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ABSTRACT. Proteins containing the high mobility group (HMG) DNA-binding domain form specific
complexes with cisplatin-modified DNA which shield the major intrastrand d(GpG) and d(ApG) cross-
links from excision repair. The molecular basis for the specificity of binding was investigated for the
two isolated domains of HMGL1 with a series of 15-bp oligonucleotides, d(CCTGGBBFN,TCTTC):
(GAAGAN3CCNsGAGAGG), where asterisks denotes-Wodification of guanosine with cisplatin.
Alteration of the nucleotides flanking the platinum lesion modulated HMG1domA recognition in this
series by over 2 orders of magnitude and revealed an unprecedented preference fdAN T > dC.

The flanking nucleotide preference for HMG1domB interaction with this oligonucleotide series was less
pronounced and had only a 20-fold range of binding affinities. For the=NN, = dA 15-bp probe,
100-fold stronger binding occurred with HMG1domKy= 1.6 +£ 0.2 nM) compared to HMG1domB

(Kg = 134+ 18 nM). The platinum-dependent recognition of the=NN, = dA 15-bp probe saturates

at 1 equiv of HMG1domA and is highly specific, as evidenced by the 1000-fold decrease in HMG1ldomA
binding affinity for the corresponding unplatinated oligonucleotide. HMG domains were unable to bind
specifically to cisplatin-modified DNA-RNA hybrids, revealing the need for a deoxyribose sugar backbone

for specific complex formation with HMG-domain proteins. ProtelDNA contacts which may account
for these observed binding preferences are proposed, and potential implications for the biological processing

of cisplatin-DNA adducts are discussed.

Protein recognition of specific DNA sequences and
structures triggers many cellular functions. The activity of

HMG1, HMGZ2, and hUBF, contain two or more consecutive
HMG domains and exhibit structure-specific DNA interac-

the anticancer drug cisplatin has been attributed to its ability tions. Another class, which comprises many tissue-specific

to bind to and modify the structure of DNA, forming adducts
that are specifically recognized by cellular proteirs. (
Cisplatin forms mainly 1,2-intrastrand cross-links at d(GpG)
and d(ApG) sequences in duplex DN2 @), the formation
and persistence of which correlate with its cytotoxicity and
anticancer activity4). The processing of cisplatifDNA
adducts by the cell involves their recognition by proteins
including those required for replication, transcription, repair
and apoptosiss). Accordingly, considerable attention has

transcription factors such as the lymphoid enhancer-binding
factor 1 (LEF-1) and the testis-determining factor (SRY),
has the additional ability to recognize a specific DNA
seguence and induce sharp berrsC) in the duplex 11,

12, 15).

Although only limited structural information is available
for HMG-domain interactions with cisplatin-modified DNA
(8, 16—18), several high-resolution solution studies of
isolated HMG domainsl{, 19—22) and of HMG domains

been paid to identifying and characterizing human proteins bound to unmodified duplex DNA1Q, 23, 24) have been

which bind with high affinity and specificity to the major

carried out. These investigations reveal that, despite mild

cisplatin intrastrand cross-links. The present study focuses(~30%) sequence conservation, the L-shaped fold of the

on the DNA-binding domains of the HMG1 protein, which
recognize cisplatin-modified DNA6(-8) and shield the
major 1,2-intrastrand d(GpG) and d(ApG) adducts from
excision repair 9).

Nearly all proteins in the HMG-1/-2 family bind specif-
ically to cisplatin-induced 1,2-intrastrand cross-links in DNA
(10). Proteins in this family contain at least one copy of a
mildly conserved region of 80 amino acids known as the
HMG! domain (1, 12). These HMG-domain proteins
exhibit the common characteristics of binding to distortable,
usually bendable, motifs such as four-way junction DNA
with little or no DNA sequence preferencel3y 14).
Members of one class of HMG-domain proteins, including
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o-helical domain is highly conserved, even across protein
classes and in the presence of DNA. The concave surface
of the HMG domain, including residues in the extended
N-terminal region, in helices | and II, and at the C-terminus
(Figure 1), contacts the oligonucleotide. A single binding
mode in the DNA minor groove occurs for the sequence-
specific HMG domainsZ3, 24), but multiple binding modes
may be present in solution for structure-specific HMG
domains binding to duplex DNA1O).

