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Photoaffinity Isolation and Identification of Proteins in
Cancer Cell Extracts that Bind to Platinum-Modified DNA
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The activity of the anticancer drug cisplatin is a consequence of
its ability to bind DNA. Platinum adducts bend and unwind the
DNA duplex, creating recognition sites for nuclear proteins. Fol-
lowing DNA damage recognition, the lesions will either be re-
paired, facilitating cell viability, or if repair is unsuccessful and
the Pt adduct interrupts vital cellular functions, apoptosis will
follow. With the use of the benzophenone-modified cisplatin
analogue Pt-BP6, 25 bp DNA duplexes containing either a 1,2-d-
(G*pG*) intrastrand or a 1,3-d(G*pTpG*) intrastrand crosslink
were synthesized, where the asterisks designate platinated nucle-
obases. Proteins having affinity for these platinated DNAs were
photocrosslinked and identified in cervical, testicular, pancreatic
and bone cancer-cell nuclear extracts. Proteins identified in this
manner include the DNA repair factors RPA1, Ku70, Ku80, Msh2,
DNA ligase Ill, PARP-1, and DNA-PKcs, as well as HMG-domain

Introduction

The anticancer activity of cis-diamminedichloroplatinum(ll), or
cisplatin, was discovered over three decades ago and the com-
pound remains one of the most effective therapeutic agents
for testicular germ-cell tumors." Cisplatin and its FDA-ap-
proved analogues carboplatin and oxaliplatin are ineffective
against certain cancers because of intrinsic or acquired drug
resistance.” Our research has focused on elucidating the
mechanisms of action of this family of compounds with the
goal of providing more effective therapies. Four early steps in
the cisplatin mechanism have been delineated, namely, cell
entry, drug activation, Pt-DNA binding, and protein binding to
platinated DNA. The present work focuses on the last of these
steps, specifically, the immediate cellular response to platinum-
damaged DNA.

Cisplatin preferentially binds to the N7 of guanine bases
forming intrastrand and interstrand crosslinks with residues in
close proximity. The most common lesion is a 1,2-d(G*pG¥)
adduct in which the platinum is bound to adjacent guanines
on the same DNA strand.®* Another common cisplatin-DNA
adduct is the 1,3-d(G*pNpG*) crosslink in which the bound
guanine residues are separated by one nucleotide. These types
of lesions, which comprise over 90% of adducts formed in cis-
platin-treated individuals,” bend and unwind the duplex.*®
DNA distorted by cisplatin is a recognition site for a number of
cellular proteins.®” The first such proteins to be identified con-
tain a high-mobility group (HMG) domain and bind specifically
to 1,2-d(G*pG*) intrastrand cisplatin-DNA crosslinks.®® These

ChemBioChem 2009, 10, 141-157

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

proteins HMIGB1, HMGB2, HMGB3, and UBF1. The latter strongly
associate with the 1,2-d(G*pG*) adduct and weakly or not at all
with the 1,3-d(G*pTpG*) adduct. The nucleotide excision repair
protein RPAT was photocrosslinked only by the probe containing
a 1,3-d(G*pTpG*) intrastrand crosslink. The affinity of PARP-1 for
platinum-modified DNA was established using this type of probe
for the first time. To ensure that the proteins were not photo-
crosslinked because of an dffinity for DNA ends, a 90-base dumb-
bell probe modified with Pt-BP6 was investigated. Photocrosslink-
ing experiments with this longer probe revealed the same pro-
teins, as well as some additional proteins involved in chromatin
remodeling, transcription, or repair. These findings reveal a more
complete list of proteins involved in the early steps of the mecha-
nism of action of the cisplatin and its close analogue carboplatin
than previously was available.

proteins include high-mobility group box protein1 and 2
(HMGB1 and HMGB?2), structure-specific recognition protein
(SSRP1), and upstream binding factor 1 (UBF1).B-"

Following recognition of DNA damage, a series of cellular
signaling pathways are activated. These damage-response
pathways can result in DNA repair or cell death. Several repair
processes have been implicated in response to platinum-dam-
aged DNA. Chief among these is nucleotide excision repair
(NER), which removes platinum adducts from DNAM' and is
correlated with cisplatin resistance.™ In addition, E. coli and
human cancer cells deficient in recombination repair pathways
are sensitized to cisplatin damage."*' Inhibition of the mis-
match repair (MMR) pathway correlates with increased resist-
ance to the drug."® Proteins involved in repair processes bind
preferentially to cisplatin—-DNA adducts, including the Ku70/80
subunits of the mulitprotein complex DNA-protein kinase
(DNA-PK).'"” The DNA-PK complex participates in nonhomolo-
gous end-joining (NHEJ) repair of double-strand breaks
(DSB)."® These findings suggest that the identification of pro-
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teins that bind to platinum-modified DNA in cells with varying
sensitivities to cisplatin may provide insight into processing of
cisplatin adducts in these different contexts.'”

Studies of the cellular proteins that interact with cisplatin-
damaged DNA date back many years. Early work applied elec-
trophoretic mobility shift assays (EMSAs) to demonstrate that
xeroderma pigmentosum group E binding factor (XPE-BF)
binds preferentially to cisplatin-modified versus unmodified
DNA.®? Using EMSAs to identify proteins with an affinity for
platinum-modified DNA would require a separate experiment
for each of numerous nuclear proteins. In another study, use of
a cisplatin-modified DNA probe to screen a cDNA expression li-
brary identified the HMG-domain protein SSRP1."%?" Because
SSRP1 contains an HMG domain that is homologous to do-
mains in HMGB1 (formerly HMG1), it was hypothesized that
the latter would also bind to cisplatin-modified DNA. Following
isolation and purification of rat HMGB1, gel retardation assays
revealed that the protein binds to the 1,2-d(G*pG*), but not
the 1,3-d(G*pG*), intrastrand crosslink of cisplatin.® That
HMGB1 and HMGB2 have an affinity for cisplatin-damaged
DNA was also revealed by southwestern blotting methods.??
Despite these successes, however, neither cDNA library screen-
ing nor southwestern blotting methods can gauge protein
binding to platinated DNA in the context of multiprotein com-
plexes.

Globally platinated DNA immobilized onto a column treated
with nuclear extracts identified Pt-DNA-binding proteins DNA-
PK, HMGB1, replication protein A (RPA), and xeroderma pig-
mentosum group A protein (XPA).”¥ This method requires a
sensitive adjustment of salt concentration to remove proteins
with different affinities for the probe. Also, the use of globally
platinated DNA does not distinguish which of many possible
Pt-DNA adducts is being recognized.

A superior method for identifying proteins that bind to plati-
num-modified DNA utilizes a cisplatin analogue capable of
forming a covalent bond to capture DNA-damage-response
proteins following incubation with nuclear extracts. This
method is sensitive to all nuclear proteins that bind to Pt-
modified DNA, affording a more complete assessment. Photo-
crosslinking provides a convenient way to bind the proteins
covalently to the platinated DNA, which can then be isolated
for identification.

To achieve this type of photocrosslinking, we first synthe-
sized a cisplatin analogue containing a photoreactive azide
moiety.”” Control experiments performed during this study
showed that the cis-{Pt(NH,),}*"-d(G*pG*) adduct itself was ac-
tivated by the 302 nm irradiation required to convert the aryl
azide to a nitrene. The aryl azide-modified analogue of cispla-
tin did not form photocrosslinks more effectively than the cis-
{Pt(NH),}** adduct alone.* We also showed that the cis-
{Pt(NH,),’*" adduct could be more efficiently activated with a
laser at 325 or 350 nm to irradiate the sample.”” The formation
of DNA-platinum—protein complexes may be important in the
processing of cisplatin crosslinks.”® A limitation of experiments
with cis-{Pt(NH,),}** as the crosslinker is that the protein must
come into close contact with the platinum atom in order to
form a covalent DNA-Pt-protein linkage. This requirement
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makes it difficult to capture DNA-damage recognition proteins
that recognize the bulge created on the undamaged DNA
strand,”””’ where it is unlikely to be close enough to the cis-
{Pt(NH,),}*" adduct to be photocrosslinked.

In order to crosslink proteins bound to Pt-DNA adducts
more effectively, a photoreactive benzophenone moiety was
tethered to a platinum center. This compound, Pt-BP6, con-
tains a six-carbon linker separating the platinum complex from
the benzophenone (Scheme 1), the hexamethylene chain prov-
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Scheme 1. A) Structure of cis-diamminedichloroplatinum(ll), or cisplatin.
B) Structure of the photoactive cisplatin analogue, Pt-BP6.

ing to be optimal for efficient protein photocrosslinking.”®

With an excitation wavelength of 365 nm, benzophenone is an
excellent photoactivatable crosslinker for biological applica-
tions. The photophore excitation energy is low enough such
that it does not cause significant damage to biological sam-
ples, and benzophenone moieties are not prohibitively sensi-
tive to background light sources.” Crosslinking is initiated by
photoexcitation of the benzophenone moiety to form a diradi-
cal, which can attack a nearby protein backbone carbon or
amino-acid side chain to abstract a hydrogen atom. The ketyl
and alkyl radicals that form then recombine to generate a
covalent C—C bond, by a mechanism described in detail else-
where.”?

