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Abstract Cisplatin (CDDP) is an effective and widely
used cancer chemotherapy drug. High mobility group
(HMG) proteins 1 and 2 have been shown to bind with
high affinity to CDDP-DNA. In this study we analyzed
the interaction of HMG proteins with CDDP-DNA.
We demonstrate that after binding, HMG proteins can
be removed from CDDP-DNA leaving the Pt adducts
intact and capable of rebinding HMG proteins. Fur-
thermore, the very HMG proteins that have been
removed remain functionally viable and capable of
rebinding CDDP-DNA. We also investigated the role
that Cys residues play in protein binding. Replacement
of Cys 45 or Cys 106 with a Ser residue reduced HMG2
protein binding to CDDP-DNA. These results indicate
that Cys residues play a critical role in the high affinity
binding of this protein to CDDP-DNA. From these
findings, we speculate that the intracellular oxidative
environment could affect the redox state of protein
thiols in HMG1 and HMG2 and in addition, regulate
the ability of these proteins to recognize cis-Pt-DNA
adduct formation in tumor cells.
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Introduction

cis-Diamminedichloroplatinum (II) (cisplatin; CDDP)
is a frequently used chemotherapeutic agent employed
in the treatment regimens of several human malignan-
cies including bladder [26], cervical [1], esophageal
[22], head and neck [10], ovarian [23, 24], testicular
[12] and small-cell lung cancers [29]. It is generally
accepted that the antitumor activity of CDDP results
from its interaction with cellular DNA. The primary
adducts formed by CDDP are intrastrand crosslinks
between adjacent purines in genomic DNA [9]. A ma-
jor clinical problem associated with the use of CDDP is
that of acquired resistance [28]. While resistance to
CDDP is multifactorial [2, 28], we believe that one
mechanism influencing the response of tumor cells to
CDDP may be the levels of specific proteins which
recognize CDDP-DNA [6].

High mobility group (HMG) proteins 1 and 2 are
highly conserved basic chromatin proteins which are
found in mammalian nuclei [7]. These proteins are
relatively abundant and are believed to play essential
roles in chromatin structure and function. HMG1 and
HMG2 contain two similar DNA binding segments
known as HMG boxes or HMG domains [4]. HMG
boxes consist of about 80 amino acid regions which are
rich in basic amino acids and contain several highly
conserved aromatic residues [4, 13, 15, 20]. HMG
boxes have been identified in many proteins involved in
the control of gene expression. Two classes of HMG
box-containing proteins have been described: (1) pro-
teins with two or more HMG boxes such as chromatin
proteins HMG1 and HMG2 [4, 13] and upstream



binding factor, a general RNA polymerase 1 transcrip-
tion factor [18], and (2) proteins containing a single
HMG box such as the sex-determining region Y testis
determining factor (reviewed in references 15 and 20;
[27]). Proteins in the first group bind DNA in a se-
quence-independent manner, while those in the second
group exhibit sequence-specific binding [15, 20]. All
HMG box-containing proteins have the ability to rec-
ognize kinked or bent DNA conformations [15] and
induce sharp bends in DNA after binding [8].

HMG1 and HMG2 bind with high affinity to
CDDP-DNA [5, 17, 25]. Several lines of evidence sug-
gest that these proteins recognize intrastrand Pt-DNA
adducts and may also play a role in the response of
tumor cells to CDDP toxicity: (1) these proteins bind
with high affinity to DNA modified with CDDP and
carboplatin but do not recognize DNA modified with
the clinically ineffective isomer, TDDP [17, 25]; (2) in-
creased levels of HMG1 and HMG2 binding to
CDDP-DNA have been observed in HeLa cell lines
resistant to CDDP [6], and (3) HMG1 blocks excision
of CDDP adducts in an in vitro repair system [16].

In the study reported here, we analyzed the binding
of HMG1 and HMG2 to CDDP-DNA. Our results
indicate that the Pt-DNA adducts remain intact follow-
ing binding of HMG1 and HMG2 to CDDP-DNA and
that HMG protein binding is reversible. We also dem-
onstrated that Cys residues at positions 45 and 106
play a critical role in the binding of HMG2 to CDDP-
DNA.

