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ABSTRACT. The anticancer drug cisplatin is particularly effective against testicular tumors. Although the
clinical consequences of cisplatin chemotherapy are well-known, the precise mechanism of action remains
elusive. Specific recognition of cisplatin-damaged DNA by a class of proteins containing the high-mobility
group (HMG) domain DNA-binding motif could play a role in mediating the cytotoxicity of the drug.
This study presents a quantitative investigation of binding of the murine testis-specific high-mobility
group protein tsHMG to DNA modified by cisplatin. The binding affinity and specificity of this protein

to a site-specific 1,2-d(GpG) cisplatiDNA intrastrand cross-link in a 20 bp probe were determined. A
value for the apparent dissociation constdfifappy Of 24 = 5 nM was obtained by gel mobility shift
assays. Binding competition assays with the corresponding unmodified 20 bp probe gave @ w&tio (
nonspecific to specifi&qapp)values of 230. A polypeptide containing tsHMG domain A (residue82)

was expressed and purified to homogeneity. This domain alone was sufficient for specific recognition of
cisplatin-modified DNA with &qpp)of 300+ 50 nM and g of 20, a comparatively high discrimination
factor. DNase | interference analysis of the adduct-containing strand revealed that tsHMG binding extends
over 14 nucleotides, centered around the platinated bases. The domain A polypeptide protection pattern
covers a slightly smaller area of 13 nucleotides. The binding affinity and specificity of tsHMG for cisplatin-
modified DNA are exceptional compared to those of other HMG-domain proteins studied previously.
The possible relevance of these findings to the mechanism of action of cisplatin is discussed.

DNA bending and unwinding are essential for initiating steps. They locally unwind and bend DNA toward the major
transcription, replication, and site-specific recombination, groove, widening the minor groové,(4).

processes all mediated by proteins. One class of proteins  thege structural changes are similar to those observed

having the ability to induce specific bending in linear DNA when the N7 atoms of two adjacent guanine bases in a DNA
and to interact with distorted DNA structures, such as four- duplex form bonds to theis-diammineplatinum(ll) moiety

way junctions, are those containing a high-mobility group S :
(HMG)* domain (). This domain comprises an 80-amino generqted b_y the loss of chloride ions from the anticancer
drug cisplatin. The crystal structure of a double-stranded

acid DNA-binding motif. The HMG domain is essentially DNA dodecamer containing the cisplatin 1,2-intrastrand

o-helical in structure with a high proportion of proline, ; . T _
aromatic, and basic amino acid residues. The HMG-domain d(GpG) cross-link reveals that pIatmur_n coordination unwm_ds
and bends the DNA toward the major groove, destacking

protein family can be divided into two subgrou®,(the X ) ) .
first of which includes mammalian HMG1 and similar the€ two guanosine nucleotides, and opening and flattening

proteins associated with chromatin in eukaryotes. The the minor groove, 6).
second subgroup includes transcriptional regulators, such as Cisplatin is currently one of the most potent antineoplastic
SRY and LEF-1, and transcription factors such as hUBF and agents, particularly useful for treatment of testicular cancer
mtTFA. The HMG-domain proteins SRY and LEF-1 bind (7) but also widely employed for ovarian, breast, and head
to specific DNA sequences by using a hydrophobic residue and neck tumors. Coordination to the heterocyclic N7 atoms
as an intercalative wedge and unstacking several base paibf the DNA purine bases is generally accepted as the primary
reaction responsible for the anticancer activity of the drug
*This work was supported by National Cancer Institute Grant (8). The precise mechanism of action remains elusive,
CA34992 (S.J.L.). U-M.O. is supported by a predoctoral fellowship  however. Cisplatin 1,2-intrastrand cross-links between two
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Ixrl, intrastrand cross-link recognition protein; LEF-1, lymphoid also inhibit DNA and RNA synthesiiﬂ.—lS). Differential

enhancer binding factor 1; m-mtTFA, mouse mitochondrial transcription . . .
factor A; xI-mtTEA, Xenopus lagis mitochondrial transcription factor ~ Processing otis- andtrans DDP-modified DNA could be