In preliminary work, we prepared a site-specifically platinat-
ed duplex containing a single 1,2-d(G*pG*) Pt-BP6 adduct, ex-
posed it to HelLa nuclear extracts, and irradiated the solution
to activate the benzophenone moiety. Several photocross-
linked proteins were observed, two of which were identified as
HMGB1 and poly(ADP-ribose) polymerase-1 (PARP-1).”® Bind-
ing to HMGB1 was expected, given the results of much previ-
ous work, but PARP-1 had not been known to have an affinity
for platinum-damaged DNA. In the present study, we have
built upon this initial discovery to increase the scale of the
preparative study, which has allowed us to identify an entire
family of proteins that photocrosslink to this probe. Photo-
crosslinking experiments were then extended to include a
25 bp duplex probe containing a different adduct, the Pt-BP6
1,3-d(G*pTpG*) intrastrand crosslink. We also applied the meth-
odology to investigate nuclear extracts from a variety of
cancer cells with varying sensitivities to cisplatin, namely, cervi-
cal, testicular, pancreatic, and bone. Because some DNA end-
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binding proteins, such as those in the Ku family,*® make con-
tacts deep along the DNA and could potentially be photo-
crosslinked without binding to the platinum lesion, and be-
cause PARP-1 can bind to many types of DNA constructs, in-
cluding DNA ends,”" a longer, 90-base (41 bp) dumbbell DNA
probe was also tested (Figure 1). The dumbbell probe contains

A) NH3 BP6
\
i
5'-CCTCTCCTCTCAGGATCTTCTCTCC-biotin-3'
3'-GGAGAGGAGAGTCCTAGAAGAGAGG-5'

B) NH; BP6
N\
Pl
TTAACTCGGCCCTCTCCTCTCAGGATCTTCTCTCCCCACACCCT 1
TTTTGAGCCGGGAGAGGAGAGTCCTAGAAGAGAGGGGTGTGGG T Ty |, oo

Figure 1. The structures of the two DNA probes used in these experiments.
In these probes, the benzophenone moiety may be oriented toward the 3'-
or 5’-end of the DNA. A mixture of the two possible orientational isomers of
PtBP6-modified DNA was used in these experiments. Only one is depicted.
A) The 25 bp duplex probe. B) The 90-base dumbbell probe.

two loops, or hairpin arms, instead of blunt ends. PARP-1 may
bind to these loops, but in so doing only contacts the first four
adjacent DNA base pairs.®*? Using the 90-base dumbbell
probe, the ability of PARP-1 to bind to platinum-damaged DNA
was investigated. As will be described, every protein identified
to bind to the photoactivated Pt-BP6-modified 25 bp probe
was also crosslinked by the 90-mer, and a number of additional
proteins were identified. The results provide a more complete
inventory of nuclear proteins that contact the major cisplatin
adducts in cancer cells, knowledge of which will facilitate
future mechanistic studies.

Results
Overview of results

A 25 bp duplex containing a site-specific 1,2-d(G*pG*) intra-
strand crosslink of the photoactive cisplatin analogue Pt-BP6,
where the asterisks designate the platinated nucleobases, was
used to photocrosslink proteins with an affinity for platinum-
modified DNA, most of which could not be identified in our
preliminary study.?® Crosslinking conditions were optimized
here in order to characterize them. A related 25-mer contain-
ing a 1,3-d(G*pTpG¥) intrastrand adduct of Pt-BP6 was synthe-
sized and characterized. Using this probe, several proteins
were photocrosslinked that differed from those in the set ob-
tained with the 25-mer containing the 1,2-d(G*pG¥) intrastrand
adduct. A 25 bp duplex probe containing a Pt-BP6 1,2-d-
(G*pG*)-d(CpT) mismatch was also prepared and used in ana-
lytical-scale photocrosslinking experiments. The probes were
applied in photocrosslinking experiments using nuclear ex-
tracts from cancer cell lines with different sensitivities to cispla-
tin. Finally, a 90-base dumbbell probe was used to ensure that
the proteins identified by the 25 bp probe were not photo-
crosslinked due to the proximity of the platination site to the

ChemBioChem 2009, 10, 141-157

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

DNA ends, for which the proteins might have some affinity. In-
corporation of a biotin moiety at the ends or along the hairpin
turn in the probes, for their subsequent capture and stringent
washing on a streptavidin column, was an important design
feature in these experiments.

Synthesis and characterization of a 25-base-pair 1,2-d-
(G*pG¥) intrastrand crosslinked, biotinylated probe

A 25-base-pair DNA containing a 1,2-d(G*pG*) intrastrand
crosslink of Pt-BP6 was synthesized as reported previously.”
The purification procedure did not effect significant separation
of the orientational isomers®?®33 of Pt-BP6-modified DNA, and
a mixture of the two isomers was therefore used in these stud-
ies. Following purification, the collected peaks were dialyzed
to remove salt using a membrane with a molecular-weight
cutoff of 3500. In a typical purification, 5 nmol of platinated
DNA was obtained, a 17% yield. The ratio of bound platinum
atoms per DNA fragment was determined to be 0.99+0.10.
The presence of the desired duplex, with a calculated value
of m/z 7967.4, was confirmed by ESI-MS, which revealed an
experimental value of m/z 7967.2 4+ 1.6.

Synthesis and characterization of a 25-base-pair 1,3-d-
(G*pTpG*) intrastrand crosslinked, biotinylated probe

The reaction product of activated Pt-BP6 with a 25 bp DNA
duplex containing a single d(G*pTpG¥) site was purified by RP-
HPLC (Figure S1 in the Supporting Information). Three peaks
eluting at 8.5, 13.7, and 14.3 min were collected and contained
7.6, 1.4, and 4.3 nmol of DNA, respectively, corresponding to
yields of 27, 5, and 15%.

The first product, eluting at 8.5 min, was unplatinated start-
ing material. Peaks 2 and 3 contained 0.904+0.16 and 0.96 +
0.09 Pt atoms per DNA strand; this suggests that they are not
fully resolved bands corresponding to 5’- and 3'-orientational
isomers®® of a singly platinated 1,3-d(G*pTpG*) adduct. This
behavior was also observed for the 1,2-d(G*pG*) probe (see
above). ESI-MS analysis (data not shown) confirmed the ab-
sence of the two chloride ligands of Pt-BP6, which are replaced
by Pt-N, guanine bonds in the product. For a singly platinated
DNA complex, the calculated m/z is 7956.3. For peaks 2 and 3,
the experimental values are m/z=7955.7+0.6 and 7955.8+
0.7, respectively. These values establish that the platinum atom
is bound in a bifunctional manner, with neither chloride nor
another buffer-derived ligand remaining in the coordination
sphere. Nuclease digestion analyses of the platinated probe
(Figure S2) confirm that the platinum atom is bound to gua-
nine bases. For products 2 and 3, peaks corresponding to gua-
nosine had significantly diminished intensity in the assay. The
peaks for the other three bases were not affected by platina-
tion (Figure S2).

25-base-pair duplex probes

Radiolabeled 25 bp duplex probes were prepared in approxi-
mately 70% yield, an estimated value since UV/Vis measure-
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ments were not taken on the A)
radioactive material. The double-
stranded constructs could be

well separated from single- DNA-PKcs — -
stranded material by native PARP-1 —w
PAGE, and the ImageQuant gel EIRA ngaazr:g
analysis program used to deter- UBF1
mine their purity indicated it to Ku70/Ku80
be approximately 100% (Fig-
ure S3).

For preparative-scale photo- -~
crosslinking experiments, 25 bp HMGB;% "
duplex probes were prepared HMGB3

without a radiolabel. Following
purification, 455 pmol of the
unplatinated 25 bp  duplex,
379 pmol of the 25bp duplex
containing a 1,2-d(G*pG*) intra-
strand Pt-BP6 crosslink, and
331 pmol of the corresponding
1,3-d(G*pTpG*) Pt-BP6 adduct
were isolated. These values cor-
respond to yields of 91, 76 and
66 %, respectively.

v M
DNA

Figure 2. Analytical-scale photocrosslinking results. A) 10% SDS-PAGE analysis of photocrosslinking of HeLa nucle-
ar extracts using a 25 bp duplex containing a 1,2-d(G*pG*) (lane 1) or 1,3-d(G*pTpG*) (lane 2) crosslink of Pt-BP6.
B) 12% SDS-PAGE analysis of photocrosslinking using a 25 bp duplex containing a 1,2-d(G*pG*) crosslink of Pt-BP6
incubated with Hela nuclear extracts (lane 1) or nuclear extracts from Hela cells in which PARP-1 has been si-
lenced using RNAi (lane 2). Lane 1 was used as a guide to excise six bands from preparative scale photocrosslink-
ing experiments for analysis by trypsin digest-coupled LC-MS/MS. C) 10% SDS-PAGE analysis of photocrosslinking
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of NTera2 nuclear extracts using a 25 bp duplex containing a 1,2-d(G*pG*) crosslink of Pt-BP6 (lane 1) or a 25 bp
duplex containing a mismatched 1,2-d(G*pG*)/d(CpT) crosslink of Pt-BP6 (lane 2).

Preparative-scale photocross-
linking of a 25 bp duplex con-
taining a 1,2-d(G*pG¥) intra-
strand Pt-BP6 adduct in Hela
nuclear extracts

The Pt-BP6-modified DNA was irradiated in the presence of
Hela nuclear extracts to generate covalent bonds between the
benzophenone moiety of the platinum compound and any
proteins in the vicinity of the damage site. The DNA-to-protein
ratio was adjusted to be the same for both preparative-scale
and analytical-scale experiments. After immobilization of the
biotinylated DNA-platinum-protein conjugates on streptavi-
din-coated magnetic beads, the complexes were washed strin-
gently with high salt and SDS-containing buffers to remove
any noncovalently bound proteins. SDS-PAGE analysis was per-
formed on a slab gel to obtain better separation of proteins.
An analytical-scale photocrosslinking experiment was run in
parallel to the preparative-scale experiment as a guide for
excising DNA-platinum—protein complexes, as shown in Fig-
ure 2B, lane 1. Mass spectral analysis of the preparative-scale
photocrosslinking experiment identified several proteins in
each of the six major bands on the analytical gel (Table 1), in-
cluding the DNA repair proteins PARP-1, DNA ligase lll, Msh2,
and all three members of the DNA-PK heterotrimer, as well as
HMG-domain proteins HMGB1, HMGB2, HMGB3 and UBF1.

A control lane containing unplatinated DNA was included in
the preparative-scale photocrosslinking experiment. Proteins
identified in this lane, as well as proteins for which the molecu-
lar weight was inconsistent with the band location, were
excluded from the list in Table 1, which reports the results of
three repeats of preparative-scale photocrosslinking experi-
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ments. In the table, the “Band” column refers to the relative
mobility of the protein-platinum-DNA complex through the
gel (Figure 2B, lane 1), with band 1 being the fastest migrating
species. The “Unique peptides” column reports the number of
individual peptide fragments matching those expected from
the known protein sequence. Peptides differing by only one
amino acid were not considered to be unique. The “probabili-
ty” column assigns a number to each protein based on the
likelihood of a coincidental match of the best unique peptide
for each protein. For example, three unique peptides were
identified that correspond to the protein UBF1. One of these
peptides, RQLQEERPELSESELTRL, produced MS/MS data with a
probability of 7.96 x 1077, meaning that there is a 0.0000796 %
probability that this identification is an artifact due to back-
ground. Peptides with probabilities of 1.0x 1072 or higher were
excluded.

