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ABSTRACT: The DNA-binding inorganic compound cisplatin is one of the most successful anticancer
drugs. The detailed mechanism by which cells recognize and process cisplatin—DNA damage is of
great interest. Although the family of proteins that bind cisplatin 1,2- and 1,3-intrastrand cross-links has
been identified, much less is known about cellular protein interactions with cisplatin interstrand cross-
links (ICLs). In order to address this question, a photoreactive analogue of cisplatin, PtBP¢, was used
to construct a DNA duplex containing a site-specific platinum ICL. This DNA probe was characterized
and used in photo-cross-linking experiments to separate and identify nuclear proteins that bind to the ICL
by peptide mass fingerprint analysis. Several such proteins were discovered, including PARP-1, hMutSp,
DNA ligase III, XRCC1, and PNK. The photo-cross-linking approach was independently validated by
an electrophoretic mobility shift assay demonstrating hMutS3 binding to a cisplatin ICL. Proteins
that recognize the platinum ICL were also identified in cisplatin-resistant cells, cells halted at various
phases of the cell cycle, and in different carcinoma cells. Nuclear proteins that bind to the platinum ICL differ
from those binding to intrastrand cross-links, indicating different mechanisms for disruption of cellular

functions.

cis-Diamminedichloroplatinum(II) (cisplatin) is widely used in
cancer chemotherapy, a key feature of its mechanism being the
binding to nuclear DNA and subsequent blockage of transcrip-
tion while eluding repair (Z, 2). Understanding the details of these
processes has the potential to advance development of better
platinum-based anticancer drug strategies. An important step is
to identify cellular factors that recognize and facilitate the
processing of Pt—DNA adducts (3).

Cisplatin binding to DNA begins with platination of the
N(7) atoms of purine residues, mainly guanine but also adenine,
under physiological conditions. The major products (approxi-
mately 90%) are 1,2- and 1,3-intrastrand cross-links involving
these nucleobases, with a minor product being interstrand cross-
links (ICLs)" (). The frequency of ICLs is noticeably higher
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(approximately 30%) in supercoiled plasmid DNA than in linear
DNA (4). A transcription mapping study revealed that, in linear
DNA, cisplatin preferentially forms an ICL between the N-7
atoms of two guanine residues at 5'-GC/5'-GC sites, whereas
DNA ICLs of the anticancer inactive molecule trans-diammine-
dichloroplatinum(Il) (trans-DDP) are preferentially formed be-
tween guanine and its cytosine complement (3, 6).

Although intrastrand cross-links comprise the major cispla-
tin—DNA adducts responsible for its biological activity, the ICL
has long been a topic of discussion (7). Cisplatin ICLs strongly
inhibit DNA transcription elongation by RNA polymerases (8).
Moreover, cellular resistance to cisplatin has been associated with
increased gene-specific repair DNA efficiency of ICLs (9), and
such repair may be one reason for the less prominent role of ICLs
in evoking cytotoxicity and anticancer activity.

Structural studies of cisplatin ICLs were first performed by
using chemical probes of DNA conformation, gel electrophoresis
mobility shift assays, and molecular modeling (10, 11). The
general conclusion was that the cisplatin ICL induces a 45°
bending and a 79° unwinding of the duplex, distortions larger
than those caused by intrastrand cross-links. NMR solution
structures of cisplatin ICLs solved for double-stranded DNA
decamers of different sequences (/2, 13) revealed the deoxygua-
nosine-bridged cis-diammineplatinum(II) unit to lie in the minor
groove and the double helix to be locally reversed, forming a left-
handed, Z-DNA structure. The cross-linked guanine residues
were no longer paired to the complementary cytosines. The
crystal structure of a cisplatin ICL has also been solved (14).
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Two cytosine residues in the central 5-GC/5-GC sequence are
extruded from the double helix, and one participates in a cross-
strand base—base stacking interaction.

Nuclear proteins that interact with platinum—DNA ICLs are
poorly understood. Intrastrand 1,2-d(GpG) and 1,3-d(GpNpG)
DNA adducts are removed by the excision repair pathway, and
the high mobility group box 1 (HMGBI) protein can bind to the
former cross-link and shield it from this process (15, 16).
Electrophoretic mobility shift assays (EMSAs) also reveal very
weak recognition of DNA containing frans-DDP ICLs by
HMGBI (17). When 110-bp DNA probes containing five equally
spaced ICLs of cisplatin or trans-DDP were examined, only the
former was recognized by HMGBI, with an affinity similar to
that of the 1,2-d(GpG) intrastrand cross-link (/7). Replication
protein A (RPA), a protein involved in excision repair, and
Escherichia coli MutS, a protein involved in mismatch repair
(MMR), display lower affinity for cisplatin ICLs compared to
nonplatinated duplexes (/8—20). Ku70 and Ku86 also bind with
lower affinity to cisplatin DNA ICLs compared to intrastrand
cross-links. As a consequence, the activity of Ku-dependent
DNA—PKcs decreases with ICL DNA probes (21).

To identify nuclear proteins that recognize cisplatin DNA
damage, we previously employed a cisplatin analogue containing
a photoreactive benzophenone moiety, PtBP¢ (Figure 1a) (22—
24). Short oligonucleotide duplexes containing a PtBPg 1,2-
d(GpG) or 1,3-d(GpTpG) intrastrand cross-link were used to
capture proteins in cancer cell nuclear extract that interact with
the DNA probe (22, 24). One of the advantages of this photo-
cross-linking system is that irradiation at 365 nm does not labilize
Pt—guanine bonds, as previously reported for an earlier construct
(25). With the use of a biotinylated form of this intrastrand cross-
linked DNA, proteins in the nuclear extract that bind to the
probe have sufficient proximity to the benzophenone moiety to
form covalent bonds upon UV irradiation. The resulting covalent
protein—DNA adducts are then separated on streptavidin-coated
magnetic beads and resolved by gel electrophoresis and the
products identified by peptide mass fingerprinting analysis. By
this method, the family of nuclear proteins has been identified
that interact with the 1,2-d(GpG) and 1,3-d(GpTpG) intrastrand
DNA cross-links, including HMGB1, HMGB2, and poly(ADP-
ribose) polymerase 1 (PARP-1) (22, 24).