Materials and Methods

Chemicals

Calf thymus double-stranded-DNA cellulose was obtained from
Sigma (St. Louis, Mo.). CDDP was obtained from Aldrich (Mil-
waukee, Wis). Precast sodium dodecyl sulphate (SDS)-polyacrylam-
ide gels were purchased from Novex (San Diego, Calif.). Oligonuc-
leotides were supplied by the Nucleic Acid Facility, University of
Pennsylvania Cancer Center (Philadelphia, Pa.). The prokaryotic
expression vector pTrcHis was obtained from InVitrogen (San
Diego, Calif.).

Purification of HMG proteins

HMG proteins were purified from calf thymus by perchloric acid
extraction and acetone precipitation, followed by ion exchange
chromatography on MonoQ and MonoS [5].

Preparation of damaged DNA cellulose

DNA was modified by CDDP as previously described [5]. Briefly,
stock solutions of CDDP (1 mg/ml, 3 mM) were made up in 1 mM
phosphate buffer (pH 7.4), 3 mM NaCl. ds-DNA cellulose (4 mg
DNA/g cellulose) was suspended in 1 mM sodium phosphate buffer
(pH 7.4), 3 mM NaCl and mixed with CDDP (R

f
"0.03) for 18 h.

Following incubation, the DNA cellulose suspension was washed

extensively in 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 500 mM
NaCl, 10% glycerol, 0.5 mM DTT, 0.1% nonidet P-40; damaged
DNA preparations were stored in 10 mM Tris-HCl (pH 7.5) at 4°C.
The amount of platinum bound to DNA was measured with a Vari-
an SpectrAA-300 atomic absorption spectrometer equipped with
a GTA96Z graphite tube atomizer.

Damaged DNA-affinity precipitation assay

Purified protein samples (5—10 lg) were mixed with 30 ll (10.5 lg
DNA) undamaged or CDDP-DNA cellulose and 26.5 lg sheared
salmon sperm DNA to serve as competitor. The samples were
incubated on a rotating platform (4°C, 60 min) and subsequently
centrifuged (3000 g, 2 min). The pellet is washed three times with
10 mM Tris (pH 7.5), 0.5 M NaCl, 1 mM EDTA, 0.5 mM DTT, 10%
glycerol and 0.1% NP-40, followed by one wash with 10 mM Tris
(pH 7.5). Bound proteins were extracted from the DNA-cellulose
pellet by incubation (100°C, 3 min) in 125 mM Tris (pH 6.8), 10 mM
bME, 4% SDS, and 20% glycerol, and analyzed on 8—16% SDS-
polyacrylamide gradient gels [19].

Removal of HMG protein from CDDP-DNA

HMG1 and HMG2 bound to CDDP-DNA were removed by incu-
bation of the protein—CDDP-DNA complexes in 1 M KI (50°C,
30 min). The eluted protein was concentrated and dialyzed in
a Microcon 10 microconcentrator (Amicon, Beverly, Mass.).

Subcloning of HMG2

Full length human HMG2 cDNA containing the Met initiation
codon and a 3@ termination signal was cloned into the
BamH1/HindIII multiple cloning sites of pTrcHisA expression vec-
tor. The bacterial expressed protein consisted of an N-terminal
fusion protein containing 34 residues on the 5@ (N-terminus) of
HMG2. The vector-derived upstream sequence contained a tract of
six His residues which function as a metal binding domain and
facilitate the purification of recombinant proteins (see below). The
recombinant protein bound to CDDP-DNA with the same affinity
as wild-type HMG2, as observed previously [21].

Site-specific mutagenesis

Site-specific mutagenesis was performed using the procedures ori-
ginally described by Deng and Nikoloff [11]. In this system, selec-
tion and mutagenic oligonucleotides were used to alter the unique
Sca 1 site (position 1378—1384) in the vector and a specific codon in
the cloned sequence, respectively. The mutagenic oligonucleotides
used in these studies are listed in Table 1.

