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ABSTRACT. Cisplatin-modified DNA forms specific complexes with proteins that contain the DNA binding
motif known as the high-mobility group (HMG) domain. As a tool for investigating the role of these
proteins in mediating the cytotoxic effects of cisplatin, a set of cisplatin analogs was prepared in which
one of the ammine ligands was replaced with a photoreactive tethered aryl azide ligand. The ability of
DNA modified by these platinum complexes to photo-cross-link to HMG1 was investigated. During this
study, it was discovered that DNA modified with cisplatin itself can undergo photoinduced cross-linking
to HMG1 when irradiated with 300 nm light. The covalent complexes resulting from this latter cross-
linking reaction are completely reversed by the addition of sodium cyanide and can be degraded by
proteinase K. These results confirm the presence of a proBNA cross-link and demonstrate that the
platinum atom itself forms the point of attachment. By contrast, DNA modified witns
diamminedichloroplatinum(ll), [Pt(dien)CI|CI, or [Pt(NH#CI]Cl does not cross-link to HMG1 upon
irradiation. The photochemistry was exploited to cross-link a 15-base pair oligonucleotide containing a
single, site-specificcis-[Pt(NHs){ d(GpG)-N7(1),-N7(2)] intrastrand adduct to domain B of HMGL1.
Following proteolytic digestion of the resulting covalent complex, the site of attachment to the protein
was determined by Edman degradation of the resulting pepBdiA complex to be a single residue on
HMG domain B, Lys-6. The data further suggest that this amino acid binds to platinum at a site made
available by photolabilization of a purine ligand. These results afford the first structural information
about the interaction of HMG domain proteins with cisplatin-modified DNA.

cis-Diamminedichloroplatinum(ll) (cisplatin aris-DDP) (Toney et al., 1989; Bruhn et al., 1992). Analysis of its
is a widely used chemotherapeutic agent employed in the predicted amino acid sequence revealed close homology to
treatment of several types of human cancers (Loehrer & the high-mobility group 1 protein (HMG1). Both SSRP1
Einhorn, 1984). Although the mechanism by which cisplatin and HMG1 contain a recently identified DNA binding motif,
selectively kills cells is not entirely understood, it is generally the HMG domain. HMG domain proteins display unusual
believed that the therapeutic effects arise from covalent pNA binding properties, such as the ability to recognize
binding of the drug to DNA (Brown et al., 1994). The jyeqular or bent structures and to induce dramatic bends in
primary adducts formed bgis-DDP, d(GpG) and d(ApG) _the helix (Grossched et al., 1994). HMG1 and HMG2 bind
1,2—|ntrastrand cross-links (Fichtinger-Shepman et al., 1985)'to DNA containingcis-DDP intrastrand d(GpG) and d(ApG)
dramatically alter the DNA structure.(Sherman etal., 1.98.8; cross-links but not to DNA modified by clinically ineffective
Takahara et al., 1995) and block replication and transcription platinum compounds (Pil & Lippard, 1992: Hughes et al.,

(Comess & Lippard, 1993)trans-DDP is ineffective as an _1992). More recently, a yeast SSRP containing two HMG

antitumor agent and, due to geometric constraints, ISd ins. desianated Ixrl for intrastrand ink .
incapable of forming 1,2-intrastrand cross-links, although its omains, designated Ixr2 for intrastrand cross-link recogni-

DNA adducts also block replication (Bruhn et al., 1990) and tion.prote.in, was identified on the basis of its ability to bi'nd
are thus likely to be cytotoxic. This behavior suggested that {0 Cisplatin damaged DNA (Brown et al., 1993). Deletion
differential cellular processing of platinurRDNA adducts of the gene en.codlng this protein in yeast desensm.zed the
is likely to contribute to the selective antitumor activity of Cells to cisplatin because the protein served to shield the
cisplatin. adducts from excision repair (Brown et al., 1993; McA'Nulty

Accordingly, significant effort has focused on the isolation & Lippard, in press). DNA containing the intrastrand
and characterization of proteins that interact with cisplatin- d(GpG) cross-link titrates the ribosomal RNA transcription
modified DNA. Screening of a human cDNA expression factor, hUBF, away from its natural DNA binding site
library with cisplatin-damaged DNA probes afforded a gene (Treiber et al., 1994). Six different HMG domain
that encodes structure-specific recognition protein 1 (SSRP1)proteins-HMG1, the mitochondrial transcription-activating
factor mtTFA, Ixrl, and the HMG domains from HMG1

' This work was supported by Grant CA34992 from the National (domain B), Lef-1 and mSR¥sspecifically bind to DNA
Cancer Institute. S.A.K. is the recipient of a National Institutes of Health containing acis-[Pt(NH)»{ d(GpG)-N7(1),-N7(2)] intra-

postdoctoral fellowship. ! . 2
® Abstract published if\dvance ACS Abstract&ebruary 1, 1996. strand cross-link, inducing bends of-590° (Chow et al.,

_ Abbreviations: bp, base pairis-DDP or cisplatincis-diammine- - 1994). These studies demonstrate that functionally unrelated
dichioroplatinum(l1), HMG, high-mobility group; PAGE, polyacryl- HMG domain proteins share a common ability to recognize
amide gel electrophoresisransDDP, trans-diamminedichloroplati- p ] y g' 4
num(ll). and bend platinated DNA and can mediate the cytotoxicity
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NO, molecular mass of the protein was confirmed by MALDI
//0 mass spectral analysis, 9290 Da fMH]*.