In the present study, we have prepared and characterized a 25-
bp DNA probe containing a PtBP¢ ICL (Figure 1b) and used it in
a photo-cross-linking study to identify the nuclear proteins that
recognize this adduct. The information provides the first com-
prehensive analysis of this family of proteins. The potential
implications of our findings for the mechanism of cisplatin ICL
recognition and processing in cancer cells are discussed.

EXPERIMENTAL PROCEDURES

Materials and Methods. All chemicals and solvents were
purchased from commercial sources. Enzymes were obtained
from New England Biolabs (Ipswich, MA). UV—vis spectra were
recorded on a HP 8453 spectrometer. Platinum analysis was
performed by flameless atomic absorption spectrometry on a
Perkin-Elmer A Analyst 300 system. Matrix-assisted laser desorp-
tion/ionization (MALDI) measurements were conducted on a
Bruker Omniflex mass spectrometer at the MIT Department of
Chemistry Instrumentation Facility. Analytical and preparative
HPLC was performed on an Agilent 1200 HPLC system.
SequaGel concentrate used in the preparation of the denaturing
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57 —CCTCTCCTCTCCTGC/[’CTTCTCTCC—3'
3’ -Biotin-GGAGAGGAGAGGACGAGAAGAGAGG-5"
FiGure 1: (a) Structure of the cisplatin analogue, PtBPs, used in

photo-cross-linking experiments. (b) Sequence of a 25-bp duplex
containing PtBP4 ICL and a biotin moiety.

polyacrylamide gels was purchased from National Diagnostics.
DNA concentrations were obtained with the assistance of an
oligonucleotide calculator at http://www.basic.northwestern.
edu/biotools/oligocalc.html. Polyacrylamide gel electrophoresis
(PAGE) was performed on either a Life Technologies S2
sequencing gel electrophoresis apparatus or a Protean II xi Cell
from Bio-Rad. Electrophoresis gels with radioactive samples
were dried and documented on a Storm 840 Phosphorimager
system from Amersham or exposed wet to a Kodak Biomax MS
film. Radioactive samples were quantitated on a Beckman LS
6500 scintillation counter. A2780 and A2780/CP70 cells were
obtained from by Dr. Thomas Hamilton (Fox Chase Cancer
Center, Jenleintown, PA). hMutSp protein was kindly provided
by Dr. Paul Modrich (Duke University, Durham, NC).
Synthesis of 25-mer 5'-CCTCTCCTCTCCTGCTCT-
TCTCTCC-3' (ts) and 5-GGAGAGAAGAGCAGGAG-
AGGAGAGG-3" (bs). These oligonucleotides were synthe-
sized by using standard phosphoramidite methods on an Applied
Biosystems 392 DNA/RNA synthesizer on a 1.0 umol scale.
Phosphoramidites were obtained from Glen Research. After
automated synthesis, deprotection was performed in ammonium
hydroxide at 55 °C for 16 h, according to the manufacturer’s
directions. Single-stranded oligodeoxyribonucleotides were pur-
ified by 12% denaturing PAGE (7.5 M urea, 29:1 acrylamide:
bisacrylamide, 90 mM Tris—borate, 2.0 mM EDTA, pH 8.3) gels
run for 4 h at 300 V. Oligodeoxyribonucleotide bands were
visualized under UV light, cut from the gel, and soaked at 37 °C
overnight in a buffer containing 10 mM Tris-HCI, pH 7.5, 50 mM
NaCl, and | mM EDTA. The eluent was cleared by filtration (0.2
um syringe filter; Pall Corp.) and ethanol precipitated. The purity
of material was checked by ion-exchange HPLC and the amount
of oligodeoxyribonucleotide quantitated spectrophotometrically.
Platination of ts with PtBPg. cis-[Pt(NH3)BP¢CII] was
synthesized as reported (22). To a solution of cis-[Pt(NH;)-
BP4ClI] (8.73 mM in DMF) was added 0.9 equiv of AgNO;
in H,O. The resulting mixture was vortexed in dark for 4 h
and centrifuged. The ts (0.25 mM) was allowed to react with
activated PtBPs in 10 mM NaClO,4, pH 5.6. The reaction
mixture was incubated at 37 °C for 10 min. The reaction was
stopped by adding NaCl to 0.4 M. The PtBP¢-modified
ts was purified by reverse-phase HPLC (Agilent ZORBAX
SC300-C18, linear gradient, 9% acetonitrile in 0.1 M NaCl to
12% acetonitrile in 0.1 M NaCl over 17 min). After purification,
the platinated DNA solution was lyophilized and dialyzed
against 0.1 M NaCl. The products were characterized by
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UV—vis spectroscopy, atomic absorption spectroscopy, and
mass spectrometry.

PtBP4s-modified single-stranded oligodeoxyribonucleotides
(50 pmol) were radiolabeled with [y-**PJATP (Dupont/NEN)
in a solution (30 L) containing 70 mM Tris-HCI, pH 7.6, 10 mM
MgCl,, and 10 units of T4 polynucleotide kinase (PNK) at 37 °C.
Another 10 units of T4 PNK was added to the solution after 45
min. After a total of 90 min, the reaction solutions were passed
through spin dialysis columns (G-25 Sephadex Quickspin col-
umn; Roche). The PtBPs-modified ts was further characterized
by nuclease S1 digestion assay and by Maxam—Gilbert A/G
digestion (Supporting Information Figures S1 and S2) (26).