HMG-domain protein recognition of cisplatin-modified
DNA, like four-way junction DNA, is based on morphologi-

1 Abbreviations: HMG, high mobility group; cisplatinis-diammine-
dichloroplatinum(ll); HMG1domA, domain A of HMG1; HMG1domB,
domain B of HMG1, bp, base paiE. coli, Eschericia colj Tris, (tris-
[hydroxymethyllaminomethane); EDTA, ethylenediaminetetraacetic
acid; HEPES, N-[2-hydroxyethyl]piperazind¥'-[2-ethanesulfonic acid]);
BSA, bovine serum albumin; PBS, phosphate buffered saline; cpm,
counts per minute.
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acid sequence represent the residue numbering in the full length proteins.

cal changes in the duplex. The key platinum-induced
distortions of DNA, which may facilitate HMG-domain
protein recognition, include (i) destacking of the platinum-
modified bases2b); (ii) bending of the helix toward the
major groove with the bend locus at the platinum lesib®) (
26); (iii) unwinding of the duplex 27); and (iv) widening
and concomitant shallowing of the minor groo8). A
similarly widened, shallow minor groove is characteristic of
A-type duplex oligonucleotides commonly encountered in
RNA (29) and in regions of DNA-RNA hybrid helices,
which are biologically active in transcription, replication, and
reverse transcriptiorB0—34). Since the platinum lesion can
induce A-type helix characteristics in duplex DN2gj and,

in doing so, recruit minor-groove binding HMG-domain
proteins, the possibility that cisplatin-modified DNARNA
hybrids could have enhanced affinity for HMG-domain
proteins was also investigated here.

In previous studies of HMG-domain protein binding to
cisplatin-modified DNA, the platinated DNA probe was
either globally modified and thus had a variety of adducts
or site-specifically modified and contained a single 1,2-
d(GpG), 1,2-d(ApG), or 1,3-d(GpTpG) cross-link embedded

obtained here should be useful both for the design of potential
anticancer drug candidates in the platinum family and for
guiding experiments to determine the structures of the
complexes by NMR or X-ray diffraction methods.

EXPERIMENTAL PROCEDURES

HMG-Domain Proteins.HMG1domB, K86-K165 of rat
HMG1 (37), was expressed i&. coli (BL21-DE3) from a
previously reported plasmid). The domain was isolated
and purified as described)( with the addition of a final
FPLC size-exclusion purification step (high-load Superdex
75, Pharmacia, 1 mL/min, 11.8 mM PBS, pH 7.4).
HMG1domA, M1-F89 of rat HMG1, was expressed in the
same bacterial strain from the pT7THMG1bA plasm)(
Cells were grown and harvested according to published
procedures38), and the protein was purified by using the
same protocol as for HMG1domB.

Protein concentrations were determined by optical ab-
sorption at 278 nm using extinction coefficients of 14 000
M~t cm! and 12160 M?! cm! for HMGldomA and
HMG1domB, respectively. The extinction coefficient for
each protein was determined from the combined measure-

in a region of DNA of constant sequence context. Because ments of optical absorbance at 278 nm and protein concen-

footprinting studies reveal that the interaction of HMG-
domain proteins with cisplatin-modified DNA extends over
more than a turn of duplexg( 35, 36), we were interested

to determine whether the DNA sequence flanking the
platinum lesion would influence the affinity and speci-
ficity of the resulting complex. The presence of a site-

specific platinum lesion precludes the use of current com-

binatorial methodologies to optimize the flanking DNA
sequence. A series of individual 15-bp oligonucleotides,
d(CCTCTCNG*G*N,TCTTC)-(GAAGAN;3;CCN,GA-
GAGG), where asterisks denote;-hhodification of gua-
nosine with cisplatin, Nand N, = dA, dC or T, and Nand

N, are their WatsonCrick complements, was therefore
prepared to study the effects of DNA sequence on HMG-
domain binding to cisplatin-modified DNA. Although 16

trations from amino acid analyses (MIT Biopolymers Lab).
The isoelectric point (pl) for each protein sequence was
determined by using the Pepsort algorithm available in the
GCG program 39). The sequence alignment of isolated
HMG domains (Figure 1) was performed by using the AMPS
program §0).

Oligonucleotide Probes.Tables 1 and 2 list the oligo-
nucleotides used in this study together with their abbrevia-
tions. Oligonucleotides were synthesized in 0.2 oniidl
guantities on a Cruachem PS250 DNA synthesizer by
employing conventional solid support phosphoramidite chem-
istry (41). The fully protected oligoribonucleotide r(gaa-
gaaccagagagg) and the d(GAAGA)r(accagagagg) chimera
were purified by using reversed phase HPLGg(@dial pak
cartridge, Waters, nonlinear 0 to 100% methanol gradient

DNA sequences are possible by varying the sites flanking in 200 mM NaOAc buffer, pH 7.2) prior to deprotectiofy.

the central d(GpG) core, only nine were investigated. The These oligonucleotides were further purified on a 20%
seven sequences not examined contain three or moredenaturing polyacrylamide gel (7.5 M urea, 19:1 acrylamide:
consecutive guanine residues, which renders difficult the bisacrylamide, 90 mM TRIS-borate, 1 mM EDTA, pH 8.3,

isolation of pure NG*G*N, products. The information

300 V, ~10 h) and desalted prior to use.
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have one platinum atom per strand (Table S1, Supporting