Phosphorylation of oligonucleotides

The mutagenic and the selection oligonucleotides were phos-
phorylated at their 5@ ends to facilitate future ligation reactions.
Kinase reaction mixtures contained 2 lg oligonucleotide, 2 ll
10]T4 kinase buffer (500 mM Tris-HCl, pH 7.5, 100 mM MgCl

2
,

50 mM DTT, 10 mM ATP), 10 U T4 polynucleotide kinase and
H

2
O to 20 ll. The reaction mixtures were incubated for 1 h at 37°C

and then at 65°C for 10 min to inactivate the kinase.
For the annealing step, 0.1 lg of selection oligo, 0.2 lg mutagenic

oligo and 0.1 lg TRC/HMG2 were mixed with 2 ll 10x annealing

164



Table 1. Oligonucleotides utilized in these studies. Oligonucleotide
sequences are oriented 5@ to 3@. Altered Sequence indicates the new
codon (underlined bases) in mutant constructs and the new sequence
generated at the Sca1 site. Bases in bold type indicate changes in
nucleotide sequence. The sequence of each mutant was confirmed by
DNA sequence analysis as described in Materials and methods.

Amino acid substitution indicates the new amino acid (Ser) present at
positions 23, 45 and 106 of HMG2. Sca1 site indicates the sequence
of selection oligonucleotides utilized. This oligonucleotide alters the
unique Sca1 site (underlined bases, B) present at position (1378—1383)
in the expression vector

Position Oligonucleotide Altered sequence Amino Acid
altered Substitution

Cys
23

CTCTT CCG GCTGGTCTGCACGAA TGCPAGC Cys
23
PSer

23
Cys

45
TCTCTCCGAACTCTTCTTGGAGAA TGTPAGT Cys

45
PSer

45
Cys

106
ATGTTCAGAGCTAAACAGGAAGAA TGCPAGC Cys

106
PSer

106
Sca1 site CTGGTGAGTATTCAA CCA AGTC AGTBACTPAGTATT

buffer (500 mM NaCl, 200 mM Tris-HCl, pH 7.5, 100 mM MgCl
2
)

and H
2
O to a final volume of 20 ll. The mixture was placed in

boiling water for 3 min and then immediately placed on ice for
5 min.

Synthesis of mutant strand

For mutant strand synthesis, 3 ll of 10x synthesis buffer (66 mM
Tris-HCl, pH 7.5, 2.5 mM deoxynucleotide triphosphate), 4 U of T4
DNA polymerase, 6 U T4 DNA ligase, and dH

2
O were added to the

annealing reaction mixture for a final volume of 30 ll. The mixture
was incubated (37°C, 2 h) and then stopped by the addition of 3 ll
stop solution (5 mM EDTA, 0.25% SDS). Samples were incubated
at 65°C for 5 min, to inhibit ligase activity.

Bacterial transformation and mutant screening

E. coli (BMH 71—18 mut S) was transformed with the synthesis
reaction mixture (diluted 1 : 4 with sterile water) by electroporation
(2.5 kV; 0.2 cm cuvettes). Transformants were selected on LB-am-
picillin plates. The plates were allowed to grow overnight at 37°C,
and colonies were pooled by adding 5 ml Luria broth to the plate
and shaking (5 min) on a platform shaker. The bacterial suspension
was removed from the plate and pelleted by centrifugation. Plasmid
DNA was isolated, digested with 20 U Sca 1, and subsequently used
to transform competent E. coli (DH5a). The transformed bacteria
were then plated on LB-ampicillin plates. Since supercoiled plasmid
DNA is more efficient than linear DNA at transforming E. coli,
those constructs resistant to Sca 1 digestion (by virtue of the fact that
the Sca 1 restriction site had been altered) would preferentially
transform recipient bacteria. Individual colonies were picked, over-
night cultures were prepared, and plasmid DNA was isolated, diges-
ted with Sca 1 and analyzed on 0.7% agarose gels. Plasmids resistant
to Sca I cleavage were sequenced using a CircumVent thermal cycle
dideoxy DNA sequencing kit (New England Bio Laboratories, Bev-
erly, Mass.), according to the manufacturer’s instructions, to confirm
the presence of the introduced mutation (Table 1).