H;N NH; SN Platinated DNA Probes A 123-bp DNA fragment was
\Pt/ NH(CHz)“HzN\ /NH3 obtained by digestion of a commercially available 123-bp
VRN Ns Pt DNA ladder (Gibco BRL) with restriction enzymval and

c .Cl P_t'L“ 4 \c1 purification of the resulting DNA fragment by native
cisplatin n=4,6,8

polyacrylamide gel electrophoresis (PAGE). The resulting
FiIGure 1: Photoreactive platinum complexes employed in the pNA fragment was 3end labeled by a fill-in reaction with
present work as protein cross-linking agents. the Klenow fragment of DNA polymerase I {>?P]dCTP
of cisplatin by one or more of several mechanisms (Brown (DuponUNEN), and the four deoxynucleotide triphosphates
et al.,, 1993; Huang et al., 1994; Treiber et al, 1994; and was purified on a Sephadex_G-SO prk Spln column
McA’i\’luIty &’Lippard in pre.és) ' ' ' (Bo_ehrlnger Mannheim). The diaqua derl_vatl_veS of the
. . ' C . .. platinum compounds were employed for platination of DNA
To investigate the nature of the interaction of proteins, in owing to the low solubility of the compounds in aqueous
particular those containing an HMG domain, with cisplatin- media (Hartwig & Lippard, 1992). Platination of DNA was
modified DNA we designed the following strategy. A series airied out at a formal drug-to-nucleotide ratig) of 0.025
of cisplatin analogs containing ligands with photoreactive by treating a 15(:M (nucleotide concentration) solution of

aryl azide moieties was prepared (Figure 1). It was o 123-bp DNA fragment in 10 mM sodium phosphate, pH
envisioned that the resulting photogenerated nitrene (Bayley,g g containing 1x 10° cpm of the labeled DNA with the

1983) appended to platinum-bound DNA would form a diaqua derivatives of the platinum compounds afG7for
covalent adduct with a noncovalently bound protein residue. 1g 1 Unbound platinum was removed by ethanol precipita-
Such a covalent complex would provide a means both for 5, * T4 determine the amount of metal incorporated, calf
isolating proteins that bind to cisplatfDNA adducts invivo s DNA was modified under similar conditions and the
and for studying the molecular basis of the interaction. In 5mount of bound platinum was quantitated by flameless
the present article we describe the results of these investigayomic absorption spectroscopy (supporting information). An
tions, which reveal that DNA modified withis-DDP itself 82-bp DNA fragment was prepared by-énd labeling the

exhibits the highest cross-linking efficiency and provide the unplatinated 123-bp probe with T4 polynucleotide kinase and
first structural information regarding the interaction of HMG [y-32P]JATP (Dupont/NEN) followed by digestion with

domain proteins with cisplatin-modified DNA. restriction enzymeHaelll and purification of the resulting
singly end-labeled fragment by native PAGE. The product
MATERIALS AND METHODS was platinated at an of 0.036 as described above. A 15-

mer, d(CCTCTCTGGTTCTTC), was platinated as described

Materials Cisplatin was obtained as a gift from Johnson- above to afford an oligonucleotide containing a single, site-
Matthey. Recombinant rat HMG1 was expressed and specific cis-[Pt(NHs){d(GpG)-N7(1),-N7(J)] intrastrand
purified in our laboratory as described (Pil & Lippard, 1992). cross-link. The product, hereafter referred to as 15Pt, was
Oligonucleotides were synthesized on a ifol scale by  purified by anion-exchange HPLC on a Dionex Nucleopac
the phosphoramidite method on a Cruachem PS250 DNAPA-100 column (9x 250 mm) with a solvent system of 10
synthesizer. All manipulations involving the platinum mM ammonium acetate, pH 6.0, in 10% aqueous acetonitrile
compounds with tethered aryl azides were carried out underand a gradient of 0:20.35 M NaCl. The HPLC fractions
dim room light or in the dark, when possible. The synthesis were desalted by extensive dialysis against deionized water
and characterization of the Paryl azide complexes and  (Spectra/Por 7 tubing, 1000 MW cutoff, from Spectrum).
characterization of their DNA-binding properties are de- The sites of platination were confirmed by Maxa@ilbert
scribed in the supporting information. sequencing analysis (Comess et al., 1990; Brabec & Leng,