Table 1: Deoxyribonucleotide Sequences and Abbrevigtions ) " . )
Information). Formation of the desired 1,2-intrastrand ad-

abbreviation duplex oligonucleotide sequence ducts was confirmed by enzymatic digestion as described
AGGA 5 ' ~CCTCTCAGGATCTTC-3 ! previously @6, 43) (Figure S1, Supporting Information).
3 ' -GGAGAGTCCTAGAAG-5' Oligonucleotide strand concentrations were determined from
Axsovalues and theoretically estimated extinction coefficients
AGGT 5'-CCTCTCAGGTTCTTC-3" (44)'
3 ' _GGAGAGTCCAAGAAG-5 ' Single-stranded oligonucleotide probes-{P0 pmol) were
5'-end labeled with T4 polynucleotide kinase (20 units, NEB)
AGGC 5 CCTCTCAGGOTCTTC-3 ¢ andy-32P-ATP (50uCi, NEN), purified on G25 Quick Spin
columns (Boehringer Mannheim), and ethanol precipitated.
3 ~CGAGAGTCCGAGAAG-S Radiolabeled probe concentrations were determined as
described 45). Radiolabeled duplexes were formed by
TGGA 5'-CCTCTCTGGATCTTC-3 annealing 10 cpm of one strand with 1:510 equiv of its
3' -GGAGAGACCTAGAAG-5 ' complement in buffer | (10 mM HEPES, pH 7.5, 50 mM
LiCl, and 10 mM MgC}) at 45°C for 15 min followed by
TGGT 5 —-CCTCTCTGGTTCTTC-3 ! 10 hiincubation at 4C. Unlabeled duplexes for competition

experiments were annealed by combining equimolar amounts
of the two complementary strands at concentrations of 250
uM to 1 mM in buffer | at 45°C for 15 min followed by 10

3' -GGAGAGACCAAGAAG-5"'

TGGC 5'-CCTCTCTGGCTCTTC-3"' h incubation at £C.
3 ~GGAGAGACCGAGAAG-5! Gel Mobility Shift AssaysOligonucleotide duplexes (0-4
5.0 nM, 5000 cpm) were titrated with protein in 10
CGGA 5' ~CCTCTCCGGATCTTC-3 sample volumes in buffer Il (10 mM HEPES, pH 7.5, 10
3' ~-GGAGAGGCCTAGAAG-5 ' mM MgCl,, 50 mM LiCl, 100 mM NacCl, 1 mM spermidine,
0.2 mg/mL BSA, and 0.05% Nonidet P40). For all gel
CGGT 5 ' _CCTCTCCGGTTCTTC-3 ¢ mobility shift experiments, samples were incubated on ice

for 1 h and made 7% in sucrose and 0.017% in xylene cyanol
prior to loading on running, precooled ¢€), prerun (300
V, 1-2 h) native polyacrylamide gels (29:1 acrylamide:
CGGC e bisacrylamide, 3.3% cross-linking, 22.5 or 45 mM Tris-
3 ' -GGAGAGGCCGAGAAG-5 ' borate, 1 mM EDTA, pH 8.3). Gels were electrophoresed
for 1—2 h before drying under vacuum (8C, 1 h) and
exposure to film (16-40 h). Quantitative measurements of
bound and free oligonucleotide were performed by phos-
phorimager analysis (Molecular Dynamics Phosphorimager).

3 ' ~-GGAGAGGCCAAGAAG-5"'

2 Bold face indicates basepair alterations.

Table 2: Ribose-Containing Oligonucleotide Sequences and
Abbreviations

In order to determine the stoichiometry of binding, duplex
oligonucleotides (100 nM, 5000 cpm) were titrated with3)
equiv of HMG1domaA protein in buffer II. For competition
assays, unlabeled competitor oligonucleotide probe2(D

hTGGT 5'-CCTCTCTGGTTCTTC-3"'

3'-ggagagaccaagaag-5"'

TGGT . a3
‘ o cerereraeTIeTIc=2 uM) was titrated against radiolabeled AG*G*A duplex (0.45
3 ' ~GGAGRgaccaagaag-5' nM, 5000 cpm in buffer 11) complexed with HMG1domA.
2 Upper case and lower case lettering denotes deoxyribonucleotidesBy following a published protocol), both oligonucleotides
and ribonucleotides, respectively. were mixed prior to addition of the protein at a concentration

| which afforded 56-70% binding of the labeled probe in the

Deoxyribonucleotides were synthesized with the final trity .
absence of competitor.