A; PAGE, polyacrylamide gel electrophoresgME, S-mercaptoet- a consequence of their disparate binding by cellular proteins.
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Several models have been proposed that link the affinity
of cellular proteins for cisplatirDNA adducts with the
pharmacological effects of the dru@5). One hypothesis
suggests that proteins which are critical for cell viability are
diverted from their natural promoters by binding to the
cisplatir—-DNA cross-links, leading to disruption of function.
In support of this model, the rRNA transcription factor hUBF
binds tocissDDP—DNA adducts with an affinity similar to
that for its natural promoterlg). According to another

hypothesis, replication and transcription of genes essential

for cell survival are disturbed by cisplatin modification
because the proteirdrug—DNA complex prevents the

cellular repair apparatus from removing the damage. This

repair shielding model is consistent with results obtaiimed
vivo andin vitro (17—19), which indicate that HMG-domain
proteins inhibit the nucleotide excision repair of cisplatin
1,2-intrastrand cross-links.

A major focus of current research is explaining the specific
toxicity of cis-DDP toward testicular tumors. If HMG-
domain proteins play an important role in mediating the
anticancer activity of cisplatin, they would have to be
localized and/or activated in tumor cells. The human testis-
determining factor SRY2Z0), and the human mismatch-repair
protein hMSH2 13), both expressed in testicular tissue, bind
with modest specificity to cisplatinDNA adducts. Re-
cently, a cDNA clone for a murine testis-specific HMG
protein, tsHMG, was isolated from a testis cDNA library
(21). The sequence of tsHMG is identical with that of the
mitochondrial transcription factor m-mtTFA, except that it
lacks the amino-terminal mitochondrial targeting peptide. The
23.3 kDa nuclear protein tsHMG has two HMG domains,
domain A (residues -182) and domain B (residues 168
187), separated by A-turn. The protein is found in the

Ohndorf et al.

at 4000@ and 4°C for 45 min. The supernatant containing
the recombinant tsHMG was loaded onto a Heparin cartridge
(Bio-Rad) and eluted with a linear salt gradient from 0 to 1
M NaCl [high-salt buffer, 50 mM Tris-HCI (pH 7.0), 1 mM
EDTA, 10% glycerol, 10 mM3-ME, ard 1 M NaCl] over
600 min. The tsHMG-containing fractions were identified
by SDS-polyacrylamide gel electrophoresis (SBBAGE),
concentrated, and further purified by His-Bind resin chro-
matography as described by the manufacturer (Novagen).
The fractions containing pure recombinant tsHMG were
washed into 20 mM Tris-HCI (pH 7.0), concentrated, and
stored at—20 °C. Protein purity was determined by
Coomassie-stained SBRAGE.

Construction of the Expression Plasmid for tsHMG
Domain A. Primers were designed for PCR amplification
of tsHMG domain A (residue-182) and synthesized on an
automated DNA synthesizer (Cruachem model PS250). The
54-nucleotide sequence of the primer for the coding strand
5'-GTACGTCTATGAATTCTTAACCAGGAGCT-
GATTATGGGTAGCTATCCAAAGAAA-3' consists of a
clamp, arEcaRl restriction enzyme site, a ribosomal binding
site, a start codon, and the first 18 nucleotides coding for
tsHMG domain A. The 36-nucleotide sequence of the primer
for the anticoding strand '8S5AGGTTCAGTCGACTA-
CATTTTCGAATATCTGAATG-3 contains the last 17
nucleotides coding for tsSHMG domain A, a stop codon, a
HindlIl restriction enzyme site, and a 10-nucleotide clamp.
The primers, 50 pmol each, were used in a MOPCR
with 125 ng of pET15b-tsHMG plasmid, 0.2 mM dNTPs,
1x Taq reaction buffer, and 5 units of Taq polymerase. The
products were analyzed on a 0.8% agarose gel and purified

nuclei of spermatocytes and elongating spermatids. Althoughby using a Qiagen PCR kit. After restriction enzyme