Analytical-scale photocrosslinking of a 25 bp duplex
containing a 1,3-d(G*pTpG*) intrastrand adduct

Following purification, the 25 bp probe containing a 1,3-d-
(G*pTpG*) Pt-BP6 intrastrand adduct was used in photocross-
linking experiments (Figure 2A, lane 2). For this probe, only a
weak band was present near the position where bands arising
from HMGB1, HMGB2, and HMGB3 crosslinked to the 1,2-d-
(G*pG*) adduct appear, indicating that these proteins are
bound weakly, if at all. The higher-molecular-weight bands
were similar, although not identical, to those of the 1,2-d-
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Table 1. Proteins identified by preparative-scale photocrosslinking of a 25 bp duplex containing a 1,2-d(G*pG*) intrastrand Pt-BP6 adduct.
Band®  Protein® Probability!® My, Unique Protein function
[Da]¥ peptides'®
1 HMGB1 3.50%x 107" 24878 5 HMGB1 shields cisplatin-DNA adducts from excision repair*”
HMGB2 3.12x1077 24018 5 Analysis of the NClI library of cancer cell lines reveals a correlation between cells
expressing high levels of HMGB1 and cisplatin sensitivity!% %!
HMGB3 414%x10°8 22980 3 HMGB1, HMGB2 and HMGB3 are chromatin architectural proteins®®
2 Ku70 447x107" 69829 17 Ku70 and Ku80 are members of the DNA-PK complex involved in nonhomologous
end-joining repair of double-strand breaks!"*?
Ku80 2.50x107° 82652 5
PARP-1 7.01x107" 113012 4 See text
3 Ku80 444x107" 82652 37
Ku70 1.11x107" 69829 22
PARP-1 1.35x107"° 113012 9
4 Ku80 2.22x107"° 82652 30
Ku70 1.26x107"2 69829 27
UBF1 7.96x1077 89350 3 HMG-domain protein responsible for initiation of RNA polymerase I
PARP-1 9.88x107"° 113012 14
DNA-PK 4.01x107" 468786 13
DNA ligase Il 391x107® 112834 6 See text
Msh2 8.53x107° 104676 4 Protein involved in the recognition of base pair mismatches'*?
5 PARP-1 2.63x107" 113012 42
DNA-PK 426x107" 468786 29 Member of the DNA-PK complex involved in nonhomologous end-joining repair
of double-strand breaks!"*?
DNA ligase L 8.10x 107" 112834 1
Msh2 7.57x107"? 104676 5
6 DNA-PK 8.73x107"° 468786 146
[a] The LC-MS/MS analysis was carried out on six gel slices corresponding to the bands indicated in Figure 2B, lane 1. The proteins found in each band are
listed here. [b] Proteins identified as described in the Experimental Section. [c] Probability of the peptide identification being an artifact of background
signal from the LC-MS/MS instrument. For example, a probability of 1.0x 10~ indicates that there is a 0.01% chance that the identified peptide is not ac-
tually present in the sample. The values listed correspond to the peptide most likely to be present for each protein. [d] Masses listed are those of the full-
length proteins. [e] The number of peptides identified for each protein. Peptides differing by only one amino acid were not considered to be unique.

(G*pG*) crosslink probe study. Proteins photocrosslinked by
the 1,3-d(G*pTpG*) probe were identified by preparative-scale
experiments.

Preparative-scale photocrosslinking of the 1,3-d(G*pTpG*)
intrastrand adduct of Pt-BP6 using HeLa cell nuclear ex-
tracts

Preparative scale photocrosslinking experiments were carried
out with the 25 bp duplex containing a 1,3-d(G*pTpG*) Pt-BP6
intrastrand crosslink in a manner similar to that described for
the 1,2-d(G*pG*) adduct. In this study, a desthiobiotin-modified
probe was required in order to avoid reaction between the
platinum atom and the sulfur-containing biotin moiety. The
desthiobiotin-tethered duplex has comparable affinity for
streptavidin-coated magnetic beads as the biotin-tethered
duplex originally employed (data not shown). The crosslinking
experiments identified several proteins that bind to this con-
struct (Table 2). Unlike the probe containing a 1,2-d(G*pG*) Pt-
BP6 crosslink, this probe exhibited only weak affinity for
HMGB1 and HMGB3, and no affinity at all for HMGB2 or UBF1.
The probe formed photocrosslinks to DNA repair proteins
PARP-1, DNA ligase lll, Msh2, all three members of the DNA-PK
heterotrimer, and RPA1, which was not photocrosslinked by
the 1,2-d(G*pG*) adduct. The significance of the protein proba-
bility values is discussed above. Fragment mass spectra of pro-
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Table 2. Proteins identified by preparative-scale photocrosslinking of a
25 bp duplex containing a 1,3-d(G*pTpG*) intrastrand Pt-BP6 adduct.
Band®  Protein® Probability®™ M, Unique Protein
[Da] peptides®  function®
1 HMGB1 257x107* 24878 1
HMGB3 497x107* 22980 1
2 PARP-1 1.61x1077 113012 2
RPA1 2.13x107° 68095 1
Ku70 1.30x107° 69799 1
3 Ku80 7.72x10° " 82652 13
PARP-1 1.20x10°% 113012 5
RPA1 8.47x1077 68095 1 «
DNA ligase lll  1.36x10°° 112834 4
Msh2 1.51x107° 104676 3
Ku70 221x10°° 69799 3
4 PARP-1 847x107"° 113012 14
DNA ligase Il 8.51x1077 112834 6
5 PARP-1 244x107 113012 7
DNA ligase Il 4.46x1077 112834 3
6 DNA-PK, 494%x10™° 468786 8
[a] See Table 1 for heading descriptions. [b] See Table 1 for descriptions
of proteins that are also listed here. [c] RPA1 is involved in DNA-damage
recognition of NER. It has a twofold greater affinity for cisplatin 1,3-d-
(G*pNpG*) vs. 1,2-d(G*pG*) intrastrand adducts®”.

teins identified by only one peptide are available in Figure S6
in the Supporting Information.
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Effect of shRNA-induced RNAi on PARP-1 expression

Figure 3 A illustrates the results of western blot experiments,
using an antibody against PARP-1, on Hela nuclear extracts.
Cells expressing the shRNA (lane 3) had a lower level of PARP-1

A)
1.2 3

PARP-1 Ml

p-actin

R 1 2 3 4 5 6

a1 ke g -0

f-actin el

Figure 3. A) Western blot analysis of HeLa-cell nuclear extracts transfected
with plasmids containing shRNA for silencing of the PARP-1 gene (lanes 2
and 3). The extract of untransfected Hela cells (lane 1) serves as an experi-
mental control. B) Western blot analysis of single clones of HelLa cells trans-
fected with the plasmid for RNAi of PARP-1. The nuclear extracts of clones 4,
5, 11, and 13 were loaded in lanes 3-6, respectively. Untransfected Hela cells
(lane 1) and transfected but unsorted cells (lane 2) were used as controls.

than the control Hela cells (lane 1). The DNA sequence from
which this shRNA is transcribed is 5-CCA ACT CCT ACT ACA
AGC TTT CTC GAG AAA GCT TGT AGT AGG AGT TGG TTIT TTG-
3. Cells expressing the shRNA were sorted into single clones
for selection of those containing minimal PARP-1 levels. As in-
dicated in Figure 3B, clone 11 (lane 5) exhibited no detectable
PARP-1 by western blot analysis. This clone was used in all sub-
sequent experiments.

Analytical-scale photocrosslinking using nuclear extracts
from cells with PARP-1 silenced

Nuclear extracts from Hela cells in which PARP-1 was silenced
by RNAi were used in photocrosslinking experiments with the
probe containing a 1,2-d(G*pG¥*) intrastrand Pt-BP6 adduct
(Figure 2B). The band identified as PARP-1 by preparative-scale
photocrosslinking was completely abolished when using nucle-
ar extracts from PARP-1 silenced cells.

Analytical-scale photocrosslinking of a 25 bp duplex
containing a 1,2-d(G*pG¥) intrastrand adduct at a GT
mismatched base pair

A 25 bp duplex containing a 1,2-d(G*pG*) intrastrand crosslink
at a mismatched base pair was synthesized and purified. The
duplex was constructed such that the platinated guanine on
the 3’-side of the top strand was mismatched against a thy-
mine residue on the bottom strand. Photocrosslinking experi-
ments were performed using this probe and NTera2 nuclear
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extracts (Figure 2C). The main result was formation of a band
containing the protein Msh2, which appears with much greater
intensity in lane 2. The increased affinity of Msh2 for the com-
pound lesion diminishes the binding of other proteins that
would otherwise recognize the platinated duplex. In particular,
HMG-domain proteins and PARP-1 are photocrosslinked less ef-
fectively, and proteins that comprise the DNA-PK heterotrimer
are also somewhat competed.

Analytical-scale photocrosslinking using nuclear extracts
from cancer cell lines of different origin

Nuclear extracts from cervical (Hela), bone (U20S), testicular
(NTera2), and pancreatic (BxPC3) cancer cells were used in pho-
tocrosslinking experiments with both the 1,2-d(G*pG*) and 1,3-
d(G*pTpG*) adducts of Pt-BP6 (Figure 4). The proteins cross-
linked to each probe appear to be the same for nuclear ex-
tracts from the four different cell lines, but with varying quanti-
ties. The most dramatic difference occurs for PARP-1, the band
which is strong for nuclear extracts from NTera2 cells, but very
weak for nuclear extracts from BxPC3 cells.

Western blot analysis of PARP-1 in HeLa and NTera2 cells

Western blot analyses of Hela and NTera2 nuclear extracts
reveal that PARP-1 expression is significantly higher in the
latter (Figure 5). This result indicates that the greater amount
of photocrosslinking to PARP-1 in NTera2 nuclear extracts is a
consequence of its higher expression level.