group cleaved, purified by using anion exchange HPLC
(Dionex NucleoPac PA-100 & 250 mm column, 200 to Data Analysis. Apparent dissociation constanks;, were
400 mM NacCl gradient in 25 mM NKDAc, pH 6.0, 10% estimated from nonlinear least-squares fits of binding data
acetonitrile), and desalted on a G25 Sephadex (Pharmacia}o the Langmuir isotherm (eq #7), wheref is the fraction
column prior to use. All oligonucleotides containing a single of bound oligonucleotide probe arRlis the total protein
d(GpG) target site for platinum modification were allowed concentration. Apparent relative dissociation constais,
to react with 1.6-1.25 equiv ofcis-[Pt(NHs)2(H20)2)%" (28)
in 10 mM sodium phosphate buffer, pH 6.8, for several hours P
at 37°C. Platination reactions were monitored by anion 0=51% (1)
exchange HPLC (Dionex NucleoPac PA-10£250 mm d
column, 50 to 400 mM NaCl gradient in 25 mM NBAc,
pH 6.0, 10% acetonitrile), and the major product was isolated were determined from nonlinear least-squares fits of the
in each case. competition data to eq 248), whereK is the ratio ofK;,

The modified oligonucleotides were determined by atomic the apparent dissociation constant of the labeled probe, to
absorption spectroscopy (Varian 1475 graphite furnace K¢, the apparent dissociation constant of the competitor, and
spectrometer operating in peak height mode at 265.9 nm) toP;, T;, andC; are the concentrations of protein, radiolabeled
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Ficure 2: Gel mobility shift assays of (A) AGGA (0.45 nM) and
(B) AG*G*A (0.45 nM) with HMG1domA (lanes +4) and
HMG1domB (lanes 58). Protein concentrations in each set are
0, 10, 100, and 1000 nM.

probe, and competitor probe, respectively.

1
0= 57lKi+ Ko+ P T, -

\/ (Kt + KreICt + Pt + Tt)2 - 4TtPt] (2)

The stoichiometry of binding was assessed from plots of
6 versus protein equivalents. The point of intersection of
two lines, one fit to presaturation and the other to postsatu-
ration data, was taken as an indication of the stoichiometry
of the protein-DNA complex.

RESULTS

Isolated HMG Domains of HMG1 Bind to a Cisplatin-
Modified 15-bp DNA DuplexA short duplex oligonucleo-
tide, AGGA (Table 1), both with and without a singtés-
{Pt(NHs)2} %t d(GpG) modification, was investigated for
binding to HMG1domA and HMG1domB. The 15-bp length
was chosen following preliminary gel mobility shift assays
of HMG1domB with platinated 12-, 15- and 20-bp DNAs
(data not shown). The 15-bp oligonucleotide was the
minimal length that gave a good bandshift, consistent with
the 14-15-bp footprint found by nuclease digestion of
several HMG-domain proteins bound to cisplatin-modified
DNA (8, 35, 36).

HMG1domA and HMG1domB exhibited minimal binding
to the unmodified 15-bp AGGA duplex (Figure 2A).

Biochemistry, Vol. 36, No. 38, 19971431

Table 3: Selected Characteristics of Isolated HMG Domains

protein pF net charge mass (kD)
HMG1domA 10.6 +12 10.4
HMG1domB 105 +9 9.2

a Calculated with the GCG Sequence Analysis Software Package,
Version 7.0.° Charge calculated at pH 7.5.

[HMG1domB]
]
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Ficure 3: Gel mobility shift assay analysis of the titration of
AG*G*A (0.45 nM) with HMG1domB (0.1 nM to 178M) (top).
Plot of the fraction of bound DNA vs [HMG1domA] (closed circles)
or [HMG1domB] (open circles) with the superimposed fits to eq 1
(bottom).

Table 4: Kyapp) Values Determined for HMG-Domain Protein
Interactions with Oligonucleotidés

oligonucleotide HMG1ldomA HMG1domB (nM)

dsAG*G*A 1.64+0.2nM 1344 18

6.8+ 0.8 n\WP
dsAG*G*T 48+ 9
dsTG*G*C 127+ 17 nM
dsCG*G*A 8+3nM 1080+ 235
dsCG*G*C 517+ 60 nM 13004 190
dsAGGA 1.6+ 0.3uMP
dsCGGC 1.6k 0.2uMP

2 Measured by direct titration unless otherwise speciftedeasured
from competition experiments.

carried out. The titration of dSAG*G*A with HMG1domB

is shown at the top of Figure 3. Fits of the titration data for
both HMG1ldomA and HMGldomB to eq 1 (Figure 3,
bottom) affordedKy values reported in Table 4. The
dsAG*G*A probe was also titrated with stoichiometric
amounts of HMG1ldomA. A plot of versus equivalents of
protein (Figure S2) was linear at both pre- and postsaturation
limits. The intersection of the best fit lines to the experi-
mental data indicated that 1 0.2 equiv of HMG1domA