Expression and Purification of HMG Domain BDomain 1993). The bottom strand 15-mer (15B) was purified by
B of HMG1 was expressed and purified from pHB1/ denaturing PAGE. Oligonucleotides weréehd labeled
Escherichia colBL21(DE3) (Chow et al., 1995). Cells were with T4 polynucleotide kinase angt{2P]JATP and purified
grown in M9 medium (12.8 g of N&PQ,, 5 g of KH,POy, on Sephadex G-25 Quick Spin columns.
1 g of NH,Cl, 0.5 g of NacCl per liter) with 1 mM MgSQ Gel Mobility Shift Assays To prepare the 15-bp probe,
0.2% (w/v) glucose and 7hg of ampicillin/mL at 37°C the individual strands were annealed by heating a solution
for 5 h (ODsoo=1). A mixture of the twenty-amino acids containing 0.2¢«M 15B and 0.1&M 15Pt (1 x 1° cpm) in
was added to a final concentration of 0.005% (w/v), the cells buffer containing 10 mM Tris-HCI, pH 7.5, 50 mM NacCl,
were incubated for 30 min, and isoprogiyb-thiogalactoside ~ and 10 mM MgC} at 80°C and cooling to £C over 3 h.
(Boehringer Mannheim) was added to a final concentration The solution was then diluted 10-fold into each of the binding
of 1.5 mM to induce protein synthesis. After 30 min at 37 reaction mixtures (1L total volume) containing 10 mM
°C, rifampicin (Sigma) was added to a final concentration Tris-HCI, pH 7.5, 4% (v/v) glycerol, 10 mM MgG|50 mM
of 0.1 mg/mL and the cells were incubated for 1.5 h at 37 KCI, 1 mM EDTA, and 0.05% (v/v) Nonidet P-40. HMG
°C. The domain was then isolated and purified essentially domain B was added, as indicated, and the solution was
as described (Chow et al., 1995). The yield wa®©8ng of incubated on ice for 30 min. The mixtures were combined
protein per liter of culture. The protein concentration was with 0.5 uL of gel-loading solution [30% (v/v) glycerol,
determined by using the extinction coefficient 12 100'M  0.25% (w/v) bromophenol blue and 0.25% (w/v) xylene
cmt at 280 nm (Chow et al.,, 1995). The N-terminal cyanol] and applied to a pre-run, pre-equilibrated°()
sequence, MKKKFKDPN, was confirmed by automated 10% native polyacrylamide gel (29:1 acrylamide:bis). The
Edman sequencing at the MIT Biopolymers Laboratory; the gel was run in 0.5X TBE (45 mM Tris, 45 mM boric acid,
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1.25 mM EDTA, pH 8.3) at 300 V for 3 h and visualized by
autoradiography with Kodak X-Omat film at room temper-
ature.

Photo-Cross-Linking of Platinated DNA Probes to HMG1
and HMG Domain B Reaction mixtures (1Q:L total
volume) were prepared as described for the gel mobility shift
assays and incubated for 30 min on ice to allow proetein
DNA binding. For binding of the 123- and 82-bp probes to
HMG1, 0.2 ug of BSA/mL, 2 ug of competitor chicken
erythrocyte DNA, and 300 ng of HMG1 were included in
the reaction mixtures. To induce photo-cross-linking of the
protein—DNA complexes, the reaction mixtures contained
in open microcentrifuge tubes were placed on ice and
irradiated from above for-22 h at a distance of 4 cm from
a transilluminator (Ultra-Violet Products, TM-15) equipped
with one of several different lamps, with primary spectral
outputs of 254, 302, or 365 nm. The light intensity, 2.6
2.9 J m?s, was measured with a UVX radiometer (Ultra-
Violet Products). Following irradiation, the reaction mixtures
were combined with &L of gel-loading solution [10 M urea,
1.5 mM EDTA, 0.05% (w/v) bromophenol blue and xylene
cyanol]. The DNA was denatured by heating at°@for
4 min and then analyzed by denaturing PAGE. The gels
were visualized by autoradiography-a80 °C.

Large-Scale Preparation and Purification of Photo-Cross-
linked 15P+HMG Domain B Complex Reaction mixtures
like those described above were scaled up to 100 mL
volumes by using 100 nmol of 15-bp duplex and 150 nmol
of HMG domain B. Gel mobility shift assays at this DNA
concentration (kM) demonstrated that the addition of 1.5
equiv of HMG domain resulted in platinum-specific DNA
binding, with ~50% of the DNA shifting to the bound
fraction. Addition of more protein or the use of higher DNA
concentrations resulted in mixtures of specific and non-
specific complexes, readily distinguishable by gel electro-
phoresis, and was therefore avoided. The pretBINA
binding mixture was incubated on ice for 30 min prior to
irradiation for 2 h as described above. The solution volume

was subsequently reduced to 2 mL by using Centriplus-10

concentrators (Amicon). The complexes were precipitated
by addition of 4 vol of ice-cold acetone and collected by
centrifugation. The precipitate was redissolved in 10 mM
Tris-HCI, pH 8.0, containing 50 mM NaCl and 10 mM

MgCl, and was used in the protease digestions described

below.

Protease Digestions of Photo-Cross-Linked 15AMG
Domain B Complex: (A) Endoproteinase Asp-N Dig&be
mixture of cross-linked and free HMG domain B containing
30 nmol of duplex DNA and 45 nmol (420g) of protein
was digested with 4«g of endoproteinase Asp-N (Sigma,
sequencing grade) in 424 total volume of 50 mM Tris-
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Ficure 2: Denaturing 8% polyacrylamide gel demonstrating photo-
cross-linking of HMGL1 to globally platinated 123-bp probes. Lanes
1-3 contain unplatinated probe; lanes-@ contain cisplatin-
modified probe; lanes-79 contain PtL,-modified probe; lanes
10—-12 contain PtLg-modified probe; lanes 1315 contain Pt
Lg-modified probe. Lanes 1, 4, 7, 10, and 13: DNA alone. Lanes
2,5, 8,11, and 14: irradiated in the absence of protein. Lanes 3,
6, 9, 12 and 15: incubated with 300 ng of HMG1 and then
irradiated.

mM NaCl and 1 mM EDTA. The eluates were filtered (0.2
um microfilterfuge tubes, Rainin) to remove gel pieces and
then desalted on gel filtration columns (PD-10, Pharmacia)
pre-equilibrated with water and then lyophilized to dryness.
Approximately 1.5 nmol of each product (corresponding to
the “upper” and “lower” migrating bands) were isolated, as
determined by thé\:s, for the oligonucleotide.