Expression and purification of recombinant proteins

Recombinant proteins were purified by affinity chromatography on
a Ni chelate column [21]. E. coli (strain DH5a) was transformed
with wild-type and mutant HMG2 expression constructs and se-
lected on LB-ampicillin plates. Bacteria containing each expression
construct were grown overnight at 37°C in 10 ml LB broth contain-
ing ampicillin (50 lg/ml). The overnight cultures were then used to
inoculate 500 ml LB broth containing ampicillin. These cultures
were grown to an OD

600
of 0.7 and induced with 1 mM IPTG for

4 h, after which phenylmethylsulfonylfluoride (final concentration
0.5 mM) was added to inhibit proteolytic degradation. The bacteria
were pelleted by centrifugation (4000 g, 10 min, 4°C), the super-
natant was removed and the pellets were resuspended in 5 ml load-
ing buffer (50 mM sodium phosphate, pH 8, 300 mM NaCl, 5 mM
imidazole, 10 mM bME]. Bacteria were disrupted by sonication
(1 min, on ice). Triton X-100 was next added to a final concentration
of 1% and the samples were placed on a rocker platform (15 min,
4°C). The suspensions were centrifuged (10 000 g, 10 min, 4°C) and
the supernatants were filtered through a 0.45 lm membrane filter.
The filtered lysate was applied to a column containing 1 ml of
Ni-NTA Resin (Qiagen, Chatsworth, Calif.), previously equilibrated
with loading buffer. (Recombinant proteins bind to the nickel col-
umn due to the presence of six His residues present in the fusion
protein.) The column was washed with 10 ml loading buffer followed
by 10 ml wash buffer (50 mM sodium-phosphate, pH 8.0, 300 mM
NaCl, 10 mM imidazole, 10 mM bME], and bound protein was
eluted with 5 ml Elution buffer (300 mM imidazole). The eluted
protein was diluted with 2 vols distilled water and applied to
a monoQ anion exchange column (0.5 ml bed volume). Recom-
binant HMG2 proteins eluted from the column with 25 mM Tris
(pH 7.5) and 325 mM NaCl. The yield of protein from the C45S
mutant construct was consistently lower than C23S and C106S.
Purified recombinant protein was used in binding studies.

Results

The first set of experiments was designed to determine
the fate of Pt-DNA adducts following protein binding.
Purified HMG protein was incubated with CDDP-
DNA. Under these conditions, the HMG—CDDP-
DNA complexes are stable in 0.5 M NaCl [5]. How-
ever, we observed that bound protein could be removed
from CDDP-DNA by incubation in KI. Treatment of
HMG—CDDP-DNA complexes with 1 M KI (50°C,
30 min) resulted in the elution of '95% of bound
protein (Fig. 1). The CDDP-DNA was subsequently
utilized as substrate in a second round of protein bind-
ing experiments. We observed that HMG1 and HMG2
bound to CDDP-DNA previously incubated with
HMG proteins (Fig. 1). Hence, these results indicate
that the Pt-DNA adducts remain following protein
binding and removal.

To further assess the effect of protein binding on Pt
adducts, CDDP-DNA was incubated with HMG pro-
tein, the protein was removed using a commercial DNA
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Fig. 1 Binding and elution of HMG1 and HMG2 from CDDP-
DNA. Lane 1 input protein; lane 2, protein binding to undamaged
DNA; lane 3, protein binding to CDDP-DNA; lane 4, protein
binding to CDDP-DNA pretreated with 1 M KI (30 min, 50°C).
CDDP-DNA was incubated with HMG1 or HMG2, the pro-
tein—DNA complexes were washed and subsequently incubated in
KI to remove bound protein. The amount of protein remaining
bound to CDDP-DNA following KI treatment is shown in lane 5.
The CDDP-DNA previously incubated with HMG protein followed
by treatment with KI (lane 5) was subsequently used as substrate
DNA in a second round of binding assays (lane 6). Lane 7,
M

r
standards. Numbers on right, M

r
in kDa. ºpper gel, HMG1;

lower gel, HMG2. Note that KI stripped bound protein from
CDDP-DNA (lane 5) and HMG1 and HMG2 bound to CDDP-
DNA which had been previously incubated with HMG protein
(lane 6).