Synthesis of the 25-bp DNA Probe Containing a Site-
Specific PtBP4 ICL. The top strand containing the monofunc-
tional adduct (5 uM) was annealed with 1 equiv of the com-
plementary strand (bs) in 0.45 M NaCl, 2 mM MgCl,, and
20 mM Tris-HCI, pH 7.4, at room temperature for 2 h and then at
4 °C for 2.5 h. The duplex solution was dialyzed against 0.1 M
NaClO, at 4 °C for 6 h and incubated in the dark at 37 °C for 64 h
to form interstrand cross-links. The resulting product was
purified by ion-exchange HPLC (Dionex DNAPac PA-100,
9 x 250 mm, 10 mM NaOH, pH 12, linear gradient of 0.7—
0.85 M NaCl over 20 min). Using this denaturing gradient,
noninterstrand cross-linked strands were eluted first, whereas the
interstrand cross-linked products were eluted later in a single
peak as a high-molecular-mass species. This single peak was
collected, Iyophilized, dialyzed against 0.1 M NaClOy, at 4 °C for
6 h, and stored at —20 °C. The product was radiolabeled with
[y-**PJATP as described above. Alternatively, the ts containing
the monofunctional adduct was annealed with [y-*PJATP-
labeled complementary bs, and the interstrand cross-linked
material was synthesized as described above. The duplexes
containing the interstrand cross-links were separated on 12%
polyacrylamide/7.5 M urea denaturing gels. Bands correspond-
ing to interstrand cross-linked duplexes were visualized under
UV light, cut from the gel, and soaked at 37 °C overnight in
a buffer containing 10 mM Tris-HCI, pH 7.5, 50 mM NaCl, and
1 mM EDTA. The interstrand cross-linked products were
ethanol precipitated, resuspended in 0.1 M NaClOy, and stored
in —20 °C. For NaCN reversal experiments, DNA samples
containing the ICL were treated with 0.2 M NaCN, pH 11-12,
and were incubated at 50 °C overnight.

Preparation of HeLa Nuclear Extract. HelLa nuclear
extract was prepared as described (22).

Analytical Scale Photo-Cross-Linking Reactions with
HelLa Nuclear Extracts. The radiolabeled double-stranded
DNA probe (1 pmol) was incubated with a HeLa nuclear extract
(2mg/mL) in a solution (total volume 25 L) containing 10 mM
Tris-HCI, pH 7.5, 10 mM MgCl,, 50 mM KCI, I mM EDTA,
0.05% Nonidet-P40, and 0.2 ug/mL BSA on ice for 30 min to
allow protein—DNA binding. After incubation, the reaction
mixtures were irradiated with UV light (1,.x = 365 nm) for
2 h on ice using a UV Stratalinker (Stratagene). Following
irradiation, the reaction mixture was combined with 20 uL of
gel-loading solution containing 125 mM Tris-HCI, pH 6.8, 40%
glycerol, 4% SDS, and 10% p-mercaptoethanol. The DNA was
denatured by heating at 90 °C for 5 min followed by rapid cooling
on ice and then resolved on a 10% SDS—PAGE gel. The gel was
dried and analyzed on a Bio-Rad GS-525 molecular imager using
the Multi-Analyst software package (Bio-Rad).

Preparative-Scale Photo-Cross-Linking. A 100 pmol
quantity of unradiolabeled double-stranded ICL DNA probe
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as well as a negative control, unradiolabeled double-stranded
DNA lacking the platinum cross-link, was incubated with 2 mg of
HeLa nuclear extract in a solution (total volume 500 uL)
containing 2 mM Tris-HCI, pH 7.5, 2 mM MgCl,, 10 mM
KCI, 0.2mM EDTA, 0.01% NP-40, and 0.04 ug/mL BSA on ice
for 30 min to allow protein—DNA binding. The reaction
mixtures were irradiated for 2 h on ice. A 5 mg portion of
streptavidin-coated magnetic beads (Dynabeads; Invitrogen) was
then added to each reaction mixture, and the solutions were
incubated at 25 °C for 15 min. The supernatant was then removed
from the beads by using a magnet. The beads were washed three
times with a buffer of 5 mM Tris-HCI, 0.5 mM EDTA, | M
NaCl, and 0.05% Tween-20, pH 7.5, each time removing the
supernatant with the magnet. After the final wash, the beads
were combined with 40 uL of 2x SDS—PAGE loading buffer
(100 mM Tris-HCI, 20 mM DTT, 2% SDS, 30% glycerol, 0.1%
bromophenol blue, pH 7.9) and heated to 90 °C for 5 min to
dissociate the biotinylated DNA from the magnetic beads. After
heating, the supernatant was quickly removed with the help of a
magnet. The supernatant from a preparative-scale photo-cross-
linking experiment, along with reaction mixtures from an analy-
tical scale photo-cross-linking, was resolved by a 10% SDS—
PAGE with a 4% stacking gel. After electrophoresis, the lanes
containing the preparative-scale photo-cross-linked products
were separated from the rest of the gel. These lanes were stained
with Coomassie Blue R-250 for 12 min and destained twice in
40% methanol, 10% glacial acetic acid, and 50% deionized H,O
for 30 min. The result from the radioactive analytical scale photo-
cross-linking experiment was used as a guide to excise bands from
the gel loaded with preparative-scale photo-cross-linked materi-
al. A protein marker (BenchMark prestained protein ladder;
Invitrogen) was included on both analytical and preparative gels
to help locate the band more precisely. Bands were excised from
lanes containing DNA with an ICL as well as the negative
controls. The excised bands were then analyzed by trypsin
digestion-coupled LC-MS/MS. The proteins were identified by
SEQUEST protein analysis software.