(B) Endoproteinase Arg-C DigesiThe mixture of cross-
linked and free HMG domain B containing 20 nmol of
duplex DNA and 30 nmol (28@g) of protein was digested
with 2 ug of endoproteinase Arg-C (Boehringer Mannheim,
sequencing grade) in a solution (3@Q total volume)
containing 50 mM Tris-HCI, pH 7.5, 5 mM dithiothreitol,
and 5 mM CaGl. The mixture was incubated at 3T for
8 h, after which time an additional 29 aliquot of protease
was added, and the solution was incubated overnight at 37
°C. The mixture was concentrated, and the peptidBlA
complex was purified as described above. One band
corresponding to protease-digested material was observed.
The band was excised from the gel, and the Dipeptide
complex was recovered and desalted as described above to
afford approximately 3 nmol of product. N-terminal se-
guencing analysis was performed by the MIT Biopolymers
Laboratory.

RESULTS

Photo-Cross-Linking of Platinum-Modified DNAs to HMG1.
Radiolabeled DNA probes globally platinated with-fatyl
azide complexes were preincubated with HMG1 to promote
noncovalent proteinDNA binding. The resulting complex
was irradiated with 302 nm light, a wavelength that

HCI buffer, pH 8.5. The reaction mixture was incubated at minimizes DNA damage and corresponds to an absorption
37 °C for 4 h, and then concentrated to 1@Q in a maximum of the aryl azide ligands. Following irradiation,
Microcon-3 concentrator (Amicon). The mixture was com- the reaction mixtures were analyzed on denaturing poly-
bined with 50uL of gel-loading solution [10 M urea, 1.5 acrylamide gels (Figure 2). The presence of a slowly
mM EDTA, 0.05% (w/v) bromophenol blue and xylene migrating species (lanes 9, 12, and 15) signaled the formation
cyanole], heat-denatured, and then purified on a 12% of covalently cross-linked protetrDNA complexes. Use
polyacrylamide/7 M urea gel (1.5 mm thick). The gel was of a cisplatin-modified probe (lane 6), initially intended as
visualized by UV shadowing and autoradiography; two a control, revealed significantly more efficient photo-cross-
closely spaced bands corresponding to protease-digestedinking to HMG1 than any of the DNA probes platinated
material were observed. These bands were excised from thewith the aryl azide complexes. In the absence of protein,
gel, and the DNA-peptide complexes were recovered by other bands appeared having mobilities slower than that of
passive elution into 10 mM Tris-HCI, pH 7.5, containing 50 single-stranded DNA (lanes 5, 8, 11, and 14); these bands
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are tentatively assigned to DNA containing interstrand cross-
links. The presence of more than one such band may
represent DNA duplexes containing different numbers and
kinds of cross-links, resulting in mixtures of partially and
fully denatured species with differing gel mobilities. The
use of a medium-pressure mercury lamp emitting over a
broad spectral range (360000 nm) also promoted protein
DNA cross-linking but less efficiently than light at 302 nm
from the transilluminator (data not shown).
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Experiments were carried out to demonstrate that the most

slowly migrating species corresponds to material containing
platinum-induced DNA-protein cross-links. Reaction mix-
tures containing HMG1 and DNA probe modified either by
cis-DDP or Pt-L, complexes were irradiated. Subsequent
incubation with NaCN under conditions which reverse
platinum—DNA adducts (Comess & Lippard, 1993), or with
proteinase K, eliminated bands containing the presumed
protein—DNA cross-linked species, converting them to that
of the unmodified probe (data not shown). The protein-
platinated DNA cross-links could also be reversed with
sulfur-containing nucleophiles such as thiourea Arder-
captoethanol. These results demonstrate that the protein
DNA cross-links form in a novel reaction of the platinum
complex, not from the more commonly encountered direct
photochemical linking of a nucleobase to an amino acid
(Shetlar, 1980).

Bands assigned to interstrand cross-linked DNA were also
absent following NaCN, but not proteinase K, treatment. This
result provides good evidence that these species also resulte
from platinum-mediated reactions and not from nonspecific
photochemical cross-linking, for example, to the carrier
protein bovine serum albumin (BSA) in the reaction medium.
Moreover, the fact that carrier BSA did not cross-link to the
platinated DNA under any conditions suggests that the cross-
link to HMGL1 occurred only after formation of a specific
noncovalent complex with this protein. Since the DNA
probe modified with cisplatin underwent the most efficient
photo-cross-linking, further work with the Paryl azide
complexes was not undertaken.