the precise function of tsHMG is currently unknown, by digestion and purification of the PCR product and the
analogy to m-mtTFA, it may act as a sequence-specific expression vector pLM1, the PCR product was ligated into
transcription factor. A structural role could also be envi- the vector by using T4 DNA ligase. In the expression

sioned, consistent with the affinity of the protein for plasmid pLM1, the cloned genes are under control of the
supercoiled DNA and its ability to introduce negative tac promoter and the rrmBT1T2 transcription terminator. The
supercoils into a relaxed plasmid substrate in a topoisomerasgegylting vector pLM1-tsHMGdomA was sequenced by using
I-dependent mannegg, 23). the Sequenase DNA sequencing kit, Version 2.0 (USB), to

_Previously, we reported that tsHMG inhibits repair of ensure the presence of the appropriate insert and its correct
cisplatin-damaged DNA in cell extract&q). In this study, orientation relative to the tac promoter.

we describe in a quantitative manner specific interactions . o )

between tsHMG and well-definezis-DDP—DNA adducts. Expression and Purification of Recombinant Mouse
In particular, we demonstrate that both tsHMG and its tSHMG Domain A.The tsHMG domain A polypeptide was
domain A recognize a cisplatin 1,2-d(GpG) cross-link with expressed and purified from pLM1-tsHMGdomA/BL21-
very high affinity and specificity, report their DNase | (DE3). TheE. colibacteria were grown in LB mediun24)
footprints, and describe how these results may relate to thein the presence of 0.14 mM ampicillin (Sigma) at 3C.
clinical efficacy of the drug. Transcription of the cloned gene was induced at arnsg@D
of 0.8 by addition of IPTG (Boehringer Mannheim) to a final
concentration of 1.2 mM. After an induction period of 2.5
h, cells were harvested by centrifugation for 15 min at 5000
rpom (GS53 rotor, Sorvall). The cells were resuspended in

was used to overexpress tsHMGHscherichia coliBL21- 120 mL of lysis buffer A and passed through a French
(DE3) cells as describe@4). From this vector, tsHMG was ~ Pressure cell twice at 1300 psi. Debris was removed by
obtained as a fusion protein with a polyhistidine N-terminal ultracentrifugation at 40 000 rpm for 45 min (Ti45 rotor,
tag. Induced cells were harvested after 2.5 h, resuspended®eckman). The supernatant was loaded onto an S-Sepharose
in lysis buffer A [50 mM Tris-HCI (pH 7.0), 200 mM NaCl,  column (Pharmacia). The proteins were eluted at a flow rate
10% glycerol, 10 mMB-ME, 0.1% TWEEN, 1 mM EDTA, of 1 mL/min with a linear gradient from 0.05 to 0.5 mM
and 10 mg/mL Pefabloc (Boehringer Mannheim)], and NaCl in 50 mM Tris-HCI (pH 7.0) and 5 m\8-ME over
sonicated. The resulting lysate was cleared by centrifugation600 min and collected in 7.5 mL fractions. The tsHMG

EXPERIMENTAL PROCEDURES

Purification of tsHMG. A revised protocol was employed
for the purification of tsHMG. The vector pET-15b-tsHMG
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domain A-containing fractions were identified by an SBS 123 bp probe by following a published procedu®®)(

PAGE 10-20% tris-glycine Mini-Gel (Bio-Rad) and eluted Gel Mobility Shift AssaysAll binding reactions for gel
between 85 and 190 mM NaCl. Fractions were pooled and mqpjjity shift assays were carried out i Jbinding buffer

diluted 1:2 with water prior to loading onto an Econo-Pac [10 mM HEPES (pH 7.2), 4% glycerol, 10 mM MggC0
heparin cartridge (Bio-Rad). The same gradient was applied,mM KCl, 1 mm EDTA, 1 mM spermidine, and 0.05% NP40]