HelLa Cell Synchronization and Fluorescence-Activated
Cell Sorting (FACS) Analysis. HeLa cells were maintained as
exponentially growing cultures in a DMEM medium with 10%
FBS, 1% penicillin, and 1% glutamine. Cells were synchronized
to different phases before preparing nuclear extracts. To obtain
cells in S phase, HeLa cells were treated with 2 mM thymidine for
19 h, released in fresh medium for 12 h, treated with 2 mM
thymidine for 12 h, and then released in fresh medium for 4 h. To
obtain cells in G2/M phase, HeLa cells were treated with 2 mM
thymidine for 12 h, released in fresh medium for 4 h, and then
treated with 100 ng/mL nocodazole for 16 h. To obtain G1/S
phase cells, the cells were treated with 2 mM thymidine for 17 h,
released in DMEM for 8 h, and treated with 2 mM thymidine for
17 h. After synchronization, cells were collected and then washed
twice with PBS. A total of 5 x 10° cells were examined by FACS
analysis to confirm the synchronization, and the rest were used to
obtain nuclear extracts. For FACS analysis, cells were fixed with
70% ethanol at 4 °C overnight, then washed with PBS, and
subsequently stained with 20 ng/mL propidium iodide in PBS
containing 0.1% Triton X-100 and 0.2 mg/mL ribonuclease
A (Sigma) at 37 °C for 15 min. The cells were then analyzed
with a BD FACScan flow cytometer (Supporting Information
Figure S4).

Electrophoretic Mobility Shift Assays. Binding assays
were performed according to a protocol reported previously
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(27) with modification. A 5 fmol quantity of radiolabeled 25-bp
DNA strand containing cisplatin ICL (5-CCTCTCCTCTC-
CTG*CTCTTCTCTCC/Y-GGAGAGAAGAG*CAGGAGA-
GGAGAGG, where the asterisks denote the platinated bases)
was synthesized following a reported protocol (28) and incubated
in buffer (25 mM HEPES—KOH, pH 7.8, 5 mM MgCl,, 80 mM
KCI, I mM EDTA, | mM dithiothreitol, 10% glycerol, | mg/mL
bovine serum albumin) with carrier/competitor poly(dGdC)
DNA at a 10:1 ratio with platinated DNA on a per nucleotide
basis and the indicated concentrations of hMutSf at room
temperature for 10 min. A negative control of a 25-bp DNA
strand without ICL (sequence the same as for the
ICL above) and a positive control of a 25-bp DNA containing
a 5-CA insert (5-CCTCTCCTCTCCTGCACTCTTCTCTCC/
5-GGAGAGAAGAGCAGGAGAGGAGAGG) were also in-
cluded. Reaction products were separated by electrophoresis on
5% polyacrylamide gels with a 37.5:1 ratio of acrylamide:
bisacrylamide at 4 °C in TBE buffer (89 mM Tris—borate,
2 mM EDTA). The gels were dried for autoradiography.

RESULTS

Design of DNA Sequences. The choice of the 25-bp
oligonucleotide duplex containing a site-specific PtBPy ICL
(Figure 1b) was based on the sequences of our related probes
containing a single 1,2-d(GpG) (22) or 1,3-d(GpTpG) intras-
trand cross-link (24), the difference being that only a single
guanosine was contained in the top strand. In this manner we
were able to obtain the best comparison between proteins
identified here and those for the related 1,2-d(GpG) and 1,3-
d(GpTpG) PtBPs-modified DNA probes.

Synthesis and Characterization of the 25-bp PtBPs ICL
Probe. The overall strategy for the synthesis of a PtBP4 ICL
probe was first to obtain a monofunctional [Pt(BPs)(NHs)-
(DNA)CI] product and then to cross-link it to the annealed
complementary strand. [Pt(BP¢)(NH3)CII] was used to platinate
the 25-mer top strand DNA fragment. The product, in which
the iodide ligand was replaced by N7 of the guanine base,
was purified by reverse-phase HPLC and fully characterized
by UV-—vis spectroscopy, atomic absorption spectroscopy,
MALDI-MS/MS, a nuclease S1 digestion assay, and a
Maxam—Gilbert A/G digestion by standard methods (Support-
ing Information Tables SI and S2 and Figures S1 and S2) (25,
29). Two isomers (30) were readily separated under the current
HPLC conditions with Pt/DNA ratios of 1.02 +0.12 and 1.01 &
0.01, respectively. The monofunctional adducts were annealed
with the complementary strand containing a biotin moiety at the
3" end. ICLs were formed in NaClOy buffer and purified by ion-
exchange HPLC. From the two isomers of monofunctional
product, two ICL products, ICL-1 and ICL-2, were obtained.
The yields from the monofunctional products were 8.9% and
15.8%, respectively. An analytical denaturing PAGE gel reveal-
ing the starting materials and ICL-2 is shown in Figure 2.
Removal of the cross-link by treatment with NaCN confirmed
the presence of the platinum ICL. Since ICL-2 formed in
better yield and had higher photo-cross-linking efficiency, as
discovered in subsequent assays, we used it as the DNA probe for
identifying proteins in nuclear extracts. The orientation of the
photoreactive group relative to DNA in each isomer was not
determined.