Smearing of the band corresponding to unplatinated probewas required for saturation of binding to the dsAG*G*A

occurred with increasing HMG1domA concentrations (Figure
2A, lanes 2-4) and was attributed to nonspecific (platinum-

probe.
Because a discrete, shifted band did not appear in gel

independent) interactions which are minimal for HMG1domB. mobility shift studies of unplatinated dsAGGA, dsCGGC,
This nonspecific binding may be electrostatic in origin, SSAGGA, or platinated ssAG*G*A with isolated HMG-
reflecting the greater positive charge of HMG1domA com- domain proteins, nonspecific interactions formed by these
pared to HMG1domB at pH 7.5 (Table 3). probes could not be directly quantitated. Instead, platinum-
As indicated by the presence of a shifted band which and duplex-independent binding of HMG-domain proteins
increases with increasing protein concentration (Figure 2B), to oligonucleotide probes was investigated by using competi-
HMG1domA and HMG1domB both recognize the cisplatin- tion assays. As indicated in Figure 4 (top), addition of
modified 15-bp duplex AG*G*A. Since only a single shifted unlabeled AG*G*A duplex competes away the binding of
band forms following incubation of dSAG*G*A with either HMG1domA to labeled dsAG*G*A. A plot quantitating
HMG1domA or HMG1domB, detailed titration studies were these competition data is presented in Figure 4 (bottom),
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FicURe 4: Gel mobility shift assay analysis of the self-competition FIGURE 5: Gel mobility shift assay of each DNA sequence
of dSAG*G*A-HMG1domA complex with unlabeled competitor ~ (N1G*G*N,, Table 1) with 5.0 nM HMG1ldomA (top). Lane 1
dsAG*G*A (top). Plot of the fraction of bound DNA vs competitor ~ contains AG*G*A without protein. Lanes -210 contain the
concentration for dsAG*G*A (triangles), dSAGGA (open circles), oligonucleotides in the order in which they appear along the ordinate
dsCGGC (closed circles), sSAGGA (open squares), and ssAG*G*A below. Bar graph illustrating the fraction of bound DN&#) (for
(closed squares) competitors with the dsAG*G*AAIMG1domA each sequence (bottom) at 5.0 nM HMG1domA (black bars) and
complex (bottom). Fits of the data to eq 3, where possible, are 300 nM HMG1domB (hatched bars). Values are the average of

superimposed. three independent experiments and error bars repredestandard
deviation.

together with competition data from analogous experiments

in which dsAGGA, dsCGGC, ssAGGA, or SSAG*G*A were Lane 1 2 3 4 5 6 7 8 9

used as competitors. The dissociation constants for the -

dsAG*G*A, dsAGGA, and dsCGGC competitors, as deter-
mined from the best fits of these data to eq 2, are given in &)

Table 4. Because t_he single-stranded ollgonl_JcIeotldes were - il ‘-..“.
such poor competitors, results for these oligonucleotides
could not be accurately fit in the same manner.

Sequence Preference for HMG-Domain Binding to Cis- lane 1 2 3 4 5 6 7 8 9

platin-Modified DNA DuplexesThe series of nine cisplatin- ——
modified DNA duplexes (Table 1), which differ in base pair (B)
composition directly adjacent to the platinum lesion, were - T -

screened for binding by HMG1ldomA and HMGldomB. o
Figure 5 (top) shows the gel mobility shift assay of each Ficure 6: Gel mobility shift assays of 5 nM TG*G*T (lanes-B),

; R . . . hTG*G*T (lanes 4-6) and cTG*G*T (lanes 79) with (A)
oligonucleotide in this series with HMG1domA at a constant | \1~140mA and (B) HMG1domB. Protein concentrations are 0

protein concentration. Qualitative comparison® &br each nM (lanes 1, 4, and 7), 250 nM (lanes 2, 5, and 8), and 500 nM
oligonucleotide, averaged from three independent experi- (lanes 3, 6, and 9).

ments, with 5 nM HMG1domA or 300 nM HMG1ldomB are | ) .

presented at the bottom of Figure 5. Titration experiments Nighly resolving conditions (data not shown). The TG*G*T,

were carried out for the strongest and weakest binding "TG*G*T and cTG*G*T duplexes exhibited decreased gel
oligonucleotides for both proteins (data not shown), Kad mobility compared to the labeled DNA single strand alone,

values (Table 4) were determined from fits of these data to indicating that double-stranded oligonucleotides were formed
eq 1. and stable under the experimental conditions.

