studies [9, lo]. 

Intrastrand GpG and ApG are the cisplatin-DNA 
adducts formed most frequently [4-lo]. Considering 
these data, it is notable that 3 of 8 sites detected 
within the second monomer (a, b, and d) are sites in 
which more than one adduct might form. In fact, 
considering GAG intrastrand adducts in which an 
adduct forms between guanines [4], sites b and d are 
sites of three possible adducts. Although we are 
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unable to distinguish the proportion of different 
adducts formed at these sites, their radiographic 
intensity likely results from the sum of different 
adducts on separate alphoid molecules. However, 
this phenomenon alone does not fully account for 
the differences in adduct intensity under either in 
vivo or in vitro conditions. For example, there is 
over a 1.7-fold difference in adduct preference for 
ApG sites at positions c and e in vitro. As has been 
observed for plasmid substrates ([22], Fig. l), there 
are preferences for adduct site formation on cellular 
DNA, possibly mediated by the influence of flanking 
DNA sequence [6]. 

Having demonstrated that a dose-response 
relationship existed for the detection and measure- 
ment of cisplatin-DNA adducts and that these are 
formed at a consistent frequency over a broad con- 
centration range, it was feasible to ask how might 
their formation be affected by DNA conformation 
or in vivo and in vitro conditions of exposure. Experi- 
ments performed using circular as opposed to linear 
double-stranded plasmid substrates demonstrated 
that it is unlikely that conformational changes 
reflected by the difference between the structures 
of Forms I and III affect sites of cisplatin adduct 
formation (Fig. 1). In contrast, statistically significant 
differences in adduct formation were detected for 
sites b, c, and b (Table 3) for in vivo and in vitro 
treated substrates using primer No. 1. These dif- 
ferences are not likely to result from selective DNA 
repair, since XP cells demonstrated the same fre- 
quency of adduct formation following in vivo treat- 
ment (Table 3), further supporting the observation 
that the overall frequency of GpG and ApG cisplatin 
adducts is comparable in XP and normal fibroblasts 
immediately following exposure [ 171. 

Murray et al. [lo] recently published experiments 
that used similar methods to compare cisplatin-DNA 
adducts within DNA from HeLa cells treated in 
culture and naked DNA from these cells. In contrast 
to our findings, they did not detect a difference in 
adduct formation for in vivo and in vitro treated 
DNA. These seemingly dissimilar findings may result 
from the detection of partially distinct alphoid DNA 
subsets using different alphoid primers. The 
inclusion of the EcoRI site within primer No. 1 may 
result in the detection of a relatively specific subset 
of alphoid molecules in a more consistent DNA 
conformation or nucleosome phase [20]. A specific 
nucleosome phasing has been detected for a subset 
of alphoid molecules that have EcoRI sites from 
African Green Monkey DNA [23]. This subset, esti- 
mated to constitute only 8% of alphoid DNA [24], 
contains a linker segment spanning bp 111 to 142 
on the second monomer [23], corresponding to the 
location of sites a and b, the only sites in which 
in vivo adduct formation is favored. Importantly, 
cisplatin [25,26] and a number of other genotoxic 
agents [27,28] form adducts preferentially within 
linker DNA. 

Consistent with the possibility that the two primers 
detect different alphoid subsets, we did not detect a 
difference for in vivo and in vitro adduct site for- 
mation using the primer used by Murray et al. How- 
ever, in contrast to their results, we could readily 
detect a dose-response for adduct site formation. 

In addition to nucleosomal structure and DNA 
flanking sequence, there may be other factors that 
affect cisplatin-DNA adduct formation. For 
instance, DNA-binding proteins with a specific affin- 
ity to alphoid DNA have been isolated [23], and 
these may influence sites of drug-DNA adduct for- 
mation. Also, addition of single-stranded binding 
protein to M-13 plasmid DNA has been shown to 
alter sites of cisplatin adduct formation in vitro and 
allows cisplatin to bind to sites otherwise less access- 
ible [29]. 

In this study, we detected a more minor effect 
for non-DNA sequence-related influence on adduct 
sites. However, it is possible that the in vivo effects 
are underestimated, perhaps by the detection of 
alphoid molecules that are in different nucleosomal 
phases, even using primer No. 1. To determine the 
importance of DNA binding proteins, including his- 
tones, it would be necessary to be able to detect 
sequence-specific cisplatin adducts on a single gene in 
human cells. However, it is not feasible to administer 
enough cisplatin to intact cells such that 1 in 40 single 
copy genes has an adduct, the limit of detection of 
this technique. 

Nonetheless, the difference in the pattern of in 
vivo and in vitro cisplatin adduct formation may 
have important implications for this and other DNA- 
reactive agents. Adduct formation for cisplatin and 
other chemotherapeutic agents has been investigated 
for the most part on plasmid or synthetic DNA 
substrates [6-81. Alterations in adduct formation in 
vivo may contribute to different cytotoxic profiles, 
especially if, as postulated, modification of nuclear 
DNA is the principal mediator of cytotoxicity [30]. 
For instance, if chromatin structure affects sites of 
DNA adduct formation, then the cytotoxicity of 
cisplatin and other chemotherapeutic agents may be 
determined, in part, by their ability to form adducts 
in the vicinity of genes crucial for a particular cell 
line. This possibility is supported by observations 
that cisplatin-DNA adducts, at least in vitro, effec- 
tively block transcription [31]. The ability to detect 
cisplatin DNA adducts produced in vivo may also 
be useful for detecting adducts from patient samples 
following treatment or for measuring in vivo cis- 
platin-DNA repair. 
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