Analytical Scale Photo-Cross-Linking of the DNA ICL
with HeLa Nuclear Extracts. The 25-bp ICL DNA probe was
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FIGURE 2: Autoradiogram of the PtBPs ICL DNA probe. The
oligonucleotides were 5'-end labeled and revealed on a 12% denatur-
ing polyacrylamide gel. Lanes: 1, top strand; 2, bottom strand with
3'-biotin moiety; 3, PtBP¢s ICL with both top and bottom strands
labeled; 4, PtBP¢ ICL after NaCN treatment.

radiolabeled and incubated with HeLa nuclear extracts under
UV irradiation to form protein—DNA cross-links. The relative
amounts of DNA and nuclear extracts were optimized. A 10%
SDS—PAGE gel readily showed cross-linked protein bands of
high molecular weight (Figure 3, lane 3). A radiolabeled duplex
lacking the ICL used as a negative control exhibited no cross-
linking activity with HeLa nuclear extracts (Figure 3, lane 1).
The ICL DNA probe was also irradiated in the absence of a
nuclear extract and showed no self-cross-linking activity
(Figure 3, lane 2). We also carried out the following additional
control studies. The monofunctional PtBPs-modified ts and the
PtBP4 ICL probes were incubated in HeLa nuclear cell extracts
without irradiation (Supporting Information Figure S3). SDS—
PAGE analysis revealed the absence of DNA—Pt—protein cross-
links, even though the guanine base was modified by PtBPg4
(Supporting Information Figure S3, lanes 1 and 2). In order to
rule out the possibility that the DNA probe might be unstable
under the UV irradiation condition (4 365 nm), or that the ICL
might either dissociate or rearrange into an intrastrand
cross-link, the ICL DNA probe was UV-irradiated without
nuclear extracts in the protein binding buffer for 0, 1, and 2 h.
A denaturing gel confirmed that the ICL probe migrates identi-
cally upon UV irradiation for different time periods (Figure 4),
confirming its stability under the photo-cross-linking conditions.
Preparative-Scale Photo-Cross-Linking of DNA ICLs
in HeLa Nuclear Extracts. To identify proteins cross-linked
by the ICL DNA probe, preparative-scale photo-cross-linking
was performed. The DNA-to-platinum ratio remained the same
as in the analytical scale experiment. Proteins that bind to the
biotin-conjugated DNA probe were pulled down by streptavidin-
coated magnetic beads and washed stringently with high salt
buffer to remove any noncovalently bound material. A 25-bp
DNA duplex with no ICL was used as a negative control. The
protein—DNA complexes were separated by SDS—PAGE. An
analytical scale experiment was simultaneously performed and
the protein—DNA complex loaded onto the same gel. Protein—
DNA bands from preparative-scale experiments were excised
using results from the analytical scale experiment as a guide.
Proteins in the various bands (Figure 5) were then identified by
peptide mass fingerprinting analysis as described below.
Protein Identification. Bands from the photo-cross-linking
experiment as well as a negative control were analyzed by trypsin
digestion-coupled LC-MS/MS (Table 1) (31). The “probability”
column in the table is a number assigned to each protein based on
the likelihood that the identification is an artifact due to back-
ground. Any protein with a probability higher than 1 x 10™* was
excluded from the results. Proteins that appeared in both a
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FI1GURE 3: Photo-cross-linking result for ICL DNA and HeLa nucle-
ar extracts. Lanes: 1, control probe; 2, PtBPs ICL probe without
HeLa nuclear extract; 3, PtBP¢ ICL probe with HeLa nuclear extract.
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FIGURE 4: Stability of the interstrand cross-linked probe under UV
irradiation. The probe was revealed on a 12% denaturing polyacry-
lamide gel.

photo-cross-linking and a negative control experiment were
considered to be background or noncovalently bound and
also excluded from the results. The “unique peptides” column
reports the number of different unique peptides that match a
known protein sequence from a data bank. The listed values
come from two repeats of preparative-scale photo-cross-linking
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FIGURE 5: Preparative-scale photo-cross-linking of the ICL in a
HeLa nuclear extract. Bands were excised for peptide mass finger-
printing analysis.

Table 1: Proteins Identified by Photo-cross-linking of a 25-bp DNA
Duplex Containing a PtBP¢ ICL Adduct

band“ protein” probability®  unique peptides? M, (Da)
1 DNA—PKcs 1.11x10°° 4 468786.9
NUMALI 2.09 x 107° 2 238712.5
2 PARP-1 7.31x 107! 20 113012.4
hMSH2 6.72x 107 4 104676.8
DNA ligase III ~ 3.35x 1077 7 112834.9
hMSH3 6.15% 1077 10 127376.1
3 hMSH2 3.40 x 1071° 7 104676.8
PARP-1 6.58 x 1071° 18 113012.4
Kus6 3.72x107° 4 82652.4
hMSH3 3.99x 1077 13 127376.1
DNA ligase III ~ 7.69 x 1077 6 112834.9
Ku70 1.78 x 107¢ 3 69799.2
XPE-BF 3.35x10°° 3 126887.4
XRCCI 279 x 1073 1 70970.6
4 Ku86 1.42x 10710 8 82652.4
PARP-1 1.10 x 1078 2 113012.4
DNA ligase III ~ 1.23x 107° 6 112834.9
Ku70 271 % 107¢ 3 69799.2
XRCCl 2.84x107° 1 70970.6
hMSH?2 1.44 x 107* 1 104676.8
hMSH3 1.80 x 10°* 1 127376.1
5 Ku70 7.88 x 107! 11 69799.2
PARP-1 1.17x 1078 4 113012.4
XRCCl 4.52x107° 1 70970.6
hMSH2 4.59 %1073 2 104676.8
PNK 1.54 x 1073 2 57040.6
6 Kus6 4.84x107% 1 82652.4
7 HMGBI 124 x 1073 2 24878.2
HMGB2 531x10°4 1 24018.7
HMGB3 771 %1078 1 14597.2
8 Ku70 1.28%x10°° 1 69799.2

“The mass fingerprint analysis was carried out on eight gel slices
as indicated in Figure 5. ”Protein identified as described in the Experi-
mental Procedures. ¢ Probability as described in the text. “Unique
peptides as described in the text. “Masses listed are those of the full-
length proteins.
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experiments. The proteins listed either appeared in both experi-
ments or had a low probability number. The results indicate that
several categories of proteins have an affinity for a cisplatin ICL.
Included are the DNA-dependent protein kinase (DNA-PK)
complex DNA—PKcs, Ku86, and Ku70, which is involved in the
nonhomologous end joining (NHEJ) DNA repair pathway;
PARP-1, DNA ligase III, X-ray repair cross-complementing 1
(XRCCl), and PNK, which are involved in the single-strand-
break repair (SSBR) pathway; mismatch repair proteins htMSH2
and hMSH3; HMG-domain proteins HMGB1, HMGB?2, and
HMGRBS3; and other proteins such as nuclear mitotic apparatus
protein 1 (NUMALI) and xeroderma pigmentosum group E
binding factor (XPE-BF).