Synthesis of a site-specifically platinated 90-base probe

A biotinylated 65-base oligonucleotide was prepared on the
DNA synthesizer and purified by 6% urea-PAGE. A total of
12.4 nmol was collected. The 65-base DNA and a Pt-BP6-modi-
fied 25-base DNA were phosphorylated, annealed, and ligated
to make a 90-base dumbbell probe (Figure S4), the formation
of which was confirmed by 6% urea-PAGE analysis (Figure 6 A).
The 90-base probe was isolated by 6% urea-PAGE and visual-
ized by audioradiography (Figure 6B). The dumbbell was re-
synthesized on a preparative scale probe and visualized by UV
shadowing, which revealed a band migrating the same dis-
tance through the gel as the radiolabeled 90-base DNA prod-
uct. The DNA was extracted, and 630 pmol of the platinated
product were obtained.

Characterization of the site-specifically platinated 90-base
probe

To determine whether the excised DNA contained the desired
90-base probe, the preparative-scale sample was analyzed by
nuclease digestion. The analysis was altered from that used for
the 25-base DNA by addition of an initial step involving exonu-
clease lll, T7 exonuclease, and mung bean nuclease (MBN). This
step is necessary to digest the loops and duplex portions of
the DNA prior to incubation with the single-stranded nucle-
ase S1. HPLC analysis revealed a peak in addition to those of
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Figure 4. Photocrosslinking of 25 bp Pt-BP6 probe with nuclear extracts from various cell lines.

the four nucleobases with a retention time of 19.5 min (Fig-
ure S5). The ratios of optical bands at 280 and 260 nm for cyto-
sine, thymine, guanine, and adenine are expected to be 1.03,
0.66, 0.78, and 0.16, respectively.*¥ Experimentally, these ratios
were 1.06, 0.66, 0.79, and 0.20, in good agreement with the
theoretical values. For the peak at 19.5 min, this ratio was 2.14,
indicating that the peak is unlikely to contain a DNA base. RP-
HPLC analysis of the buffers and enzymes alone, without DNA,
indicated that this peak is an artifact and not a product of di-
gestion of the 90-base DNA probe (Figure S5A).

The C:G:T:A ratios of the 65-base DNA, 25-base DNA, and
desired 90-base dumbbell product are 13:23:15:14, 12:2:9:2;
and 25:25:24:16, respectively. For the unplatinated probe (Fig-
ure S5B), the experimental ratio was 23.1:26.5:23.7:15.7 and,
for the platinated probe, (Figure S5C) it was 24.1:25.9:23.6:
15:4. These values compare well with the expected ratios for a
90-base probe, indicating that the DNA was properly con-
structed. To determine whether the DNA was in the completely
ligated dumbbell form, a radiolabeled sample was digested
with MBN. The expected product would contain 41 bases (Fig-
ure 7A), in agreement with the experimental result (Figure 7B,
C). MBN digestion of a 90-base DNA that is only singly ligated
produced a radiolabeled DNA fragment of 33 bases (Fig-
ure 7Q).

Analytical-scale photocrosslinking of the platinated 90-base
probe

Photocrosslinking using a radiolabeled 90-base dumbbell
probe containing a site-specific 1,2-d(G*pG*) adduct of Pt-BP6
and nuclear extracts from various cancer cell lines yielded sev-
eral specific protein—platinum-DNA complexes. The results are
presented in Figure 8.
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Preparative-scale photocrosslink-
ing experiments using the 90-
base dumbbell probe and Hela
nuclear extracts led to the iden-
tification of many nuclear pro-
teins with an affinity for this
platinated DNA (Table 3). All of
the proteins identified using the
25 bp probe were detected with the 90-base probe. The addi-
tional proteins identified were the transcription factor YB-1,
mismatch repair proteins Msh3 and Msh6, excision repair pro-
teins DDB1, RFC1 and RFC2, and the chromatin remodeling
proteins SMARCA3, DNA topoisomerase |, protein polybromo-1
(PB-1), SMARCA4, SMARCC2, and FACT subunit SPT16. Frag-
ment mass spectra of proteins identified by only one peptide
are available in Figure S6.

DNA ladder
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90-base DNA. 80
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»

Figure 6. The 90-base DNA was synthesized from 25- and 65-base DNA frag-
ments. The 90-base product was purified (A) and the purity determined by
6% urea-PAGE (B).
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Figure 7. The purified 90-base DNA was analyzed by mung bean nuclease (MBN) digestion. A) This enzyme will cleave the looped ends of the DNA, which
will produce a different product for singly or doubly ligated material. B) Digestion of the 90-base probe indicates that a fully ligated DNA was isolated. C) A
control experiment using a singly ligated DNA demonstrates the 33-base product produced after MBN digestion of this type of DNA.
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Figure 8. Photocrosslinking of the 90-base DNA with several cancer-cell
nuclear extracts. The bands used for preparative-scale experiments are
indicated.
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90-base probe repair assay

The 90-base probe remains intact following exposure to nucle-
ar extracts from various cell lines both before and after UV
irradiation (Figure S7). Gel electrophoretic analysis of DNA ex-
posed to the extracts revealed no difference from that for un-
treated DNA. The lane labeled “U20S+ UV” in Figure S7 indi-
cates that exposure to UV light also does not affect the probe.
If the dumbbell ends were severed from the probe, as occurs
following incubation with mung bean nuclease (Figure 7B), a
digestion product of 41 bases would be present. If the plati-
num adducts were excised by NER proteins, a DNA fragment
of 28-32 bases would appear in the gel.

Discussion
Overview of the methodology

Since the discovery that cisplatin targets DNA, much effort has
been expended to identify proteins with an affinity for the
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Table 3. Proteins identified by preparative-scale photocrosslinking of a 90-base DNA containing a 1,2-d(G*pG*) intrastrand Pt-BP6 adduct.
Band"® Protein® Probability® My Unique Comments
[Da] peptides®
1 HMGB1 236x107° 24878 1 See Table 1 for descriptions of proteins that are also listed here.
HMGB2 3.80x10°8 24018 1
HMGB3 8.64x1078 22980 1
2 YB-1 8.32x1077 35902 1 Y-box binding protein-1 (YB-1) is a transcription factor containing a cold-shock
domain (CSD) that binds to cisplatin-modified DNA"®
RFC2 331x10°° 39132 2 Involved in intermediate steps of nucleotide excision repair”?
3 Ku70 7.29%1078 69799 n
4 Msh2 1.70x 1077 112834 9
Ku70 3.72x1077 69799 8
Ku80 3.89x 1077 82652 3
UBF1 7.21x1077 89350 1
Msh3 5.72x107° 127376 2 Protein involved in the recognition of base pair mismatches"?
DNA topo | 1.05x107° 90668 3 Chromatin remodeling protein involved in relaxing superhelical DNA®!
5 PARP-1 1.61x107" 113012 13
RFC1 267%x107"° 128175 4 Binds to double-stranded DNA and interacts with proliferating cell nuclear
antigen (PCNA) to initiate transcription’?
PB-1 2.02x107° 192823 5 SWI/SNF chromatin remodeling protein containing an HMG-domain'*”
Msh3 404x107° 127376 3
SMARCA4 2.14x107° 184529 4 SWI/SNF chromatin remodeling protein®®”
SMARCA3 131x10°8 113856 2 SWI/SNF chromatin remodeling protein®®”
DNA ligase Il 1.91x1078 112834 10
DDB1 7.71x107° 126887 2 Nucleotide excision repair protein that binds to cisplatin-modified DNA®20:657")
6 PARP-1 6.32x1078 113012 7
SMARCC2 2.69x10°° 132796 2 SWI/SNF chromatin remodeling protein’®”
DNA ligase lll  7.68x10°7 112834 5
Msh6 2.44x1077 152688 1 Protein involved in the recognition of base-pair mismatches“?
Msh2 2.75%x107° 104676 3
SPT16 493x107° 119838 2 FACT complex subunit that increases the affinity of the HMG-domain protein
SSRP1 for cisplatin-modified DNA""
7 DNA-PKcs 1.48x1078 468786 15
[a] See Table 1 for heading descriptions.

platinated duplex. In the present study, we prepared and char-
acterized site-specifically modified 25 bp duplexes containing a
1,2-d(G*pG*) or 1,3-d(G*pTpG*) crosslink as well as a 90-base
dumbbell probe containing a 1,2-d(G*pG*) intrastrand cross-
link, all bearing a pendant photoactivatable benzophenone
crosslinking agent. Upon irradiation, these probes form cova-
lent bonds between the platinated DNA and any proteins in a
nuclear extract for which they have an affinity. Isolation of the
DNA-platinum-protein complexes followed by trypsin diges-
tion and mass spectrometric analysis allowed the proteins to
be identified. Unlike southwestern blotting and other tech-
niques, the present approach exposes the platinated DNA to
multiprotein complexes. The method requires proteins to com-
pete for binding to the probe, thus providing a more realistic
assessment of the cellular milieu. Although cisplatin itself can
form DNA-protein crosslinks, in order to form such a covalent
bond the protein would have to be in very close proximity to
the adduct.** Pt-BP6 probes utilize a photoreactive moiety
with a six-carbon-atom linker chain, allowing for a large
number of DNA-bound proteins to be captured. Our probes
also can carry site-specific platinum adducts such that proteins
having an affinity for a particular chemical crosslink can be
analyzed.
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Identification of the proteins

Many of the proteins identified in the photocrosslinking experi-
ments conducted in this study (Tables 1-3) appear in more
than one band. This phenomenon occurs for a number of rea-
sons. During photocrosslinking and subsequent work-up steps,
the samples were kept at 4°C whenever possible. Despite
these efforts, some protein degradation is inevitable. Degraded
proteins travel down the gel more rapidly and the fragments
appear in faster eluting bands. The nature of trypsin-digest-
coupled mass spectrometric analysis does not distinguish be-
tween full-length proteins and protein fragments. For example,
a small amount of DNA-PK_,, a protein that is clearly identified
in the most slowly eluting band (Figure 2B, lane 1), also occurs
to a lesser degree in the three bands running just below it in
the gel. Another common problem with trypsin-digest-coupled
mass spectrometry is a phenomenon known as carry-over. The
instrumentation is extremely sensitive, able to detect attamole
quantities of peptides, and very small amounts of protein from
one run can be carried over into the next.