T com i ons wee camecnvatat . I 2 0l voume of 1915, Binding reacion misures
lipore Ultrafree 5K filter units (MWCO 5000) and loaded \é\l:r?]g;%tif SEKrO?'i:lsa(;ggg;a::&?uiz?:;?el%%Zts)ggcrjnfor
onto an FPLC size exclusion column (Superdex 75 Phar- 15 min on ice prior to addition of AL of loading dye (40%

macia). The tsHMG domain A polypeptide was eluted with .
PBS (z)hosphate—buffered saling) o{/F:arFLSO min at a flow rate SU¢ros€ and 0.01% xylene cyanol) and subsequent analysis

of 0.5 mL/min and washed into 10 mM BTP (Sigma). Purity by gel elegtrophoress on prerun, precooled®, 0.5« TBE
was determined by mass spectrometry. Electrospray masd+> MM Tris, 45 mM boric acid, and 1 mM EDTA (pH 8.0)],
spectra were obtained on a Hewlett-Packard 59898 mass® OF 7-5% native polyacrylamide gels [29:1 acrylamidpy -
spectrometer operated in the positive ion mode. The Methylenebis(acrylamide)]. The gels were run fer2lh at
instrument was tuned on a peptide mixture and on myoglobin 300 V and 4°C and then vacuum-dried onto Whatman 3
just prior to analysis. Samples were dissolved in a mixture MM chromatography paper and exposed to X-ray film
of 80:20 water/2-propanol with 2% propionic acid or 50:50 (Kodak X-OMAT AR). For quantitative measurements of
water/methanol with 0.051% acetic acid and then flow bound and free oligonucleotide, performed by phosphorim-
injected into a stream of the same solvent delivered-£al ager analysis (Molecular Dynamics Phosphorimager), only
uL/min with a syringe pump. Typically, 10 scans were the fraction of free or complexed DNA entering the gel was
averaged and the resulting spectra were deconvoluted withtaken into account.
the appropriate routine in the HP Chemstation software.  apparent Dissociation ConstantsGel mobility shift
Protein concentrations were determined ferEgO I?y Using  assays to determine the apparent dissociation constants were
the extinction coefficientd = 22500 M* cm™). The  capried out with a 20 bp probe d(TCTCCTTCTG*G*TC-
extinction qoefﬂment was obtained by measuring fhego _ TCTTCTC)d(GAGAAGAGACCAGAAGGAGA), where
of a solution containing a known amount of Protein e agterisks denote the cisplatin-modified purine sites.
de[t)e,\rlrxlnper(;;)gsar_prl]r;o a}g'gaﬁnag/:'?étm modified 123 b Reaction mixtures contained a fixed concentration of the
probe and the cbrrespcg)]nding{mmc?dified probe were preppareo[}/'ESZP]dATP'IamI(ad 20 bp probe (730 nM). Varying
amounts of tsHMG or tsHMG domain A were titrated into

as described in the literatur@g). The cisplatin-modified - X . .
(20-Pt) and unmodified (20-Ct) 20 bp probes were obtained the binding reaction mixtures. Bands corresponding to bound

as previously discusse@l§). The 92 bp probes, containing and unb_ound probe were quantitated_, and th? data were fit
a single site-specific 1,2is-[Pt(NHs)A{ d(GpG)-N7(G1),-N7- by ponllnear Ie.ast—squares anaIyS|§ (Ka}le!daGraph for
(G2)}] cross-link in the center (92-Pt) and the corresponding Macintosh, Version 3.0). Apparent dissociation constants
unmodified oligonucleotide (92-Ct), were prepared according Tom direct titration of the DNA probe with tsHMG were

to a published protocol [92BENDPt and 92BENDQTY]. estimated from fits to the Langmuir isotherm [eq29)]
DNA probes for the footprinting assays were obtained from

the blunt-ended 92 bp oligonucleotides. The top strand was 0= P (1)
labeled by digesting 92-Pt and 92-Ct, respectively, with the P+Ky

restriction enzymeéAval for 1 h at 37°C, which removes

the last five nucleotides on thé 8ide, and a subsequent wheref is the fraction of radiolabeled DNA bounB,is the
fill-in reaction with [0-32P]JdCTP and unlabeled dGTP by total protein concentration, am& is the apparent dissociation
the Klenow fragment of DNA polymerase, resulting in the constantKqpp assuming a protein:DNA binding ratio of
two 87 bp probes, 87-Pt and 87-Ct. The Klenow fragment 1:1. Apparent dissociation constants were determined in two
in the reaction mixtures was removed by phenol extraction or three independent experiments. The reported errors were

(24). The unincorporated label was removed by passing the hased on a statistical fit of the data and repressinstandard
sample over a Sephadex G25 spin column (Boehringer geyiation.