hMutSp EMSA. We validated these photo-cross-linking
results by demonstrating that a protein identified in the assay
has a measurable affinity for a DNA duplex containing a
cisplatin ICL. Since hMSH2 and hMSH3 form a heterodimer
of hMutSpg protein (32), we obtained a purified sample of the
protein and performed an EMSA to determine whether it
recognizes the cisplatin ICL. A 25-bp duplex oligonucleotide
containing a site-specific cisplatin ICL was synthesized as re-
ported previously (28) and characterized by denaturing PAGE
(Supporting Information Figure S5). The cisplatin ICL probe
had the same sequence and platination site as the PtBP4 ICL
probe used in the photo-cross-linking study (Figure 1b). EMSAs
were performed with different concentrations of protein in the
presence of radiolabeled duplex oligonucleotide as well as a
competitor to reduce nonspecific binding. As shown in Figure 6,
hMutSp results in the formation of two specific bands (S1 and
S2). These results indicate that hMutSp recognizes and binds a
cisplatin ICL, a finding not previously reported to the best of our
knowledge. This discovery thus confirms the photoaffinity
labeling strategy for identifying nuclear proteins that recognize
a cisplatin ICL. The introduction of benzophenone moiety
apparently does not significantly affect the binding of nuclear
proteins to an ICL containing this cisplatin analogue.

Photo-Cross-Linking with Different Cancer Cell Nucle-
ar Extracts. Nuclear extracts from different mammalian carci-
noma cells, HeLa (cervical), BxPC3 (pancreatic), NTera 2
(testicular), and U20S (bone), as well as cell-free extracts of
CHO (Chinese hamster ovary) cells were used in analytical scale
photo-cross-linking studies with the PtBP¢ ICL probe (Figure 7).
The same amount of nuclear extract and DNA was used in each
case. Different human cell nuclear extracts showed similar
proteins bound to the ICL, although the quantities differed.

cDDP 25 bp ICL
hMutSB(nM)0 1 2 5 10 20

<« $1
<« 82

———

FiGURE 6: EMSA analysis of the binding of hMutSf to a 25-bp
DNA duplex containing a cisplatin ICL. The radiolabeled 25-bp
cisplatin ICL DNA (0.25 nM) was incubated with 0, 1, 2, 5, 10, or 20
nM hMutSp.
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FIGURE 7: Photo-cross-linking of the ICL probe with nuclear ex-
tracts from different cells. In each case, 1 pmol of DNA probe was
incubated with 20 ug of nuclear extract for photo-cross-linking
analysis, and the same amount of the mixture was loaded onto the
gel in each lane.

For example, there is more PARP1 bound to the ICL in extracts
from HeLa compared to the other cells. More XRCC1/Ku70 is
bound to the ICL in HeLa and NTera, but not in BxPC3 and
U20S cells. The binding proteins in hamster cells are quite
different from those in the human cell lines. Taken together,
these results demonstrate that the PtBPg probe is a useful tool for
distinguishing the binding of nuclear proteins to the ICL in cells
of various origins.

Photo-Cross-Linking with Cisplatin Resistant Cells. We
purified nuclear extracts from a cisplatin-resistant cell line
A2780/CP70, as well as the parental line A2780, to investigate
whether different nuclear proteins would bind to the PtBP¢ ICL.
Identical amounts of DNA and nuclear extracts were incubated
to form DNA—Pt—protein cross-links (Figure 8). The cross-
linking efficiency was essentially the same in nuclear extracts
from A2780/CP70 and A2780 cells, the percentages of cross-
linked DNA being 9.3% and 8.8%, respectively. The results
revealed the same protein binding to the PtBP4 ICL, although the
quantities differed. More PARP-1 protein bound to platinum
ICL in A2780/CP70 cells than in A2780 cells. In the case of
HMGBI1/2/3, when the total amount of bound proteins was
normalized, 9.1% of the bound proteins were HMGB1/2/3 in the
A2780/CP70 cells but only 4.5% were HMGBI/2/3 in the A2780
cells. The PtBPy ICL is therefore valuable for determining
different levels of nuclear protein binding to an ICL in cispla-
tin-resistant vs cisplatin-sensitive cells.

Photo-Cross-Linking with Nuclear Extracts from Differ-
ent Phases of the Cell Cycle. In order to evaluate recognition of
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FIGURE 8: Photo-cross-linking of the ICL probe with nuclear
extracts from cisplatin-resistant (A2780/CP70) and cisplatin-sensitive
(A2780) cells. In both cases, 1 pmol of DNA probe was incubated
with 20 ug of nuclear extract for photo-cross-linking study, and the
same amount of the mixture was loaded onto the gel in each lane.

cisplatin ICLs by nuclear proteins at different phases of the cell
cycle, HeLa nuclear extracts from synchronized cells were
purified. The cells were synchronized at G1/S, S, or G2/M by a
thymidine or thymidine plus nocodazole block, and the DNA
contents were characterized by FACS analysis (Supporting
Information Figure S4). Nuclear extracts from unsynchronized
cells (U) and synchronized cells at different phases were used in
the photo-cross-linking study with the duplex oligonucleotide
containing a PtBP¢ ICL (Figure 9). In each case, the same
amounts of nuclear extract and ICL DNA probe were incubated,
and the same amount of this mixture was loaded into each lane of
gel in Figure 9. The bound proteins are the same in the nuclear
extracts from unsynchronized cells and synchronized cells,
but again the levels differ. For example, more PARP-1 and
HMGBI1/2/3 proteins bind to the PtBPs ICL at G2/M than in
other phases or with unsynchronized cells. The results illustrate
the ability of the PtBP4 ICL probe to determine the recognition of
the platinum DNA damage at different stages of the cell cycle.