Even with 2 mg of nuclear extracts used for photocrosslink-
ing, only the band containing DNA-PK_; is distinctly visible by
Coomassie staining of the gels. Since the analytical-scale pho-
tocrosslinking must be used as a guide to excise bands that
run extremely close together on the gel, some overlap of ex-
cised bands is inevitable. The methodology was able to isolate
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and identify a band containing DNA-PK_ and one containing
HMGB1, HMGB2 and HMGBS3. As described below, the presence
of PARP-1 crosslinked to our probe was identified by its ab-
sence in experiments using nuclear extracts from Hela cells in
which the protein was silenced with RNAi (Figure 2B). Also, the
identity of Msh2 in a band was verified by photocrosslinking
with a DNA duplex containing a combination of a platinum
adduct and a DNA mismatch (Figure 2C). The identities of
Ku70, Ku80, and UBF1 proteins in the remaining bands are
consistent with their molecular weights. For the 90-base
dumbbell probe, it was possible to identify proteins present in
the various bands, despite their large number (Table 3). Results
with this probe clearly demonstrate that proteins photocross-
linked to the 25 bp duplex probe are not a consequence of
their affinity for DNA ends.

HMG-domain proteins bind with greater affinity to 1,2-d-
(G*pG¥) crosslinks

A significant difference between the Pt 1,2-d(G*pG*) and 1,3-d-
(G*pTpG*) intrastrand crosslinks is that the former are better
recognized by HMG-domain proteins.® These chromosomal
proteins bind to distorted DNA structures such as four-way
junctions and induce further bending of the duplex.*® The
present results indicate that, in cell extracts, HMGB1 and
HMGB3 bind weakly to the 1,3-d(G*pG*) adduct, whereas
HMGB1, HMGB2, HMGB3, and the HMG-domain protein UBF1
all bind strongly to the 1,2-d(G*pG¥*) crosslink (Figure 2A,
Tables 1 and 2). This finding supports previous work utilizing
electrophoretic mobility shift assays (EMSAs) of purified
HMGB1, which reveal that the protein binds to the 1,2-d-
(G*pG*) but not the 1,3-d(G*pTpG*) adduct.®”! Here we provide
conclusive evidence that this behavior occurs in a nuclear
milieu, in which many other proteins can compete for binding
to the platinum crosslink.

The data provided here also establish for the first time an
affinity of HMGB3 for platinum-modified DNA. The absence of
prior studies linking HMGB3 to the processing of platinum-
DNA adducts most likely stems from the fact that this protein
is usually expressed during embryonic development and not in
adult tissues.®” One proteomic analysis of platinum-resistant
versus -sensitive ovarian tumors indicates that HMGB3 is ex-
pressed to a greater degree in resistant cells, although not
dramatically.®®

Nucleotide excision repair proteins bind to Pt-BP6-modified
DNA

Replication protein A1 (RPA1) is a component of the nucleotide
excision repair apparatus, the major machinery for removing
cisplatin adducts from DNA.” We find this protein to be pho-
tocrosslinked only to the 1,3-d(G*pTpG¥) intrastrand adduct of
Pt-BP6. EMSA studies using purified RPAT1 indicate that the pro-
tein has a 1.5-2-fold stronger affinity for the 1,3-d(G*pTpG¥)
than the 1,2-d(G*pG*) cisplatin crosslink.®” The 1,3-d(G*pTpG*)
adduct is repaired more efficiently by NER than the 1,2-d-
(G*pG*) adduct, and repair of the latter is further inhibited,
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exclusively for the 1,2-d(G*pG*) crosslink, by the binding of
HMG-domain proteins.*” The affinity of HMG-domain proteins
in nuclear extracts for the 1,2-d(G*pG¥) intrastrand crosslink
has been established in the present experiments, as discussed
earlier. Our results indicate that RPA1 binds with greater affinity
to the 1,3-d(G*pTpG*) intrastrand crosslink of Pt-BP6 in the nu-
clear milieu, in which other proteins such as HMGB1 are avail-
able to compete for binding. That RPA1 does not bind to the
1,2-d(G*pG*) intrastrand adduct of Pt-BP6 most likely reflects
lower affinity for the lesion in addition to competition for bind-
ing from HMG-domain proteins.

Nucleotide excision repair of cisplatin adducts results in
excised DNA fragments of approximately 28-32 base pairs,“”
which is longer than the 25 bp probe. Use of a longer DNA
probe modified with Pt-BP6 should therefore increase the abili-
ty of nucleotide-excision repair proteins to bind and become
activated, providing a more complete account of proteins that
bind to platinated DNA. Photocrosslinking studies using the
longer 90-base dumbbell probe are discussed below.

Mismatch repair recognition complexes bind to platinum-
damaged DNA

The binding of mismatch repair proteins to cisplatin-damaged
DNA is relevant to the antiproliferative effects of the drug and
is discussed in detail in the literature.'®**'=* The affinity of
MMR protein Msh2 for various constructs of cisplatin-modified
DNA has been demonstrated.*"*”" Msh2 forms a complex with
either Msh3 or Msh6 when it binds to DNA containing mis-
matches. These two distinct mismatch repair recognition com-
plexes have different affinities for certain types of mismatched
bases and nucleotide insertions or deletions.*® The current
study establishes that both protein complexes Msh2/Msh3 and
Msh2/Msh6 will bind to platinum-modified DNA in nuclear
extracts (Table 3).

Previous work using EMSAs indicates that the mismatch
repair protein, Msh2, has a greater affinity for a 1,2-d(G*pG¥)
cisplatin crosslink in which the unplatinated DNA strand con-
tains a mismatched thymine opposite the 3'-guanosine.”” This
result nicely correlates with the finding of the present study, in
which the crosslinking efficiency is enhanced in the mis-
matched probe (Figure 2C). The increased affinity of Msh2 for
DNA containing the mismatched platinum crosslink is accom-
panied by diminished photocrosslinking to the other proteins.
If a DNA polymerase were able to bypass a cisplatin adduct,
the resulting product would incorporate a mismatched base™
and become a better binding site for mismatch repair proteins,
inducing futile attempts to repair the compound lesion and
eventually signal apoptosis.™”

Are Pt-BP6 adducts a reasonable facsimile for those of
cisplatin?

Our photocrosslinking results demonstrate that the Pt-BP6-
modified probe mimics cisplatin-modified DNA. Many of the
proteins crosslinked by Pt-BP6 have been previously associated
with cisplatin-damaged DNA. This finding indicates that cis-
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{Pt(NH;)(N-(6-aminohexyl)-4-benzophenonamide)}**-DNA cross-
links are processed in a manner identical to those of cis-
{Pt(NH5),}**. The probe containing a 1,2-d(G*pG*) intrastrand
adduct forms photocrosslinks to several HMG-domain proteins
whereas the probe containing a 1,3-d(G*pTpG*) intrastrand Pt-
BP6 adduct, like that for cisplatin, bound these proteins weakly
or not at all. Also, only the 1,3-d(G*pTpG*) probe formed pho-
tocrosslinks to the nucleotide excision repair protein, RPA1
(Tables 1 and 2). The probe containing a compound lesion of a
1,2-d(G*pG*) adduct of Pt-BP6 and a C-T mismatch photocros-
slinked more strongly to the mismatch repair protein Msh2
(Figure 2C). These results agree with work described in the
literature with cisplatin-DNA probes in EMSAs with purified
proteins B3%41

The fact that the ammine/alkyl amine platinum complex Pt-
BP6 behaves like cisplatin is relevant to the mechanism of the
orally available platinum(lV) compound cis,trans,cis-[Pt(NH;)-
(cyclohexylamine)(acetato),Cl,], satraplatin, which has under-
gone clinical trials for hormone-resistant prostate cancer. Satra-
platin is reduced to platinum(ll) in blood, and in cells the cis-
{Pt(NH,)(cyclohexylamine)}*™ cation is expected to be the DNA-
binding moiety.***® DNA adducts formed by satraplatin are
apparently not recognized by mismatch repair proteins.** Our
present results suggest that satraplatin-DNA adducts, which
contain a pendant cyclohexylamine structurally similar to the
benzophenone arm of the BP6 ligand, might be processed by
the cell in a manner identical to that of cisplatin.

Photocrosslinking results are not strongly dependent on the
composition of nuclear extracts from different cancer cell
lines

The photocrosslinking experiments were extended to include
nuclear extracts from a variety of cancer cell lines having varia-
ble sensitivities to cisplatin (Figure 4). The proteins photocross-
linked by the platinated probe are generally consistent among
all cell lines tested, although their relative amounts differ. The
fact that extracts from a variety of cells exhibit an identical
array of platinated-DNA-binding proteins is consistent with
recent work indicating that the success of oxaliplatin, by com-
parison to cisplatin or carboplatin, to treat colorectal cancer is,
in part, a consequence of increased cellular uptake®" and not
differential processing of the Pt-DNA adducts. The one notable
difference in the present work is the extent of photocrosslink-
ing of PARP-1. The amount of photocrosslinking of the protein
between the different extracts varies greatly, with the greatest
levels appearing in extracts from NTera2 testicular cancer cells
(Figure 4, lane 3). The consequences of PARP-1 binding to plati-
num-modified DNA are discussed below. Photocrosslinking
with nuclear extracts from the same cell lines using the 90-
base Pt-BP6 probe (Figure 8) showed similar results. Fewer pro-
teins are present in BXPC3 nuclear extracts that bind to plati-
nated DNA than in similar extracts from the other cells. Unlike
experiments using the 25 bp probe (Figure 2B), photocrosslink-
ing studies with the 90-base probe using nuclear extracts in
which PARP-1 is silenced did not reveal a resolved band con-
taining this protein (Figure 8). This finding is most likely due to
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overlap between the PARP-1-platinum-DNA complex and
other proteins having a similar molecular weight (Table 3).

In summary, the results from the present photocrosslinking
experiments reveal that recognition of platinum-damaged
DNA is largely conserved between nuclear extracts from cell
lines with differing sensitivities to cisplatin and that DNA
damage recognition is not likely to be the sole reason for the
variable response of the cells to cisplatin treatment.