Mannheim). The labeled footprinting probes were ethanol c tition A Relative di it tant
precipitated twice before carrying out Maxai@ilbert ompetition Assaysiwelalive dissociation constants were

sequencing and binding reactions. The Maxegilbert determined in a competition assay. The tsHMG protein (30

sequencing reactions specific for the nucleotides guanine and'™) 0 tSHMG domain A (400 nM) was incubated for 10
cytosine plus thymine were performed for each labeled strand™MiN ON ice with varying concentrations of _unlabelegtz'j 20-Pt
of the 87 bp duplex oligonucleotides according to a published OF 20-Ctin atotal volume of 18L. After addition of [y->]-

procedure 24). DNA concentrations were determined by dATP-labeled 20-Pt (7.5 nM), the reaction mixtures were
measuring the\zso value and assuming 1QR = 50 ug/ incubated for an additional 15 min to establish a concentra-

mL (24). tion at which 16-80% of the labeled DNA was bound.

Southwestern Blot Assay$Samples were separated on a Reaction mixtures were resolved by electrophoresis as
12% SDS-PAGE gel and electroblotted overnight af@ described for the gel mobility shift assays. The bands
and 29 mA onto 0.4%m nitrocellulose membranes (S&S corresponding to bound and unbound probe were quantitated
NC, Schleicher and Schuell). The resulting blots were by using phosphorimager analysis. The competitive binding
processed as previously described in the literat?8 (The of a protein to the labeled DNA probe and the unlabeled
assay for platinum-specific binding was carried out with a competitor DNA can be described by eq30)



14810 Biochemistry, Vol. 36, No. 48, 1997 Ohndorf et al.
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whereK is the ratio ofK;, the apparent dissociation constant
of the labeled probe, ¢, the apparent dissociation constant
of the competitor, and;, T;, andC; are the concentrations
of protein, radiolabeled probe, and competitor probe, re- MG
spectively. Competition data were fit to eq 2, and errors M dom A
were based on the statistical fit of the data and represént KD
standard deviation. Each data point was determined in three

or four independent experiments.

DNase | Footprint. DNase | (Worthington, DPFF grade) 214 o
was dissolved at 10 mg/mL in 50 mM Tris-HCI (pH 7.0), 13-
stored in 20uL aliquots at—80 °C, and thawed on ice 5 h‘- e, qomain A

immediately before use. Reaction mixtures were prepared

as follows. A 100 000 cpm aliquot o&f32P]dCTP-labeled Ficure 1. Analysis of purified full length tsHMG and tsHMG

cisplatin-modified 87 bp probe, 2g of salmon sperm domain A by Coomassie blue-stained SEFAGE and Southwest-

competitor DNA, and different concentrations of tsHMG or %rgs(ﬁlﬁ}gﬂgbfwf'&lle (lzéxrllzrthmtgasfwgagﬁe;s 1(2& %rgérfécéte(%) )

tsHMG domain A polypeptide were incubated on a;20 Southwestern analysis of tsHMG, probed with a globally cisplatin-
scale in binding buffer [%, 100 mM HEPES (pH 7.2), 500  modified 123 bp DNA. (C) Resolution of tsHMG domain A on a
mM KCI, 35 mM MgCh, 7.5 mM CaC}, 0.5 mM EDTA, 4-20% SDS-PAGE tris-glycine gel.

and 0.5 mg/mL BSA] and kept on ice for 15 min. Binding ) o

reactions with the full length tsHMG protein were resolved result encouraged a more thorough investigation of tsHMG
on a 5% band shift gel. The bands corresponding to the binding to cisplatin-modified DNA.