Wavelength Dependence of the Photo-Cross-linking Reac-
tion. To gain insight into the mechanism of the photo-cross-
linking reaction, the dependence of the reaction on the
wavelength of irradiation was examined (Figure 3). As seen
in lanes 1-6, 254 nm light promotes the formation of DNA
interstrand cross-links and protetDNA cross-links with
the cisplatin-modified probe, but unplatinated DNA was also
reactive under these conditions. Furthermore, 254 nm light
caused significant photodegradation of both unplatinated and

i,

Ficure 3: Denaturing 6% polyacrylamide gel demonstrating the
wavelength dependence of the photoreactivity of cisplatin-modified
82-bp DNA. Lanes %13, 7-9, and 13-15 contain unplatinated
probe. Lanes 46, 10-12, and 16-18 contain cisplatin-modified
probe. Lanes 1, 4, 7, 10, 13, and 16: DNA alone. Lanes 2, 3, 5,
and 6: irradiated with 254 nm light. Lanes 8, 9, 11, and 12:
irradiated with 302 nm light. Lanes 14, 15, 17, and 18: irradiated
with 365 nm light. HMG1 (300 ng) was present in lanes 3, 6, 9,
(sz, 15, and 18.
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Ficure 4: Denaturing 6% polyacylamide gel demonstrating the
photoreactivity of various 82-bp platinated probes. Lanes3 1
contain unplatinated DNA. Lanes contain cisplatin-modified
DNA. Lanes 79 contain DNA modified withtransDDP. Lanes
10—-12 contain DNA modified with [Pt(dien)CI|CI. Lanes 35
contain DNA modified with [Pt(NH);CI]Cl. Lanes 1, 4, 7, 10, and

13: DNA alone. Lanes 2, 5, 8, 11, and 14: irradiated in the absence
of protein. Lanes 3, 6, 9, 12, and 15: incubated with 300 ng of
HMG1 and then irradiated.
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platinated probes, as evidenced by the appearance of DNA

fragments at the bottom of the gel. Irradiation of the
cisplatin-modified probe with 302 nm light (lanes-12)
caused both DNA interstrand cross-linking and protein
DNA cross-linking in the presence of HMG1. Unplatinated
probe did not react under these conditions. Both probes wer
unreactive when irradiated with 365 nm light. The 302 nhm
wavelength light was therefore used in all subsequent
experiments.

Photoreactiity of DNA Modified with cis-DDP, trans-
DDP, [Pt(dien)CI]CI, and [Pt(NH)sCI]CI. The specificity

e

light, producing both DNA interstrand cross-links and
protein—DNA cross-links in the presence of HMG1 (lanes
5 and 6). DNA containingrans-DDP adducts (lanes-7)

or platinum monoadducts (lanes-105) did not photo-cross-
link to HMGL1 upon irradiation and produced only small
amounts of the DNA interstrand cross-links. In a separate
experiment, DNA modified with [Pt(en)g]l underwent
photoinduced DNA interstrand cross-linking and cross-
linking to HMG1, although with about half the efficiency

of the photo-cross-linking reaction was assessed by compar-as thecis-DDP modified probe (data not shown). These

ing the photoreactivity of DNA modified with different
platinum compounds (Figure 4). DNA containiog-DDP
adducts was highly reactive when irradiated with 302 nm

results and the fact that DNA modified with the-Riryl azide
complexes also undergoes photo-cross-linking demonstrate
that the light-driven reactions are unique to DNA modified
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FicurRe 5: Native 10% polyacrylamide gel demonstrating binding
of HMG domain B to site-specifically platinated 15-bp DNA. Lanes
1-5 contain unplatinated DNA. Lanes—0 contain cisplatin-
modified DNA. Lanes 1315 contain single-stranded cisplatin-
modified oligonucleotide. Lanes 1, 6, and 11: no protein. Lanes
2—5, 7-10, and 12-15 contain 10, 20, 30, and 40 equiv of HMG
domain B, respectively.
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Ficure 6: Denaturing 8% polyacrylamide gel demonstrating photo-
cross-linking of HMG domain B to site-specifically platinated 15-
bp DNA. Lanes 14 contain unplatinated DNA. Lanes—30
contain cisplatin-modified DNA. Lanes 1 and 5: DNA alone. Lanes
2 and 6: 40 equiv of HMG domain B. Lanes 3 and 7: no protein,
irradiated. Lanes 4 and-8L0: incubated with 40 equiv of HMG
domain B and then irradiated. Lane 9, following irradiation, treated
with 0.2 M NaCN, pH 8.5. Lane 10: following irradiation, treated
with 0.1 mg of proteinase K/mL.

with platinum compounds containing two cis amine ligands
bound in a bifunctional manner.

Photo-Cross-linking of a Site-Specifically Platinated 15-
bp DNA Duplex to HMG Domain B.Having established
the specificity of protein photo-cross-linking by cisplatin-
modified DNA, we next carried out experiments to identify
the site(s) of cross-linking. To simplify the task, we

Kane and Lippard
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Ficure 7: Denaturing 12% polyacrylamide gels revealing products
of proteolytic digestion of the cross-linked platinated oligonucleo-
tide—HMG domain B complex. An aliquot of each reaction mixture
is shown. Lane 1: full-length proteirDNA complex. Lane 2:
products of endoproteinase Asp-N digestion. Lane 3: products of
endoproteinase Arg-C digestion. The bands in lanes 2 and 3
corresponding to the smallest peptit@NA complexes, indicated

by arrows, were isolated and analyzed by N-terminal amino acid
sequencing. The unmarked intermediate bands in lane 2 represent
incomplete digestion to the isolated products, as indicated by more
extensive endoproteinase treatment (data not shown).