DISCUSSION

The identification of nuclear proteins that recognize a
cisplatin ICL in previous work has mainly involved experiments
comparing its binding affinity for a specific protein with that of a
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FIGURE 9: Photo-cross-linking study of the ICL probe with nuclear
extracts from different phases of the cell cycle. The ICL probe was
photo-cross-linked with HeLa cell nuclear extracts from unsynchro-
nized (U), G1/S phase (G1/S), S phase (S), and G2/M phase (G2/M)
cells. In each case, 1 pmol of DNA probe was incubated with 20 ug of
nuclear extract for photo-cross-linking study, and the same amount
of the mixture was loaded onto the gel in each lane.

related probe carrying an intrastrand cross-link (18, 19, 21). The
present investigation offers a more systematic approach for
identifying ICL recognition proteins. We prepared and charac-
terized a DNA probe containing a site-specific PtBP¢ ICL for this
purpose. Upon near-UV irradiation of nuclear extracts contain-
ing the probe, the benzophenone moiety forms covalent bonds to
proteins that bind in the vicinity of the platinum cross-link. The
resulting covalent DNA—platinum—protein ternary complexes
were then separated and subsequently analyzed by peptide mass
fingerprinting.

Identification of Proteins That Bind to ICLs. The pre-
parative-scale photo-cross-linking study identified a variety of
bands in the gel that were excised and subjected to trypsin
digestion-coupled mass spectrometric analysis. As anticipated,
and for the reasons previously discussed (24), many proteins
appeared in more than one region of the gel. During photo-cross-
linking analysis, despite precautions, protein degradation during
the experimental procedures is inevitable. Fragments from
proteins with higher molecular weight appear as contaminants
in the lower molecular weight region, and there is some carry-
over during the mass spectrometric analysis, since the method is
extremely sensitive.
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hMutSB Recognizes the Cisplatin ICL. DNA mismatch
repair is a major pathway for correcting mistakes in replica-
tion (32). In the first step of DNA mismatch recognition, two
heterodimers containing hMSH2 play very important roles.
These are hMutSo, a heterodimer of hMSH2 and hMSH6,
and hMutSg, a heterodimer of hMSH2 and hMSH3. Previous
work revealed that E. coli MutS has a lower affinity for a cisplatin
ICL than it has for intrastrand cross-links (/8). The human
hMSH2 binds specifically to DNA globally modified by
cisplatin (33), and hMutSa has an affinity for cisplatin 1,2-
intrastrand d(GpG) but not 13-intrastrand d(GpTpG)
cross-links (34, 35). hMutSp binds to psoralen ICLs, and MMR
is involved in repair of psoralen ICLs in an error-free
manner (27, 36). Here we identified hMutSp recognition of the
cisplatin ICL by photo-cross-linking, and the result was inde-
pendently confirmed by EMSA using a cisplatin probe. The
results indicate that mismatch repair may be involved in repairing
the cisplatin ICL.

PARP-1 and XRCC1 Bind to the ICL-Damaged DNA.
PARP-1 functions as a molecular sensor of DNA single-strand
breaks. PARP-1 consumes NAD " as substrate to covalently
ribosylate itself or other acceptor proteins (37). The roles of
PARP-1 in DNA repair include alteration of chromatin archi-
tecture and gene expression, induction of cell death by promoting
nuclear translocation of apoptosis-inducing factor (AIF), and
recruitment of SSBR and base-excision repair (BER) factors such
as XRCC1 and DNA ligase I1I (38). PARP-1 inhibitors potenti-
ate cisplatin activity in both cell-based assays and mouse breast
cancer xenograft models (39, 40). The activity of PARP-1 bound
to DNA containing cisplatin intrastrand cross-links results in its
dissociation as well as that of other DNA repair proteins (47).
The present results implicate a role for PARP-1 in mediating
repair of ICL platinum—DNA damage.

XRCCI acts as a coordinator of SSBR and BER. Genetic
polymorphisms of XRCCI are associated with decreased overall
survival in nonsmall cell lung cancer (NSCLC) patients treated
with platinum drugs (42). XRCCI transcript abundance levels
correlate with cisplatin resistance in NSCLC cell lines (43).
Therefore, XRCC1 may also play a role in repair of platinum—
DNA damage.

Previous work revealed that PARP-1 binds to cisplatin
intrastrand cross-links (22, 24), but there is no prior evidence
that XRCCI recognizes platinum ICL adducts or any other kind
of ICL DNA damage. Here we find that PARP-1, together with
its partners XRCC1 and DNA ligase 111, binds to a DNA duplex
containing a platinum ICL. This result implies that SSBR
proteins may be important for platinum ICL repair.

HMG-Domain Proteins Bind to the ICL. HMGBI is an
abundant non-histone nuclear protein that regulates chromatin
structure and DNA metabolism. It binds to distorted DNA
structures such as four-way junctions and damaged DNA (44).
Convincing evidence has established that HMGBI recognizes
platinum 1,2-d(GpG) and 1,2-d(ApG) intrastrand cross-links
rather than the 1,3-d(GpTpG) cross-link (/6). HMGBI also
recognizes psoralen and cisplatin ICLs (17, 45). Our data reveal
that HMGB1/2/3 proteins bind to a site-specific PtBP¢ ICL, but
the strength of the bands on the gel is significantly weaker than
for the 1,2-intrastrand cross-link, similar to that of the 1,3-
d(GpTpG) adduct (cf. Figure 9 and Figure 4 of ref 24). This result
is consistent with prior data that HMGBI recognizes mainly
cisplatin intrastrand 1,2-cross-links, where it shields the damage
from nucleotide excision repair (15).
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Nuclear Proteins That Bind to ICLs Are Identical in
Different Mammalian Cells. We investigated nuclear extracts
from HeLa cells as the major source for identifying proteins that
bind to the cisplatin ICL. We then could compare the results of
analytical photo-cross-linking studies for nuclear extracts from
different sources. The results indicate a very similar pattern of
binding proteins in the various mammalian nuclear extracts.
Since these cells have different sensitivities to cisplatin (24),
binding of damage-response proteins, involved in the first step
for processing the adduct, may not be the major determinant of
the differential cytotoxicity.