specific complex were excised, crushed, and immersed in Expression and Purification of tsHMG Domain Ahe

1x binding buffer containing 3tg/uL DNase | for 3 min. full length tsHMG contains two HMG domains. Domain A
The digestion was stopped by addition of 5 mM EGTA (pH was chosen for investigating the ability of a single HMG
7.3) and 5Qug/mL chicken erythrocyte DNA (stop solution). domain to confer specific recognition of a cisplatibNA
After the solution was filtered to remove the polyacrylamide cross-link to the protein. As shown in Figure 1C, the
gel pieces, the DNA was ethanol precipitated twice. The purification protocol described for the domain A polypeptide
binding reaction mixtures containing tsHMG domain A were yielded homogeneous protein. The molecular mass for this
digested by addition of 2uL of DNase | to a final protein was determined to be 9493.5 Da by electrospray
concentration of 3 or kg/uL, at room temperature for 1  ionization mass spectrometry (calculated mass of 9494.0 Da).
min. The digestions were terminated by addition of 400 Amino acid analysis and N-terminal sequencing confirmed
of stop solution. The DNA was precipitated with cold that the desired protein was obtained without an additional
ethanol. The resulting DNA pellets were dried and redis- methionine start codon.

solved in 8uL of loading buffer (90% formamide, 10 mM Gel Mobility Shift Assays of tsHMG and tsHMG Domain
EDTA, 0.05% bromophenol blue, and 0.05% xylene cyanol) A with Cisplatin-Modified DNA.To investigate further the

and electrophoresed i1 TBE buffer on 8% denaturing  gpjjity of tsHMG to bind specifically to cisplatin-modified
polyacrylamide gels. The gels were dried and subjected top\a | a gel mobility shift assay was performed. The protein
autoradiography at80°C in the presence of an intensifying 55 titrated with increasing amounts of tsHMG in binding
screen. reaction mixtures which contained either 92-Pt (Figure 2A)
RESULTS or 92-Ct (Figure 2B) in the presence of a 500-fold excess of
salmon sperm competitor DNA. With increasing concentra-
Purification of tsHMG and Detection of Specific Binding tions of tsHMG, more 92-Pt DNA was recruited to a slower
to Cisplatin-Modified DNA Coomassie blue staining of an  migrating form due to formation of a specific tsSHMM®NA
SDS-PAGE gel confirmed that the 29 kDa protein was complex. Half-maximal binding occurs at a concentration
>90% pure after purification as described in Experimental of approximately 0.4M tsHMG. In the gel mobility shift
Procedures (Figure 1A). For the Southwestern assay, theassay performed with the corresponding unmodified probe
purified tsHMG protein was resolved on a 12% SEFSAGE 92-Ct, a band accounting for a distinct complex grows at
and subsequently electroblotted onto nitrocellulose. When higher protein concentrations, resulting in half-maximal
the blot was probed with &P-labeled cisplatin-modified  binding at approximately gM. At tsHMG concentrations
123 bp oligonucleotide, a band was observed correspondingof >1.4 uM, an increasing amount of 92-Ct is prevented
to an apparent molecular mass of approximately 29 kDa from entering the gel, possibly due to formation of higher-
(Figure 1B). This result is consistent with the predicted molecular mass proteirDNA aggregates. This phenom-
molecular mass of tsHMG fused to the N-terminal polyhis- enon is also observed with the 92-Pt probe, although to a
tidine tag and thrombin cleavage site. A small amount of lesser extent. Formation of these high-molecular mass
higher-molecular mass proteins able to hybridize with complexes and the need for salmon sperm DNA as a
cisplatin-modified DNA was also observed. When an competitor in the binding reactions did not allow for an
identical blot was probed with an unmodified 123 bp DNA accurate determination of the dissociation constant with this
duplex, no bands appeared (data not shown). This initial probe. Gel mobility shift assays carried out in the absence
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Ficure 2: Binding of full length tsHMG and tsHMG domain A to
92 bp DNA probes. 92-Pt contains a single 1,2-d(GpG) intrastrand
cross-link, and 92-Ct is the unmodified control. Increasing amounts
of tsHMG were titrated into binding reaction mixtures containing
2.5ug of salmon sperm competitor DNA and (A) 5 ng of labeled
92-Pt or (B) 5 ng of labeled 92-Ct. The tsHMG domain A
polypeptide was titrated into binding reaction mixtures containing
2.5ug of salmon sperm competitor DNA and (C) 5 ng of labeled
92-Pt or (D) 5 ng of labeled 92-Ct.