HMG21domA and HMG1domB Do Not Bind to DNA-RNA
Heteroduplexes.None of the three duplexes, DNA duplex DISCUSSION
TGGT, DNA-RNA hybrid hTGGT, or DNA-RNA chimeric HMG1domA Binding to dsAG*G*AThe present results
hybrid cTGGT (Table 2), was recognized specifically by demonstrate that a single, bifunctional platinum lesion can
either isolated domain of HMG1 (data not shown). The increase the affinity of an HMG-domain protein for a 15-bp
additional distortions of these duplexes by a site-specific, DNA duplex by almost 3 orders of magnitude. In accord
central platinum intrastrand d(GpG) cross-link imparted with previous studies of isolated HMG-domain interactions
HMG-domain binding only for an all DNA duplex (Figure  with cisplatin-modified DNA 6, 7, 17, 18), HMG1domA
6). The incorporation of ribose sugars abolished protein formed a specific complex with dsAG*G*A (Figure 2B,
binding similarly for both HMGldomA (Figure 6A) and lanes 1-4) but not with the corresponding unmodified duplex
HMG1domB (Figure 6B). To exclude the possibility that (Figure 2A, lanes £4). Under the conditions reported here,
the absence of protein-binding may be a result of hTG*G*T the interaction between HMG1domA and dsAG*G*A is very
or cTG*G*T duplex instability, gels were run under more strong Kq = 1.6 & 0.2 nM), has 1:1 stoichiometry, and
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decreases by a factor 61000 Kq = 1.6 £+ 0.3uM) when complex with consensus DNA binding sequences
the bifunctional platinum lesion is not present (Figure 4). A d(GCACAAAC):(GTTTGTGC) and d(GAGCTTBAA-
1000-fold specificity factor is unprecedented for the interac- GGGTG)Y(CACCCTTTGAAGCTC), respectively, have many
tion between an isolated HMG domain and a site-specifically similar features and provide some clues about key pretein
cisplatin-modified duplex and is greater than the specificity DNA contacts which may be responsible for the preferences
of full-length HMG1 binding to site-specifically cisplatin- observed at B in the HMGldomA interaction with
modifed DNA @9). dsNiG*G*N,. In the SRY-DNA and LEF-1-DNA com-
HMG1domA Binding to dsfj&*G*N,. The interaction of plexes, a hydrophobic residue at position 17 (Figure 1,
HMG1domA with a site-specifically cisplatin-modified 15- HMG1domA numbering), an isoleucine in SRY, and a
bp DNA duplex is modulated by the nature of the base pairs methionine in LEF-1, intercalates between two adjacent
flanking the platinum lesion (Figure 5). The apparent adenosine bases. These nucleotides, denoted by bold face
dissociation constants measured for HMG1domA binding to in the above sequences, form the major bend locus of the
this series of cisplatin-modified duplexes range over 2 ordersduplex. The roll at the point of intercalation is comparable
of magnitude from 1.6t 0.2 nM to 517+ 60 nM (Table to that induced at the G*G* site of a cisplatin-modified
4). For one of the weakest binding probes, dsCG*G*C, duplex 8). An A-T base pair occurs in the SRY and LEF-1
removal of the bifunctional platinum lesion resulted in only DNAs just 3 to the intercalated bases and corresponds to
2- to 3-fold loss in affinity Kg = 1.6 & 0.2 uM, Table 4). the A-T base pair which is preferred by HMG1domA at the
This apparent dissociation constant, which represents theN-N3 position in the cisplatin-modified duplex. A hydrogen
nonspecific binding of HMG1domA to dsCGGC, is the same bond is formed between the keto oxygen atom at position 2
as that observed for the interaction with dsAGGA (6 of the thymine base in this pair {in SRY—DNA,; T, in
0.3uM, Table 4) and suggests that the platinum-independentLEF-1-DNA) and the protein residue at position 42
binding of HMG1domA to duplex DNA is not affected by (HMG1domA numbering scheme, Figure 1) in both the SRY
the DNA target sequence. These data support the proposadind LEF-1 domains. This protein residue is highly conserved
that structure-specific HMG domains may have more than as either serine or asparagine in all sequence-specific HMG
one binding mode to duplex DNA18, 50). One mode, domains. Although position 42 tends to be occupied by
representing platinum-independent binding, is insensitive to alanine, valine, or lysine in the structure-specific HMG
duplex DNA sequence context, in agreement with all other domains, HMG1domA has a serine in this position. Like
studies of structure-specific HMG-domain proteins with S94 of SRY and N330 of LEF-1, where numbering refers
unmodified duplex or four-way junction DNA1f). A to the full-length proteins, S42 in HMG1domA may form a
second binding mode, which is specific for a cisplatin 1,2- hydrogen bond to @of this thymine base, accounting for
intrastrand d(GpG) lesion in duplex DNA, is very sensitive the preference for dA at theNosition in dSNG*G*N .
to DNA sequence context surrounding the lesion site (this HMG1domB Binding to dsf&*G*N,. The second DNA-
work). Thecis-{ Pt(NHs)2}?" 1,2-intrastrand d(ApG) cross-  binding domain of HMG1, HMG1ldomB, also forms a
link is expected to behave similarly. specific complex with the cisplatin-modified 15-bp DNA,
A striking trend was observed for the DNA sequence AG*G*A (Figure 2B, lanes 5-8), but not with the unmodi-
preference of HMG1domA binding to ds@@*G*N oligo- fied duplex AGGA (Figure 2A, lanes58). The interaction
nucleotides. The dominant base pair preference was apparentf HMG1ldomB with dsAG*G*A is modestiy = 134 +
3 to the platinum lesion where, regardless of, Mffinity 18 nM) but weaker than that measured for HMG1ldomA