PARP-1 binds to platinum-damaged DNA

Photocrosslinking experiments identified poly(ADP-ribose)
polymerase-1 (PARP-1) as a key protein that binds to both the
1,2-d(G*pG*) and 1,3-d(G*pTpG*) intrastrand Pt-BP6 crosslinks.
Using nuclear extracts from Hela cells in which PARP-1 was si-
lenced by RNAi, we confirmed the identity of the band con-
taining PARP-1 with the 25 bp duplex probe (Figure 2B). PARP-
1 has been associated with base excision repair® and a
backup system of nonhomologous end joining (NHEJ); this
latter process repairs double strand breaks when the DNA-PK
heterotrimer is compromised.®*** In both of these activities,
PARP-1 recruits DNA ligase Ill to the damage site,*? which we
propose to be the main reason for DNA ligase Il photocross-
linking by our probes.

PARP-1 catalyzes the addition of poly(ADP-ribose) (PAR)
polymers onto acceptor proteins in a reaction that consumes
NAD*.B" PAR polymers created by PARP proteins can signal
the release of apoptosis-inducing factor (AIF) from mitochon-
dria, which initiates apoptosis.”™ PARP activity depletes cellular
reservoirs of NAD™, leading to a shutdown of glycolysis. Since
cancer cells rely on glycolysis for ATP production, the cells will
die by necrosis.”® The formation of PAR polymers on nuclear
proteins is important, since each unit of the polymer contains
two negatively charged phosphate moieties, which electrostat-
ically repel the DNA backbone in the vicinity of a PAR-modified
protein.®” A major target of PARP-1 activity is PARP-1 itself,
which leads to dissociation of the enzyme from DNA. PARP-1
can also modify histone proteins, relaxing their DNA interac-
tions, which may facilitate repair.®"

Given the sensitivity of NTera2 cells to cisplatin, the high
levels of PARP-1 expression in this context (Figure 5) suggest a
role for this protein in mediating the anticancer activity of the
drug. PARP-1 is commonly mutated in germ cells, specific var-
iants being Val762Ala and Lys940Arg, two residues in the cata-
lytic domain of the protein.”® Compromised activity of PARP-1
by these mutations may be the reason that such high levels of
the protein are present in this cell line. PARP inhibitors have
been used to sensitize cells to cisplatin and carboplatin,®*¢” al-
though there are conflicting results that indicate no effect.®”
On balance, the data suggest that PARP-1 may facilitate repair
of Pt-DNA adducts, since its inhibition sensitizes cells to cispla-
tin. The anticancer potential of PARP inhibitors and platinum
drugs in combination therapies is currently being investigated
in phase | and Il clinical trials.®”

Given this information, the identification of PARP-1 as a pro-
tein that binds to platinum-modified DNA is a significant dis-
covery. Since the protein also recognizes double-strand breaks,
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we investigated the possibility that it binds to the ends of our
25-mer probe rather than the platinum crosslink by preparing
a site-specifically platinated 90-base dumbbell probe. PARP-1
can bind to the hairpin loops of dumbbell DNA, but in so
doing only makes contact with the four adjacent base pairs.*?
In our probe, the platination site is 19 base pairs from the
loops (Figure 1B) making it very unlikely that PARP-1 would be
photocrosslinked without binding at the site of platination.
Photocrosslinking experiments using the 90-base dumbbell
probe confirmed that every protein identified using the 25 bp
probe, including PARP-1, binds at the platinum site and not
the DNA ends (Table 3). Several proteins were identified using
this longer probe that were not found with the 25 bp duplex
probe as discussed below.

The DNA-PK heterotrimer binds to the 90-base dumbbell
probe

Experiments using the 90-base probe eliminated the possibility
that photocrosslinking was a consequence of protein binding
to DNA ends except for Ku70 and Ku80 (Table 3), which inter-
act with DNA double-strand breaks as well as loops® to form
a complex that translocates along the DNA duplex.*” DNA-
bound Ku proteins also recruit DNA-PK_,'** and the Ku family
are also known to bind to cisplatin-modified DNA."” Investi-
gating the specificity of the Ku proteins for platinum-modified
DNA remains a challenge owing to these properties and, from
the present studies, we are unable to conclude definitively
that their capture in the photocrosslinking studies is solely the
consequence of platinum lesion recognition.

Proteins involved in nucleotide excision repair bind to the
90-base DNA probe

The DNA damage binding protein-1 (DDB-1), which is the
142 kDa subunit of the complex DDB, originally known as xero-
derma pigmentosum complementation group E protein bind-
ing factor (XPE-BF), was photocrosslinked by the 90-base
probe. The cisplatin-modified DNA-binding ability of this pro-
tein has been demonstrated by using EMSAs with extracts
from XPE cells, which contain mutated DDB-1.2>%! This protein
stimulates nucleotide excision repair (NER) of UV-damaged
DNA," although it is apparently not necessary for repair of a
cisplatin 1,3-d(G*pTpG*) intrastrand adduct.®® The role of DDB-
1 in cisplatin-damaged DNA repair is not well understood; it
may be one of the first NER proteins to bind to damaged
DNA.?

The transcription factor YB-1, which was photocrosslinked
by the 90-base probe, binds to cisplatin-modified DNA.”” The
consequences of this binding may derive from the interaction
of YB-1 with proliferating-cell nuclear antigen (PCNA), a protein
necessary for NER.?”" Another PCNA-interacting protein pho-
tocrosslinked by our 90-mer probe is replication factor C
(RFC).*¥ Five RFC proteins are involved in DNA replication and
repair.”? RFC1 binds to double-stranded DNA and interacts
with PCNA to initiate transcription.”” A role for RFC1 in DNA
repair is supported by experiments demonstrating that the
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protein is necessary to promote cell survival following cisplatin
or UV exposure.” The protein RFC2 was also photocrosslinked.
RFC2 binds to damaged DNA downstream of damage recog-
nition in the nucleotide excision repair pathway following ex-
cision of the damaged bases.”*’ It may be responsible for
keeping the damage response activated until repair is complet-
ed.[76]

Since RFC2 has been implicated in binding to damaged DNA
after excision of a lesion, the integrity of the 90-base probe fol-
lowing incubation with nuclear extracts was investigated. After
two hours, the DNA was analyzed by PAGE, which indicated
that Pt-BP6 was not excised (Figure S7). This result proves that
RFC2 binds to platinum-damaged DNA prior to excision of the
lesion. Our experiments also demonstrate that the dumbbell
DNA structure is stable in nuclear extracts, consistent with
other studies of this type of DNA structure.”” The stability of
dumbbell DNA structures in biological media has led to an
investigation of their therapeutic potential as decoys for tran-
scription factors.”®

The photocrosslinking of SPT16 gives structural information
about the binding of the FACT complex to platinum-modi-
fied DNA.

The SPT16 subunit of the FACT (FAcilitates Chromatin Tran-
scription) complex increases the affinity of its other subunit,
the HMG-domain protein SSRP1, for cisplatin-modified DNA.7?
Structural analysis of the HMG-domains of HMGB1 indicate
that the domains bind to the widened minor groove of cis-
platin-modified DNA in a hydrophobic notch opposite the
lesion.®*2 The photocrosslinking of SPT16 but not SSRP1 sug-
gests that the latter interacts mainly with DNA across from the
platinum crosslink, and that SPT16 is directed toward the
adduct. The photocrosslinking of SPT16 demonstrates that it
binds to platinum-modified DNA in the context of the nuclear
milieu and is relevant to the processing of platinum adducts.

Chromatin remodeling proteins bind to platinum-modified
90-base dumbbell DNA

DNA topoisomerase | (topo I) binds to closed circular DNA and
DNA-histone complexes containing cisplatin adducts.®*®"
Topo | relaxes superhelical DNA by severing one strand, cross-
ing the unbroken strand through the break, and then religat-
ing the broken strand. This function is necessary for transcrip-
tion.®” The stalling of topo | at DNA damage sites can interfere
with repair, an effect blocked by poly(ADP-ribosyl)ation of
topo | by PARP-1 and PARP-2, which dissociates the protein
from DNA.®® The combination of cisplatin and topo | inhibi-
tors, such as camptothecin, has improved response in clinical
trials.®”? The synergistic cell-killing by these two drugs is not
well understood, but the effect only occurs in cells with a func-
tional homologous recombination repair pathway.® The ability
of topo | to bind non-nucleosomal platinum-modified DNA has
not been established, but the current study demonstrates that
the interaction will occur in nuclear extracts.
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The SWI/SNF family proteins SMARCA3, SMARCA4,
SMARCC2, and protein polybromo-1 (PB-1) were photocross-
linked by the 90-base dumbbell probe. The acronym SMARC
stands for SWI/SNF-related matrix-associated actin-dependent
regulators of chromatin. These proteins are responsible for
chromatin remodeling, which allows the transcription machin-
ery to process DNA that is tightly wrapped around histones.®
One member of this family, PB-1, contains an HMG-domain,*”
which may bind to the platinum site and recruit the other
SWI/SNF proteins. The affinity of PB-1 and the SWI/SNF family
of proteins for platinum-modified DNA has not been demon-
strated prior to the present work. The ability of these proteins
to bind to platinum-modified DNA might inhibit excision of
the adduct by NER proteins or hijack them from their native
functions.

Pt-BP6-modified DNA is able to photocrosslink proteins with
low cellular abundance

The binding of proteins to DNA is an equilibrium process, but
photocrosslinking creates a covalent bond, which prevents
proteins from dissociation. Due to this covalent linkage, any
protein with an affinity for platinum-modified DNA will be pho-
tocrosslinked by the probe. As few as 500 zeptomoles of tryp-
sin-digested peptides can be detected by the Thermo Electron
Model LTQ lon-Trap mass spectrometer used in our experi-
ments.® In practice, the instrument used in these studies will
detect subfemtomole amounts of peptide in complex mix-
tures,® corresponding to fewer than 6.02x 10® molecules. In
our preparative-scale photocrosslinking experiments, we used
2mg of Hela nuclear extracts. These extracts are collected
from five 175 cm? cell culture plates, each containing approxi-
mately 1.8x 107 cells. If a protein were expressed at a level of
only 10 copies per cell, there would be 9x 108 copies of that
protein present in our extracts. Although such poorly ex-
pressed proteins would have to compete for binding with
other more abundant ones, photocrosslinking will create an ir-
reversible covalent bond between any protein having an affini-
ty for the platinum-modified DNA and the probe. These con-
siderations indicate that proteins expressed at a level as low as
ten copies per cell should be detectable by our methods.