Table 2. Platinum adducts in DNA samples before and after HMG
protein binding. Puc 19 plasmid DNA was treated with CDDP
(R

f
"0.4) for 18 h in 1 mM phosphate buffer (pH 7.4), 3 mM NaCl

and subsequently precipitated by the addition of NaCl and 2 vols
ethanol. The DNA was resuspended in TE buffer and utilized as
substrate for HMG protein binding. DNA was incubated in TE
buffer in the absence or presence of HMG1 (10 lg) and HMG2
(10 lg) for 30 min and deproteinated using a GeneClean II kit (BIO
101, La Jolla, Calif.). The amount of Pt present was determined by
atomic absorption spectrometry. Values are average obtained from
two determinations

Sample Treatment2 Pt adducts/plasmid

1. None 12.39$0.37
2. HMG1 and HMG2 10.23$1.16

Fig. 2 Rebinding of HMG1 and HMG2 to CDDP-DNA. Purified
HMG protein was incubated with CDDP-DNA and removed from
CDDP-DNA by incubation in 1 M KI (50°C, 30 min). Protein
removed from the CDDP-DNA was utilized in a second round of
binding experiments (lane 1, input protein, lane 2, protein binding to
CDDP-DNA, lane 3, protein remaining bound to CDDP-DNA
following incubation in KI, lane 4 protein recovered from CDDP-
DNA following KI incubation, lane 5 protein stripped from CDDP-
DNA was used in a second round of binding experiments; upper gel
HMG1, lower gel, HMG2). Note that protein removed from CDDP-
DNA (lane 4) rebound to CDDP-DNA (lane 5).

purification resin, by direct chloroform extraction, or
incubation in 1 M KI followed by chloroform extrac-
tion. The amount of Pt bound to the DNA was deter-
mined by atomic absorption. The amount of Pt present
on the DNA was the same before and after incubation
with purified HMG1 and HMG2 (Table 2, and data
not shown). Hence, protein binding had no effect on Pt
adducts under these conditions.

The next series of studies were to determine whether
HMG protein binding to CDDP-DNA was reversible.
Purified HMG1 and HMG2 were incubated with
CDDP-DNA, the protein was stripped from the
CDDP-DNA by incubation in 1 M KI, dialyzed, con-

centrated and used in a second round of binding experi-
ments. In these experiments, HMG1 and HMG2, re-
moved from CDDP-DNA, were capable of binding to
CDDP-DNA with the same relative affinity as native
protein (Fig. 2). Therefore, these results demonstrate
that protein binding is a reversible process.

In previous study, we demonstrated that thiol-
modifying reagents (such as N-ethylmaleimide or Ell-
man’s reagent) inhibit HMG protein binding to
CDDP-DNA [5]. In contrast, preincubation of HMG1
or HMG2 with bME has no effect on protein binding
[5]. These results suggest that Cys residues are in-
volved in protein binding to CDDP-DNA or that re-
duced Cys residues maintain the proper protein confor-
mation necessary for adduct recognition.

To more closely examine the role that Cys residues
play in the binding of HMG2 to CDDP-DNA, site-
directed mutagenesis studies were undertaken. HMG2
contains three Cys residues (Fig. 3) at positions 23, 45
and 106 [21]. For these experiments, each Cys residue
was selectively converted to a Ser. Each mutant con-
struct was sequenced to verify the presence of the intro-
duced amino acid substitution. Bacteria were trans-
formed with each construct, and recombinant proteins
were purified and utilized in binding studies. The
amount of protein binding to CDDP-DNA was quan-
titated by scanning the stained polyacrylamide gels in
an LKB densitometer.

The recombinant wild-type HMG2 binds to CDDP-
DNA with the same affinity as native HMG2 from calf
thymus (Fig. 4; [21]). Conversion of Cys residue 23 to
a Ser had little effect on protein binding. However,
replacement of Cys 45 or 106 with Ser resulted in
a significant reduction in protein binding. Mutant
proteins HMG2C45S and HMG2C106S exhibited
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Fig. 3 Schematic diagram of HMG2. The two HMG boxes (Box
A and Box B) are indicated by the boxed regions. The three Cys (C)
residues at positions 23, 45 and 106 are indicated. Numbers on top of
the figure indicate amino acid residues from the N-terminal (N)
initiation Met (also refer to Table 1 for details of site-specific
mutagenesis)