decreased asiN= dA > T > dC (Figure 5). The base pair (Table 2). As observed with HMG1domA, the base pairs
located 3 to the platinum lesion has unique hydrogen- flanking the platinum lesion also modulate HMG1domB
bonding and minor groove accessibility as shown from other binding to a 15-bp cisplatin-modified duplex (Figure 5). The
studies of DNA site-specifically modified with cisplatin. In  apparent dissociation constants measured for these interac-
footprinting studies, irrespective of the nature of the base, tions span more than 1 order of magnitude frond48 nM
the position immediately’3o the platinum lesion is one of to 1300+ 190 nM (Table 4), with subtle but observable
only two positions in cisplatin-modified DNA which is trends in base pair preferences. These preferences are not
hypersensitive to cleavage by the minor groove binding the same as those previously described for HMG1ldomaA,
protein, DNase 1§, 51, 52). In addition, the solid state  however, since HMG1domB affinity decreased with ¥
structure of a cisplatin-modified dodecam@8) revealed dA > T ~ dC and with N = T > dA = dC (Figure 5,
disruption of hydrogen bonding at the base pair located 3 bottom).
to the lesion. Differences in DNA Binding of HMGldomA and
There are two likely explanations for the base pair HMG1ldomB. Factors such as protein size, net charge, and
preference of HMG1domA binding to cisplatin-modified amino acid composition can contribute to the differences in
DNA. The first is that the platinated DNA duplexes in binding affinities and DNA sequence preferences observed
solution in the absence of an HMG domain will be differ- for HMG1ldomA and HMGldomB binding to platinated
entially flexible and/or bendable depending on the nature of DNA. The gel mobility shift of the HMGldomB
the Nb-N3 base pair (A-T, T-A, or C-G). Quantitation and dsAG*G*A complex is significantly less than that observed
comparison of duplex stabilities and high-resolution struc- for the HMGldomA-dsAG*G*A complex (Figure 2B,
tures of site-specifically cisplatin-modified duplexes in which compare lanes 4 and 8). Since gel mobility shift is a function
the nature of the'dase pair is varied are required to assess of size and charge, the greater shift of the HMG1demA
the extent of such contributions. AG*G*A complex may result from the larger size and higher
The second possibility is that the observed DNA sequencenet positive charge of HMGldomA as compared to
preferences may arise from base-specific prot@NA HMG1domB (Table 3).
contacts in the complex. The high-resolution structures Although they have similar affinities for four-way junction
available for hSRY 23) and LEF-1 24) HMG domains in DNA (53), HMG1domA and HMG1domB interact differ-
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ently with the same cisplatin-modified duplex. Thédg = dA preference of HMG1domA, also provides a potential
values for the duplex AG*G*A probe differ by almost 2 explanation for the lack of such a preference with
orders of magnitude, as do their affinities for the duplex HMG1ldomB. HMG1ldomB, like many other structure-
CG*G*A probe (Table 4). These differences translate to specific HMG domains, has an alanine residue at position
~2.5 kcal/mol of free energy of binding (Table S2) and 42, which is unlikely to form base-specific contacts at this
correspond to those predicted by polyelectrolyte theory from apparently crucial base pair.
the charges of HMGldomA and HMGldomBA4T7. The composition of the isolated HMG domain does
HMG1domA also binds more tightly to the duplex CG*G*C influence its ability to recognize a short, cisplatin-modified
probe when compared to HMG1domB, but the difference DNA duplex. If the DNA binding observed for isolated
in affinities is less than a factor of 3-Q.6 kcal/mol). This HMGldomA and HMG1ldomB is representative of their
result indicates that protein net charge is not the only activity within the full-length HMG1 protein, then the present
determinant and that protein composition must also modulateresults suggest that these domains may not contribute equally
these DNA interactions. to HMG1 recognition of cisplatin-modified DNA. Because
In particular, the length of the basic C-terminal tail and HMGldomA has a higher affinity than HMG1domB for
the amino acid composition within the DNA-binding regions cisplatin intrastrand cross-links, independent of DNA flank-
of these two HMG domains may affect their interactions with ing sequence, HMG1domA should dominate the interaction
the platinum-modified DNA duplexes. The inclusion of a between HMG1 and cisplatin-modified DNA.
short, basic C-terminal region in HMG1domA may account  The observed HMG-domain preferences for DNA se-
for its greater affinity for dSNG*G*N, when compared to  quence context at a cisplatin intrastrand cross-link may need
HMG1domB (Figure 1). Although this basic region did not to be considered in proposed mechanisms of protein-mediated
affect the affinity of HMG1domA for globally platinated cisplatin antitumor activity. Until now, possible mechanisms
DNA (7), a similar but longer region in the LEF-1 domain that link HMG-domain proteins to the biological activity of
spans the major groove of the consensus DNA target, cisplatin (reviewed in ref 1) have tacitly assumed that all
establishing multiple contacts and increasing the affinity and cisplatin 1,2-intrastrand cross-links bind with similar affinity
the bend angle 24, 54). Moreover, the basic region to a given HMG-domain protein. Since the DNA sequence