resulted in interstrand cross-linked DNA (lane 7). In the
presence of HMG domain B, a slowly migrating band was
observed (lane 8) which was reversed following NaCN
treatment (lane 9) and digestion with proteinase K (lane 10).
Treatment of the cross-linked proteiDNA complex with
proteinase K produced a cluster of bands that migrated
slightly more slowly than the free oligonucleotide. These
new bands presumably contain platinated oligonucleotide
attached to short peptide fragments of HMG domain B; it is
likely that platinum binding blocked the protease, preventing
complete digestion. No cross-linking was seen for unirra-
diated reaction mixtures. Also of interest is that the uncross-
linked starting material remaining in lanes-Z0 migrated
slightly faster than platinated oligonucleotide that had not
been irradiated (lane 6) but slower than unplatinated oligo-
nucleotide (lane 1). This result suggests perhaps that
platinum is no longer bound bifunctionally after irradiation
(vide infra).

Determination of the Photo-Cross-Linked Amino Acid in

employed the smallest system capable of modeling the HMG Domain B. The site of cross-linking in HMG domain

interaction of HMG1 with cisplatin-modified DNA. The
isolated B domain of HMG1 binds specifically to oligo-
nucleotides containing a singés-DDP intrastrand d(GpG)
cross-link, in the same specific manner as HMG1 binds to
longer platinated DNA probes (Chow et al., 1995). Accord-
ingly, a 15-base oligonucleotide containing a single
[Pt(NH3){ d(GpG)-N7(1),-N7(J)] intrastrand adduct (15Pt)

B was determined in the following manner. The volume of
the photo-cross-linking reaction mixture was scaled up by
several orders of magnitude to facilitate the generation of
sufficient material for these experiments. Aliquots of this
reaction mixture, containing cross-linked and free HMG
domain B, were employed for digestion with different
proteases. The resulting proteolyzed complexes were puri-

was prepared and hybridized to its complement (15B), and fied on denaturing gels and then analyzed by N-terminal

the interaction of the corresponding duplex with HMG
domain B was characterized in a gel mobility shift assay
(Figure 5). Domain B bound specifically and efficiently to
the platinated duplex (lanes—21.0), the amount of bound
DNA increasing as the protein concentration increased.
Binding to unplatinated or single-stranded DNA control
substrates was not observed.

The ability of the platinated 15-bp duplex to photo-cross-
link to HMG domain B was next investigated. Protein
DNA mixtures were equilibrated, irradiated, and then
analyzed by denaturing gel electrophoresis (Figure 6).
Irradiation of the platinated DNA in the absence of protein

amino acid sequencing. The point of interruption of the
corresponding peptide sequence indicates the exact position
of attachment. This methodology has been previously
employed to identify UV-cross-linked sites of single-stranded
DNA binding proteins (Merrill et al., 1984), contacts between
integration host factor and its DNA target (Yang & Nash,
1994), and amino acid residues at the DNA binding site of
E. coli uracil DNA glycosylase (Allen et al., 1991). The
products of proteolytic digestion of the full-length protein
DNA complex are shown in Figure 7. Digestion of the cross-
linked complex (lane 1) with endoproteinase Asp-N afforded
two very closely spaced bands that migrated more slowly
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Table 1: Amino Acid Sequences of Proteolyzed Cross-Linked
Peptide Complexes of Platinated DNA
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domains recognize DNA containing the major adducts of
cis-DDP (Chow et al., 1994), the photochemical cross-linking

reaction discovered here should facilitate new strategies for

expected fragment - A .
platinum anticancer drug therapies as well as the study of

on the basis of

peptide fragment  N-terminal sequefce protease specificity protein-platinated DNA interactions in vivo.

ﬁsp-m, Iupper M}EKKKKFF((_; M§E§EE Mechanism of the Photoreactionthe photoreactivity of
sp-N, lower — ) ; :

Arg-C MKKKF(—)DPNAPK MKKKFKDPNAPKR square-planar platinum(ll) complexes is well documented.

full HMG domain B MKKKEKDPN For example, irradiation afis-[Ptpy.Cl;] with 313 nm light

= The symbol )" denotes a sequencing cycle in which no amino results _in two simultaneou; r_eact?ons, photoispmerization and
acid was detected, ostensibly because the cross-linked platinated DNAPhotodissociation of a pyridine ligand (Moggi et al., 1971).
altered its usual HPLC mobility. Loss of pyridine produces a tetracoordinated solvento
complex which can recombine with ligand to give a mixture
than free probe on the gel (lane 2). Both of these bands,©f €iS- andtrans{Ptpy,Cly]. By contrast,trans[Ptpy:Cly]
indicated by arrows, were isolated and employed for N- S insensitive to irradiation at the same wavelength. —Cis
terminal sequence analysis. By contrast, digestion with {rans photoisomerization also occursas-[P(glycinato)]
endoproteinase Arg-C produced only one band that migratedUPOn excitation of the ligand-field band at 313 nm (Balzani
somewhat more slowly than the endoproteinase Asp-N & Carassm,_1968). The products of phqtochemlcal reactions
products (lane 3). For each of the digestions, the yield of Of carboplatin have also been characterized (Liu et al., 1994).
total products was approximately 160945% of the initial ~ EXcitation of the ligand-field band (313 nm) leads to
amount of oligonucleotide employed. photosubstitution, producing diaquadiammineplatinum(ll)