Several highly abundant proteins present at upwards of 10°
molecules per cell were identified using Pt-BP6-modified DNA,
including PARP-1®%! and the Ku proteins.®” Other proteins
identified are not nearly as abundant, such as the MMR pro-
teins Msh2, Msh3, and Mshé, as well as the SWI/SNF family pro-
teins, for which there are only 100-200 molecules per cell,*>°
and DDB1, which is present at 8000 molecules per cell®” The
expression of HMGB3 in adult tissues was undetectable by RT-
PCR,®” but was identified with our methodology. The identifi-
cation of these proteins demonstrates that these photocross-
linking experiments provide a very sensitive method for detec-
tion of platinum-damaged DNA binding proteins.
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Conclusions

DNA duplexes site-specifically platinated with a cisplatin ana-
logue containing an amino ligand bearing a pendant photo-
activatable moiety, Pt-BP6, were prepared to capture proteins
with an affinity for Pt-modified DNA. Differences in photocross-
linking between a 25 bp probe containing a 1,2-d(G*pG*) or
1,3-d(G*pTpG*) intrastrand crosslink reflect preferences previ-
ously reported for DNA adducts of cisplatin studied in isola-
tion. For example, HMG-domain proteins strongly favor the
1,2-d(G*pG*) intrastrand crosslink whereas the nucleotide exci-
sion repair protein RPA1 prefers the 1,3-d(G*pTpG*) adduct.
Similarly, a duplex containing the 1,2-d(G*pG*) adduct of Pt-
BP6 carrying a mismatched base opposite the platination site
has a greater affinity for the mismatch repair protein, Msh2.
These results indicate that the Pt-BP6-DNA lesion is processed
in manner analogous to cisplatin-DNA lesions and that recog-
nition of damaged DNA is effective in the context of the nucle-
ar environment. The Pt-BP6-DNA probe allowed us to identify
PARP-1 binding specificity to Pt-modified DNA. PARP-1 is cur-
rently a subject of much scrutiny by cancer biologists, and the
discovery that it binds to platinum-modified DNA warrants fur-
ther attention. This protein is differentially expressed among
the sampling of cancer cell lines routinely investigated in our
laboratory and high levels of expression in testicular cancer
cells lead to greater photocrosslinking. Because of the affinity
of some of the identified proteins for DNA ends, photocross-
linking experiments were conducted with a site-specifically
platinated 90-base dumbbell probe, in which the capture of
most proteins bound to DNA ends is highly unlikely. Photo-
crosslinking experiments with the 90-base probe identified sev-
eral previously unrecognized platinum-DNA damage recogni-
tion proteins. Included are YB-1, DDBI1, as well as several other
proteins involved in nucleotide excision repair and chromatin
remodeling. A numerical analysis reveals that this technology
should be able to detect proteins expressed at very low levels
that bind to platinum-DNA damage in cells. The ability of
these proteins to bind to platinum-modified DNA suggests
that further studies should be carried out to define the role of
these proteins in the processing of DNA damage. The effect on
cisplatin sensitivity of silencing or chemical inhibition of these
proteins is also warranted.

Experimental Section

Materials: Solvents and chemical reagents were purchased from
commercial sources. Potassium tetrachloroplatinate(ll) was provid-
ed by Engelhard. DNA strands were synthesized on an Applied Bio-
systems ABI 392 DNA/RNA synthesizer using solvents and reagents
supplied by Glen Research. Enzymes were purchased from New
England BioLabs and Promega. UV/Vis spectra were obtained on
an HP 8453 UV/Vis spectrometer. Platinum analyses were per-
formed by flameless atomic absorption spectroscopy on a Perkin—
Elmer Analyst 300 system. Analytical and preparative HPLC work
was performed either on an HP Waters or an Agilent 1200 HPLC
system. UV irradiation was conducted in a Stratagene Stratalinker
UV Crosslinker. Protein digestion and analyses were performed by
trypsin digestion-coupled LC-MS/MS analysis at the MIT Biopoly-
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mers facility. Antibodies used in western blot experiments were
purchased from Axxora Life Sciences.

Synthesis of a 1,2-d(G*pG*) intrastrand Pt-BP6-modified 25 bp
DNA: A 25-base-pair DNA duplex, site-specifically platinated with
Pt-BP6, was synthesized as reported previously.?® Briefly, cis-
ammine(BP6)dichloroplatinum(ll) (Scheme 1B) was activated by
treatment with AgNO; and allowed to react in a 2:1 molar ratio
with a 25-base single-stranded DNA containing one d(G*pG¥) site,
5’-CCT CTC CTC TCA GGA TCT TCT CTC C-biotin-TEG-3'. The singly
platinated 25 bp was then isolated by reversed-phase HPLC and
characterized by UV/Vis absorbance, atomic absorption spectrosco-
py, and by ESI-MS.

Synthesis of a 1,3-d(G*pTpG*) intrastrand Pt-BP6-modified 25-
base single-stranded DNA: In a method similar to that used to
prepare a DNA strand containing the 1,2-d(G*pG*) adduct, cis-
ammine(BP6)dichloroplatinum(ll) was activated with AgNO;. To a
solution of a 25-base DNA (35 nmol) containing one d(G*pTpG*)
site, 5'-CCT CTC CTC TCG TGA TCT TCT CTC C-desthiobiotin-TEG-3’,
in NaH,PO, (10 mm, pH 6.3) was added activated Pt-BP6 (70 nmol).
The reaction was incubated overnight at 37°C with mixing. The
singly platinated 25-base DNA was then isolated by reversed-phase
HPLC on an Agilent C18 300-SB column. The method used was 0-
12% B over 5 min, followed by 12-25% over 25 min, where sol-
vent A contained water/acetonitrile (95:5) and trifluoroacetic acid
(0.1%), and solvent B contained acetonitrile/water (90:10) and tri-
fluoroacetic acid (0.1%). The collected fractions were neutralized
with dilute sodium hydroxide and lyophilized. The samples were
then reconstituted in water and dialyzed to remove salt.

Characterization of 1,3-d(G*pTpG*) intrastrand Pt-BP6-modified
25-base DNA probes: Each collected peak was characterized by
UV/Vis absorbance and atomic absorption spectroscopy to estab-
lish a 1:1 ratio of platinum per DNA. The collected peaks were
characterized by ESI-MS to confirm that both chloride ligands were
replaced by Pt-DNA bonds. Platination of the guanine bases was
verified by enzymatic digestion of the DNA. The digests consisted
of NaOAc (100 mm, 20 L, pH 5.2), ZnCl, (100 mm, 1 uL), nuclease
P1 (10 L), and DNA (150 pmol). The total reaction volumes were
increased to 100 puL with ddH,O. The solutions were mixed thor-
oughly and incubated at 37°C overnight. Next, Tris-HCI (1.5m,
5uL, pH88) and calf intestinal phosphatase (1 uL, CIP) were
added. After a 4 h incubation at 37°C, the samples were centri-
fuged at 5000 rpm for 5 min. The supernatants were analyzed by
RP-HPLC using a Supelcosil LC-18-S column. The method was 5-
15% B over 30 min, 15-80% B over 10 min, and 80% B for 5 min,
where solvent A was NaOAc (100 mm, pH 5.2) and solvent B was
methanol.

Synthesis of Pt-BP6-modified duplex 25 bp probes: For analyti-
cal-scale photocrosslinking experiments, each platinated top strand
(50 pmol) was annealed to an equimolar amount of the comple-
mentary bottom strand and radiolabeled by standard T4 PNK phos-
phorylation procedures. The duplex 25 bp was then isolated by
15% native PAGE using audioradiography to locate the radiola-
beled DNA, which was subsequently extracted from the gel. The
final product was then analyzed by 15% native PAGE. For prepara-
tive scale photocrosslinking experiments, each platinated or unpla-
tinated top strand (500 pmol or 1 nmol) was annealed to an equi-
molar amount of the complementary bottom strand. The double-
stranded DNA was purified by 15% native PAGE and visualized by
UV shadowing. Following excision of the desired band, the DNA
was extracted from the gel and dialyzed to remove salt. The con-
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centration of the DNA was then determined by UV/Vis spectrosco-
py.

Design and synthesis of a 25bp duplex containing a mis-
matched 1,2-d(G*pG*) intrastrand adduct of Pt-BP6: A single-
stranded 25-base DNA of the sequence 5-GGA GAG AAG ATC TTG
AGA GGA GAG G-3" was prepared on a DNA synthesizer using stan-
dard phosphoramidite methods. The DNA was heated to 55°C for
14 h and then purified by 12% denaturing PAGE. The DNA was lo-
cated by UV shadowing and then extracted from the gel and dia-
lyzed as described above. This DNA was then annealed to a com-
plementary 25-base DNA containing a 1,2-d(G*pG?*) intrastrand
adduct of Pt-BP6 and the duplex was purified and used for analyti-
cal-scale photocrosslinking experiments as described above.

Synthesis of a biotinylated 65-base DNA: DNA having the se-
quence 5-CCA CAC CCT TIT GGG TGT GGG GAG AGA AGA TCC
TGA GAG GAG AGG GCC GAG TT(biotin-T)TTT AAC TCG GC-3’ was
prepared at a 1 pmol scale. Biotin-T represents a commercially
available biotin-modified thymine phosphoramidite (Glen Re-
search). The DNA was purified by 6% urea-PAGE and visualized by
UV shadowing and excised. The DNA was extracted from the gel
and dialyzed versus water using dialysis tubing with a molecular-
weight cutoff of 3500 (Pierce).