following the HMG domain in HMG-D, theDrosophila context surrounding the cisplatin 1,2-intrastrand cross-link
analog of HMG1, increases the protein affinity for four-way can modulate HMG-domain protein affinity by more than 2
junction and linear DNA%5). The string of basic residues orders of magnitude, a subset of such platinum lesions within
following HMG1domB in the full HMG1 sequenc&g) was optimum DNA sequence contexts may be more effectively
not included in the present HMG1domB construct, and its shielded from repair and/or affect the natural functions of
affect on binding or bending of cisplatin-modified DNA has essential HMG-domain proteins. In this manner, the lethality
not been reported. of each platinum lesion on the genome may be dictated by
Although the base pair preferences are not the same forthe surrounding DNA sequence context as well as the
HMG1domA and HMG1domB binding to dsS*G*N ,, the particular bases to which platinum is coordinated. Itis thus
best oligonucleotide probes for either domain have A/T base possible that other proteins, such as components of excision
pairs flanking the platinum lesion (AG*G*A for HMG1ldomA repair, mismatch repair, and the apoptotic apparatus, will
and AG*G*T for HMG1domB). The fewer number of recognize cisplatin 1,2-intrastrand cross-links differentially
hydrogen bonds in an A/T base pair should increase theaccording to the DNA sequence context surrounding the
flexibility of the DNA near the platinum lesion, facilitating  platinum lesion.
additional DNA bending caused by the proteitg). In- DNA—-RNA Hybrid Recognition The presence of a
creased bendability around the platinum lesion, however, cisplatin 1,2-intrastrand cross-link in a double-helical oli-
does not explain all observed preferences, since HMG1domAgonucleotide is required for high-affinity binding of HMG-
prefers AG*G*A over TG*G*T and HMG1ldomB prefers  domain proteins. The lack of HMG-domain protein binding
AG*G*T over TG*G*A (Figure 5, bottom). Preferences for to a DNA—RNA hybrid (hnTGGT) and to the chimeric hybrid
DNA bases surrounding the platinum lesion in a cisplatin- (cTGGT) indicated that a propensity to form a more A-type
modified duplex were previously proposed to facilitate HMG- helix conformation does not enhance protein-oligonucleotide
domain binding 28). Analysis of the solid-state structure affinity (Figure 6A). The substitution of ribose for deoxy-
of d(CCTCTG*G*TCTCC)(GGAGACCAGAGG) sug- ribose sugars in these duplexes appears to offset any
gested that, upon further bending, potential hydrogen-bondingadvantageous structural distortion caused by cisplatin modi-
interactions within the distorted duplex would be stabilized. fication which induces HMGldomA and HMG1ldomB
In particular, it was suggested that duplex stability would recognition (Figure 6B). Although the-RBydroxyl groups
be enhanced for N= T > dA ~ dC, which does not agree  of the ribose sugars, which line the minor groove of the
with the present experimental findings. It is clear that factors double helix, have been implicated as important for protein
other than duplex flexibility and intraduplex hydrogen recognition of DNA-RNA hybrids @3), they could well
bonding are important in recognition of these cisplatin- interfere with specific proteinoligonucleotide contacts
modified DNAs by HMG domains. which are essential for HMG-domain binding to the minor
The most notable difference between HMGldomA and groove. If cisplatin modification of DNARNA hybrid or
HMG1domB preferences is at the base pair flanking the 3 chimeric structures were important in the antitumor mech-
side of the platination site (NN3). Although both proteins  anism of the drug, then the present study suggests that HMG-
prefer N = T > dC (Figure 5), HMG1ldomA has a strong domain proteins will not participate in such a mechanism.
preference for Bl= dA at this position, whereas HMG1domB Conclusion. This work provides the first evidence that
does not. The previous argument highlighting the potential variations in DNA and protein composition significantly
importance of the protein residue at position 42 (Figure 1, affect the HMG-domain protein interaction with cisplatin-
HMG1domA numbering), in addition to supporting the N modified DNA in vitro. The large range in protein-binding
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constants resulting from these modest changes in DNA 13.

sequence suggests that base variations farther from the

protein-binding region&, 35, 36), may also affect HMG-
domain protein binding56). Sequence-dependent recogni-
tion of cisplatin—-DNA adducts may also apply to cellular
proteins outside of the HMG-1/-2 family, such as damage
recognition proteins hMSH25f) and XPAC £8). In
addition, alterations in flanking sequence may affect the
binding of proteins to DNA damaged by agents other than
cisplatin. Finally, these studies imply that, in vivo, the DNA
sequence surrounding a platinum lesion in the genome, in
addition to the nature of the platinum lesion, may be very
important for recognition by cellular proteins. If cellular
protein recognition and subsequent biological processing of
cisplatin-modified DNA is active in the antitumor mechanism
of this drug, then one may envision a generation of platinum
drugs which optimally recruit cellular proteins by targeting
not only GG sites but their specific sequence context as well.
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