Edman degradation of the isolated peptides cross-linked@nd tetraaquaplatinum(ll). By contrast, excitation of the
to the platinated oligonucleotide yieldediagleamino acid ~ charge-transfer band (254 nm) results in redox chemistry.
sequence which, in each case, matched that of a portion ofCisplatin itself undergoes photosubstitution reactions, losing
the known sequence of HMG domain B (Table 1). The an ammine ligand when irradiated with 36850 nm light
yields for each sequencing cycle are included in Table S2 (Macka et al., 1994). On the basis of this information, we
(supporting information). For both of the Asp-N protease Propose that the mechanism of protein photo-cross-linking
fragments, the MKKKF sequence obtained precisely matchedby cisplatin-modified DNA involves photosubstitution of one
that of the first five amino acids from the N-terminus of of the ligands by a protein residue, Lys-6 in the case of HMG
domain B. Comparison of this sequence with that predicted domain B. Furthermore, most of the products seem to result
from the protease specificity revealed that the sixth amino from labilization of a platinum-purine bond.

acid, a lysine, did not appear as expected (Table 1). sypport for this proposal comes from two separate
Noteworthy is the fact that, although these two peptide experiments. In gel mobility shift assays, HMG1 did not
fragments afforded the same exact amino acid sequence, theying to a platinated DNA probe that had been preirradiated,
had slightly different gel mobilities. This result may reflect suggesting that the bent DNA structure was no longer intact
subtle differences in the two products, such as differential (data not shown). Photodissociation of a guanine ligand
replacement of the platinum ligands following irradiation \5uid result in a platinum that was no longer bound

(vide infra). The endoproteinase Arg-C digest yielded a pinctionally to DNA and hence unable to be recognized

peptide matching residues—12 of domain B with an
interruption in the sequence at cycle six. As a control, the
full-length unmodified HMG domain B was also subjected
to Edman degradation and did not show any interruptions
in its amino acid sequence. The absence of any detectabl
amino acid at cycle six and a decrease in the yields for all

subsequent cycles indicate that, by analogy to other types

of cross-linked proteir DNA complexes reported previously
(Yang & Nash, 1994), the amino acid which becomes cross-
linked to the platinated oligonucleotide is Lys-6 of HMG
domain B.

DISCUSSION

The present investigation demonstrates that irradiation of
DNA, modified with the anticancer drug cisplatin, with 300
nm UV light generates specific cross-links to HMG1 and
its isolated B domain. This result indicates that simple

platinum complexes might be generally useful as photo-cross-

linking reagents. Moreover, a specific amino acid has been
identified which binds covalently to platinum as a conse-
quence of the photochemical reaction. This information must

by HMG domains. Secondly, the chemical reactivity of the
guanine bases coordinated to platinum in the 3G

domain B photo-cross-linked complex was studied by using
Maxam—Gilbert sequencing chemistry. Platinated guanine

%ases do not react with the guanine- or purine-specific

reagents, dimethyl sulfate or formic acid, respectively,
because their N-7 atoms are coordinated to the metal ion
(Comess et al., 1990; Brabec & Leng, 1993). The following
species were subjected to this type of sequencing analysis:
the oligonucleotide 15Pt that had been complexed in a non-
covalent manner with HMG domain B; the full-length photo-
cross-linked 15PtHMG domain B complex; and the
products resulting from endoproteinase Asp-N digestion of
the cross-linked 15PtHMG domain B complex (data not
shown). The guanine bases in the unirradiated oligonucleo-
tide, as well as in the oligonucleotide that had undergone
non-covalent complexation with HMG domain B, did not
react with these reagents, as expected. In the cross-linked
protein—DNA complex and in the proteolyzed peptidBNA
complex, the guanines were reactive, signaling loss of
platinum from these sites.

be accommodated in any structural model proposed for the These experiments suggest that the major pathways by

complex formed between cisplatin-modified DNA and HMG
domain proteins. Since proteins having one or more HMG

which cisplatin-modified DNA undergoes photoinduced
interstrand cross-linking and DNAprotein cross-linking are
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(A)
1™
o 300 nm Pt—NH
SN Tigne | Pleenh,
3 light OH, NHj
intrastrand cross-link interstrand cross-link
B)
Pt<NH3 300 nm
... 'NH3 light
intrastrand cross-link protein-DNA cross-link

Ficure 8: Proposed mechanisms of photoinduced DNA interstrand (A) and protein (B) cross-linking by cisplatin-modified DNA.