Synthesis of site-specifically modified 90-base probe: For analyti-
cal-scale experiments, 100 pmol each of 25-Pt-BP6 and 65-biotin
were radiolabeled using T4 PNK (New England Biolabs) and a mix-
ture of unradiolabeled and y-**P-ATP. The radiolabeled DNA was
annealed in NEBuffer 3 (100 pL, New England BioLabs; 50 mm Tris-
HCl pH 7.9, 100 mm NaCl, 10 mm MgCl,, 1 mm DTT) from 90 to
16°C over 4 h. The DNA was ligated by the addition of T4 DNA
ligase reaction buffer (100 pL; 50 mm Tris-HCI, 10 mm MgCl,, 1 mm
ATP, 10 mm DTT, pH 7.5, 400 units T4 DNA ligase) and incubated at
16°C overnight. The ligated DNA was analyzed and then purified
by 6% urea-PAGE. The bands were isolated by audioradiography
and extracted from the gel. The DNA was then reannealed and
ethanol-precipitated. For preparative-scale experiments, 65-biotin
(2 nmol) and platinated and unplatinated 25-base DNA (1 nmol
each) were phosphorylated using T4 PNK and ATP (10 mm). The
DNA was annealed and ligated in a method analogous to that
used for the analytical-scale probes. The ligated DNA was purified
by 6% urea-PAGE and the band was isolated by UV shadowing.
The DNA was extracted from the gel and then reannealed and
ethanol-precipitated.

Characterization of site-specifically modified 90-base probe: To
ensure that the collected product contained one 65-base DNA and
one 25-base DNA, the preparative-scale probe was analyzed by nu-
clease digestion. Each digestion was performed with purified DNA
(75 pmol). The DNA was digested with exonuclease lll, T7 exonu-
clease, and mung bean nuclease for 1h at 30°C in NEBuffer 4
(60 pL; 50 mm potassium acetate, 20 mm tris-acetate, 10 mm mag-
nesium acetate, 1 mm DTT, pH7.9). To the solution was then
added 10X S1 nuclease buffer (10 uL; 500 mm sodium acetate
pH 4.5, 2.8 M NaCl, 45 mm ZnSO,) and nuclease S1 (10 pL, Prome-
ga). The solutions were mixed thoroughly and incubated at 37°C
overnight. Next, Tris-HCl (1.5m, 5pL, pH 8.8) and calf intestinal
phosphatase (1 uL, CIP) were added. After a 4 h incubation at
37°C, the samples were centrifuged at 5000 rpm for 5 min. The su-
pernatants were analyzed by RP-HPLC on a Supelcosil LC-18-S
column. The eluant was a gradient of 5-15% B over 30 min, 15—
80% B over 10 min, and 80% B for 5 min, where solvent A was
NaOAc (100 mm, pH 5.2) and solvent B was methanol. To examine
whether the DNA was fully ligated, the analytical-scale probe was
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digested with mung bean nuclease, which cleaves the looped
ends. The purity of the DNA was first analyzed by 6% urea-PAGE.
As a control, a singly ligated 90-base probe was synthesized on
the DNA synthesizer, purified, and radiolabeled as above. In an ep-
pendorf tube, DNA (1 pmol) was incubated in MBN reaction buffer
(50 mm sodium acetate, 150 mm NaCl, 1 mm ZnSO,, 5 units mung
bean nuclease, pH 5.0) for 30 min at room temperature. The re-
actions were analyzed by 8 or 12% urea-PAGE.

Cell culture: Cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) with fetal bovine serum (FBS, 10%) and penicil-
lin-streptomycin (1%) at 37°C under CO, (5%). Once growth
reached ~80% confluence, cells were trypsinized and passaged or
collected. Cells between passages 4 and 18 were collected and
used for preparing nuclear extracts. Testicular (NTera2), cervical
(HeLa), bone (U20S), pancreatic (BxPC3), and Hela cells in which
PARP-1 was silenced by RNAi were used for these experiments.

Short hairpin RNA (shRNA)-induced RNAi on PARP-1 in Hela
cells: We designed several DNA sequences that transcribe to
shRNAs for silencing PARP-1 in Hela cells. These DNA constructs
were cloned into the plasmid vector pcDNA3.1-Zeo(—)-U6. This
plasmid, derived from pcDNA3.1-Zeo (—) (Invitrogen), has the
human U6 promoter inserted upstream of the cloning site to drive
shRNA transcription. The transfected Hela cells were selected in
DMEM with Zeocin (100 ugmL™"). After Zeocin selection, cells were
collected by trypsin digestion and their nuclear extracts were pre-
pared as previously reported.”® The total protein concentrations of
the extracts were estimated by bicinchoninic acid solution (BCA)
assay. For each sample, extracts with 20 ug of total protein were
analyzed by western blot. With the use of a MoFlo high-perfor-
mance cell sorter (DakoCytomation), HelLa cells transfected with
the plasmid were sorted into wells of two 96-well plates. The in-
strument set up allows only 0.1 pL of diluted culture with no more
than one cell being added to each well. The single clones were in-
cubated at 37°C for two weeks. During this time, the medium was
changed every four days. These cells were collected by trypsin
digestion and grown in six-well plates. The nuclear extracts of sur-
vived clones were analyzed by western blot to evaluate the expres-
sion level of PARP-1.

Nuclear extraction: Nuclear extracts were prepared as reported
previously.® In a typical extraction, a cell pellet from 5x 175 cm?
plates was used. Nuclear extracts were quantified by using the
BCA assay and stored at —80°C. Between 0.5-1 mg of protein
were obtained from each 175 cm? plate. For preparative-scale pho-
tocrosslinking experiments, 4 mg of nuclear extracts were required
and could be obtained from 4-8 x 175 cm? plates.

Analytical-scale photocrosslinking: Established conditions for
photocrosslinking were used.?® Briefly, radiolabeled DNA (1 pmol)
was incubated with nuclear extracts (20 pg) in binding buffer
(20 puL; 10 mm Tris-HCI pH 7.5, 10 mm MgCl,, 50 mm KCl, 1 mm
EDTA, 0.05% NP-40, 0.2 ugmL~' BSA). The reaction was incubated
on ice under UV irradiation for 2 h. Irradiation was performed by
using NEC FL8BL 8W bulbs, which provide a maximum at 360 nm
with minimal output at 300 nm (http://www.nelt.co.jp/english/
products/safl/). The latter wavelength could potentially labilize the
platinum-DNA bonds. The samples were placed at a distance of
4 cm from the lamps. The reactions were analyzed by 10% SDS-
PAGE with a 4% stacking gel for the 25 bp probe or 7.5% SDS-
PAGE with a 4% stacking gel for the 90-base probe. The gel was
dried and visualized using an Amersham Biosciences phosphor-
imager.
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Preparative-scale photocrosslinking: To unradiolabeled DNA
(100 pmol) in binding buffer (100 uL) was added Hela nuclear ex-
tract (2 mg). The reaction mixtures were irradiated for 2 h on ice.
To each reaction mixture were then added streptavidin-coated
magnetic beads (5 mg, Dynabeads, Invitrogen), and the solutions
were incubated with mixing for 20 min at 4°C. To the solution was
then added 2x elution buffer (400 pL; 50 mm Tris-HCl, 10 mm DTT,
1% SDS, pH 7.9) and the mixture was incubated with agitation for
20 min at 4°C. The supernatant was then removed from the beads
using a magnet. The beads were washed four times with high salt
buffer (5 mm Tris-HCI, 500 um EDTA, 1M NaCl, pH 7.5), each time
removing the supernatant using the magnet. The beads were then
washed five times with 1x elution buffer, again each time remov-
ing the supernatant using the magnet. After the fifth elution buffer
wash was removed, 2x SDS-PAGE loading buffer (40 uL; 100 mm
Tris-HCl, 20 mm DTT, 2% SDS, 30% glycerol, 0.1% bromophenol
blue, pH 7.9) was added to the solution. The solution was heated
to 90°C for 10 min to dissociate the biotinylated DNA from the
beads and the supernatant was quickly removed using the
magnet. The reactions were resolved by 10% SDS-PAGE with a 4%
stacking gel for the 25 bp probe or 7.5% SDS-PAGE with a 4%
stacking gel for the 90-base probe. Following electrophoresis, the
gel was removed from the plates and the lanes containing the
preparative-scale photocrosslinking products were separated from
the rest of the gel using a blade. These lanes were then soaked in
Coomassie Blue R-250 for 1 h and destained in 10% methanol, 7%
glacial acetic acid, 83% ddH,O twice for 1 h each. The bands were
located using the results from the radioactive analytical-scale cross-
linking experiment as a guide. Molecular-weight ladders were run
on both gels, such that the locations of each band on the gel
could be precisely estimated prior to excision. Bands were excised
from lanes containing Pt-BP6-platinated DNA as well as unplatinat-
ed DNA. The excised bands were analyzed by trypsin digest-cou-
pled LC-MS/MS. The peptide fragments were then processed by
SEQUEST protein analysis software to identify the parent pro-
teins.”® The proteins present in the lane containing the unplatinat-
ed DNA were eliminated from the list of those found in the lane
with the Pt-BP6-platinated DNA. Proteins were accepted only if
they occurred in two repetitions of the crosslinking experiments. In
accordance with suggested guidelines for the identification of pro-
teins by trypsin digest-coupled mass spectrometry,®® the proteins
identified were only accepted if meeting the criteria of low proba-
bility of coincidental identification (P<1.0x107%) and/or multiple
unique matching peptides found. “Unique peptides” were defined
as having entirely different sequences from one another; two pep-
tides differing only by one modified amino acid were scored as
being identical. Mass spectra from proteins identified by a single
peptide match with good probability are available in the Support-
ing Information. Almost all of the proteins found in these experi-
ments were identified by three or more peptides and two repeti-
tions, and these results are presented with great confidence.

90-base probe repair assay: DNA (1 pmol) was incubated in bind-
ing buffer (20 pL) with nuclear extracts (20 pug) from Hela, NTera2,
BxPC3, U20S, and PARP-1 silenced Hela cells. The reactions were
incubated on ice for 2 h. A sample containing U20S nuclear ex-
tracts was exposed to UV irradiation for 2 h to assess whether
irradiation effects the stability of the DNA. The samples were
phenol-extracted and ethanol-precipitated to remove proteins and
concentrate the DNA. The samples were analyzed by 8% urea-
PAGE.
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