The PtBPs ICL DNA Probe Is a Useful Tool To Study
the Cellular Response to Platinum Damage. Although
a deficiency in MMR seems to confer cisplatin cellular resi-
stance (46), there is little evidence to relate HMGB1/PARP-1 to
cisplatin resistance. With our PtBP¢; ICL DNA probe, we could
differentiate the binding levels of these proteins in cisplatin-
sensitive and -resistant cells. In particular, greater amounts of
PARP-1 and HMGBI are cross-linked to the ICL probe in the
cisplatin-resistant than in the cisplatin-sensitive cells. It thus
appears that PARP-1 and HMGB1 may play a role in the cellular
resistance to cisplatin [CL damage.

In some cell lines, cisplatin induces arrest of the cell cycle at G2,
like many other chemotherapeutic agents, and it has been
reported to cause an S-phase block in human ovarian carcinoma
and hepatoma cell lines (47, 48). Cisplatin activity also differs
with cell cycle perturbations in resistant cells (49). Little is known
about the recognition of cisplatin—DNA cross-links at different
stages of the cell cycle. By utilizing nuclear extracts from
synchronized cells, we were able to apply the PtBPs ICL probe
to compare protein recognition of ICLs at different phases of the
cell cycle. We find similar nuclear protein binding patterns to the
ICL probe at the different G1/S, S, and G2/M phases, implying
that the recognition of cisplatin ICL damage is consistent
throughout the cell cycle, at least for HelLa. The level of
binding proteins varies, however. For example, the amount of
HMGBI/2/3 and PARP-1 photo-cross-linked to the ICL is
greatest at G2/M. Either the binding properties of these proteins
change throughout the cell cycle or the levels of expression are
higher at G2/M. In either case, the PtBPs ICL probe has
identified key proteins to be evaluated in future studies.

Comparison of Proteins Bound to Cisplatin Intrastrand
Cross-Links versus ICLs: Mechanistic Implications. In
Figure 10 we compare the photo-cross-linking results for Pt-
BPg¢ probes containing a 1,2-d(GpG) cross-link, a 1,3-d(GpTpG)
cross-link, or an ICL. The identified proteins fall into the
following categories: excision repair proteins, including RPAT;
MMR proteins, including hMSH3 and hMSH2; SSBR proteins,
including PARP1/DNA ligase III, XRCCI, and PNK; NHEJ
proteins, including DNA—PKcs, Ku80/86, and Ku70; HMG-
domain proteins, including HMGB1/2/3 and upstream binding
factor 1 (UBF1). From the results, we can clearly distinguish
different platinum—DNA damage recognition patterns
(Figure 10C). Moreover, the photo-cross-linking strategy has
allowed several ICL-binding proteins to be identified for the first
time, namely, hMSH2, hMSH3, PARP-1/DNA ligase III,
XRCCI1, PNK, NUMALI, and XPE-BF. Several proteins that
bind to the ICL do not recognize intrastrand cross-links, includ-
ing hMSH3, XRCCl, and PNK. More importantly, the protein
binding pattern to 1,2-d(GpG), 1,3-d(GpTpG), and ICL plati-
num damage is significantly different. In the case of 1,2-d(GpG)
recognition, the most abundant proteins are in the HMG-domain
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FiGure 10: Comparison of proteins that bind to different cisplatin DNA adducts. (a) Assignments of different bands by molecular weight from
peptide mass fingerprint. (b) Quantification of different proteins when the total amount of bound proteins was normalized to 100% in each case.
Note the quantification results for 1,2-d(GpG) and 1,3-d(GpTpG) probes are from gel images published elsewhere (24). (c) Pie charts showing the
binding of different categories of protein to cisplatin 1,2-d(GpG), 1,3-d(GpTpG), and ICL DNA cross-linked PtBP¢ probes.

class, followed by SSBR proteins. In the case of 1,3-d(GpG)
recognition, excision repair proteins, SSBR proteins, NHEJ
proteins, and HMG-domain proteins share the identical abun-
dance. However, in the case of ICL recognition, the most
abundant proteins are in the MMR family, followed by NHEJ
proteins and SSBR proteins. Considering that the DNA probes
used for the photo-cross-link experiments share similar sequences
and the experimental conditions are identical, the results imply
that the recognition and processing of cisplatin DNA damage is
distinctive for different platinum—DNA adducts. The results also
indicate different repair mechanisms for cisplatin intrastrand
cross-links than for ICLs. The present research opens avenues for
future detailed study of different nuclear protein binding to
cisplatin ICLs and suggests that the differential recognition and
subsequent processing of the various Pt—DNA adducts by these
proteins dictates their relative contributions to the anticancer
activity.
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of PtBPg-modified ts (Tables S1 and S2), nuclease S1 and

Maxam—Gilbert A/G digestion results for PtBPs-modifed
ts (Figures S1 and S2), an autoradiograph of photo-cross-linking
control experiments (Figure S3), FACS analysis of synchronized
HeLa cells (Figure S4), and an autoradiograph of a 25-bp DNA
containing a site-specific cisplatin ICL (Figure S5). This material
is available free of charge via the Internet at http://pubs.acs.org.
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