Fig. 4 Binding of Mutant HMG2 proteins to CDDP-DNA. Wild
type and mutant HMG2 proteins were incubated with DNA or
CDDP-DNA, bound protein was eluted and analyzed on SDS-
polyacrylamide gels. Input protein, Lanes 1, 4, 7 and 10. Ten times as
much protein present in each input lane was utilized in binding
reactions with untreated DNA (lanes 2, 5, 8 and 11) and CDDP-
DNA (lanes 3, 6, 9 and 12). Lanes 1—3, wild type (WT) rHMG2, lanes
4—6, HMG2C23S, Lanes 7—9, HMG2C45S, Lanes 10—12,
HMG2C106S. Under the conditions used for these experiments,
binding of WT rHMG2 to CDDP-DNA was 20$3% of input
protein. Note that HMG2C45S and HMG2C106S have reduced
affinity for CDDP-DNA. Results presented are those obtained from
a representative experiment.

25$10% and 50$8% binding to CDDP-DNA rela-
tive to control, respectively (Fig. 4).

Discussion

CDDP is a clinically effective chemotherapeutic agent
utilized in the treatment of a variety of human cancers.
We and others have reported that HMG1 and HMG2
bind with high affinity to CDDP-DNA [17, 25]. In the
current study, we further characterized protein binding.

In these studies, we observed that CDDP-DNA can
be re-utilized as substrate for protein binding studies
(Fig. 1), and further, atomic absorption spectrometry of
the samples indicated that the same amount of Pt was
present on the DNA before and after protein binding
(Table 2). We also observed that bound protein could
be removed from CDDP-DNA and subsequently util-
ized in a second round of binding experiments (Fig. 2).
Hence, these results indicate that: (1) the Pt-DNA ad-
ducts remain intact following the binding and removal
of HMG1 and HMG2 from CDDP-DNA, and (2)
HMG1 and HMG2 are capable of reversibly binding to
CDDP-DNA.

Site-specific mutagenesis studies indicated that speci-
fic Cys residues play an essential role in protein bind-
ing. Substitution of Cys 45 or 106 with Ser residues

resulted in a significant reduction in protein binding
(Fig. 4). These results are in agreement with previous
work demonstrating that thiol-modifying reagents re-
duce HMG protein affinity for CDDP-DNA [5].

The precise mode of binding of HMG2 with CDDP-
DNA is not known. HMG1 and HMG2 bind to the
minor groove in DNA and recognize bent DNA struc-
tures [4, 13, 15, 20]. CDDP forms intrastrand adducts
between adjacent purines in genomic DNA. The result-
ant adducts (cis-GpG and cis-ApG) result in the forma-
tion of DNA structures containing a 32—34° bend to-
wards the major groove [3, 9]. The high affinity bind-
ing of HMG proteins to CDDP-DNA probably results
from the fact that platinum binding mimics the bent or
kinked DNA structure which is recognized by HMG
box-containing proteins [4, 13, 15]. In previous study,
we demonstrated that HMG boxes A and B in HMG2
are required for high-affinity protein binding to CDDP-
DNA [21]. Cys 45 and 106 reside in HMG box A and
box B, respectively [21]. Once HMG2 binds to the bent
structure resulting from cis-Pt-DNA adduct formation,
the free thiol groups on these Cys residues could stabil-
ize protein binding by interacting with the Pt adduct.

Potentially relevant to our finding that Cys residues
play an important role in HMG protein binding are
observations that tumor cells resistant to CDDP toxi-
city have increased levels of glutathione [23, 28] and
glutathione S-transferase activity [14]. Further, de-
pletion of intracellular glutathione with buthionine sul-
foximine has been shown to potentiate the cytotoxic
activity of CDDP [23, 28]. Alterations in intracellular
reduced glutathione (GSH) levels would be expected to
alter the cellular redox environment. For example, cells
with lower GSH levels would presumably be under
increased oxidative stress, resulting in oxidation of pro-
tein thiols in HMG1 and HMG2 and decreased bind-
ing to CDDP-DNA. In contrast, cells with high GSH
levels would have a stronger reductive environment,
serving to reduce protein thiols and in the case of
HMG1 and HMG2, could result in increased protein
binding to CDDP-DNA.
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