as illustrated in Figure 8. Starting with thogs-[Pt(NHs),-
{d(GpG)-N7(1),-N7(2)] intrastrand adduct, irradiation with
300 nm light results in photodissociation of one of the purine !
ligands, producing a reactive intermediate in which the vacant
site is filled with a more labile ligand, presumably a water
molecule. This labile ligand can then be displaced by a
nucleophile, such as a nucleobase on the opposing DNA
strand, producing a DNA interstrand cross-link (Figure 8A).
If the same reactive intermediate is formed in the presence
of a specifically bound protein, then the labile ligand can be
displaced by a proximal nucleophile on the protein, affording
a stable proteinDNA cross-link (Figure 8B). It is presumed
that these pathway can proceed through labilization of either
of the two platinum-purine bonds in order to account for
the reactivity of both guanine bases with dimethyl sulfate
following irradiation (vide supra). Another likely pathway
would involve photosubstitution of one of the ammine
ligands of cisplatin, a possibility supported by the observation
that DNA containing a{ Pt(NHs)3}?" adduct also forms
interstrand cross-links upon irradiation (vide supra).
Interaction of Cisplatin-Modified DNA with HMG Domain
B. Members of the HMG domain family of proteins have
the ability to recognize prebent DNA. The HMG domain is
a relatively new DNA binding motif that has been identified
in functionally unrelated proteins (Grossched! et al., 1994).
There are two known classes of HMG domain proteins. g qc 9: Schematic representation of HMG domain B. The
Members of the sequence specific class, such as SRY andoordinates were from the NMR-determined solution structure
Lef-1, contain only one HMG domain and bind to particular (Weir et al., 1993). This drawing was generated by using MOL-
DNA sequences. Members of the other class include HMG1, SCRIPT (Kraulis, 1991).
HMG2, UBF, and mtTFA. They contain more than one
HMG domain and bind to DNA with little or no apparent ©ne and three of the L, and the structure was anchored by
sequence specificity. ridges at one end by helix two and at the other end by the
The solution structure of domain B from HMG1 has been N- and C-terminal strands. All DNA contacts were made
determined by NMR spectroscopy (Read et al., 1993; Weir Within the minor groove. The DNA structure was signifi-
et al., 1993). The protein adopts a unique, rather flat cantly altered, adopting features intermediate between those
L-shaped geometry, comprising threehelices linked by of A- and B-DNA. The side chain of lle-68 was inserted
short turns (Figure 9). No structural information has been between adjacent DNA base pairs, causing a significant
available concerning the interaction of this domain with widening of the minor groove. This novel DNA structure,
DNA. More recently, the solution structure of the SRY- induced upon binding of the SRY domain to its target site,
HMG domain bound to its DNA target sequence was strikingly resembles that of a DNA dodecamer duplex
determined by NMR spectroscopy (Werner et al., 1995). In containing the major cisplatin d(GpG) 1,2-intrastrand cross-
this structure, the protein maintained the L-shape conforma-link, as revealed in a recent X-ray crystal structure deter-
tion analogous to that observed for HMG domain B. DNA mination of platinated d(CCTCTGGTCTCC) (Takahara et
binding occurred on the concave surface formed by helicesal., 1995).
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The present work identifies a unique contact made betweensuggested that HMG domain proteins contact the major
HMG domain B and cisplatin-modified DNA. The regio- groove of DNA, as later specifically proposed (Scovell,
selectivity of the reaction is absolute, based on the observa-1989). ProteirrDNA cross-linking has also been observed
tion that the sequenced peptides were pure, suggesting a verjor a series of bis[platinum(ll)] complexes in which a DNA
tight, specific proteirDNA complex. A more detailed interstrand cross-link is the lesion responsible for protein
model of how the HMG domain interacts with platinated cross-linking; theE. coli repair proteins UvrA and UvrB
DNA cannot be postulated, however, without further struc- cross-link to these lesions in vitro (Van Houten et al., 1993).
tural information. The SRY domainDNA and HMG1 The present work suggests a novel method for promoting
domain-platinated DNA structures are not necessarily protein~DNA cross-linking with the parent compound,
comparable because the sequences of the domains share onbyisplatin. This methodology should enable the isolation of
26% homology. Moreover, these HMG domains clearly proteins from cells that interact with cisplatin-modified DNA
display differences in their DNA-binding and -bending invivo. Furthermore, a platinum cross-linked protelDNA
properties (Teo et al., 1995). Attempts to overlay the complex has the potential to enhance the cytotoxic effects
structures of the domains from HMG1 and SRY are of cissDDP by several mechanisms. Work is in progress to
complicated by the fact that the N- and C-termini of HMG use this new methodology for structural studies and to
domain B are disordered, as revealed by the NMR solution identify proteins that interact with cisplatin-modified DNA.
structure (Read et al., 1993; Weir et al., 1993), and only the This information should help to unravel the relationship
three a-helices of these domains could be superimposed between HMG domain proteins and the biological activity
(Werner et al., 1995). The specific cross-link between HMG of cisplatin.
domain B and cisplatin-modified DNA identified in the
present work occurs at a residue located in the extendedACKNOWLEDGMENT
strand at the amino-terminus of the protein, which lies within
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Although we cannot yet propose a detailed model for the ) )
interaction of HMG domains with cisplatin-modified DNA, ~ Schemes and experimental procedures for the synthesis
one important requirement revealed by the present investiga-0f the Pt-aryl azide complexes; atomic absorption data for
tion is that the N-terminus of domain B must interact with determining they, values for DNA modified by cisplatin and
the major groove of the DNA, whereas the-helices of the ~ Pt~Ln compounds; a gel showing binding of cisplatin-
domain lie along the minor groove surface. This conclusion Modified and PtLy-modified DNA by HMG1; and amino
is required by the cross-linking of platinum bound to adjacent acid sequencing yields for the cross-linked peptb&A
guanosine residues with Lys-6 of domain B, since the complexes and HMG domain B (11 pages). Ordering
guanine N-7 atoms are located in the major groove of DNA. information is given on any current masthead page.
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