of competitor salmon sperm DNA resulted in a band shift
pattern similar to that observed with 20 bp probes (vide
infra), with three distinct bands of retarded mobility (data
not shown). The significantly higher amount of nonspecific
binding and the formation of proteirDNA aggregates at
much lower tsHMG concentrations precluded quantitative
analysis.

The affinity of tsHMG domain A forcisDDP—DNA
adducts was also investigated. This polypeptide displays
DNA binding behavior similar to that of the full length
tsHMG. In the gel mobility shift assays with the 92-Pt DNA,
only a single retarded band is observed, accounting for
formation of a specific complex (Figure 2C). Titration of
the 92-Ct with increasing amounts of protein resulted in a
smeared band of continuously decreasing mobility, attributed
to nonspecific binding (Figure 2D).

DNase | Footprint. The structures of the complex between
tsHMG or tsHMG domain A and cisplatin-modified DNA
were probed by nuclease digestion with DNase I. The 87

bp probes were obtained from the 92 bp probes used in the

gel mobility shift assays by restriction enzyme digestion and
a subsequent fill-in reaction with radiolabeled{?P]dCTP.
Figure 3 shows the DNase | digestion pattern in which 87-
Ct, as well as the modified analog, 87-Pt containing one
cisplatin 1,2-d(GpG) intrastrand cross-link, was bound by
tsHMG and tsHMG domain A and subsequently treated with
the enzyme. MaxamGilbert sequencing reactions were run
in parallel (data not shown). The digestion pattern of the
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Domain A covers a slightly smaller area of 13 bp, 6 bp
toward the 5end and 5 bp on the' 3ide. When the large
diameter of DNase | is taken into accoustl), however,
the length of DNA protected by complex formation with
tsHMG or tsHMG domain A is probably closer to 10 or 9
bp, respectively. Compared to that of the full length protein,
the cleavage pattern of the tsHMG domain A complex
displays an additional cutting site 1 bp downstream from
the platinum lesion. No difference in cutting frequency was
observed in the presence or absence of protein for the
unmodified 87-Ct probe.

Determination of the Apparent Dissociation Constants
Ka@ppy A 20 bp probe containing a single centered ¢i2-
[Pt(NH3){ d(GpG)-N7(G1),-N7(G3) intrastrand cross-link
(20-Pt) was employed for quantitative studies, to minimize
nonspecific proteirrDNA interactions. Binding titrations
of tsHMG and tsHMG domain A were carried out under
identical conditions. The fraction boun@, was determined
by gel mobility shift assays and subsequent phosphorimager
analysis. A plot of the binding data is presented in Figure
4. The 6 versus protein concentration data were fit by
nonlinear least squares to eq 1. The gel mobility shift
performed with tsHMG displays three distinct bands of
retarded mobility accounting for formation of three different
complexes (data not shown). For quantitation of the fraction
bound @), all three shifted bands were taken into account,
affording a Kgeapp) value of 24+ 5 nM. Because the
aggregation state of the protein has not been determined,
this Ky(app) Value assumes that tsHMG binds as a monomer.
The formation of several shifted bands may be a consequence
of protein multimerization, which would alter thi€ypp)
values but not the ratio of specific to nonspecific binding
constants.

Titration of 20-Pt with tsHMG domain A resulted in
formation of one single band of lower mobility. No specific
shift is observed with the unmodified probe 20-Ct (data not
shown). Quantitation of the fraction bound and a fit of the
resulting binding isotherm producedkaapp) value of 300
+ 54 nM (Figure 4), approximately 13-fold higher than the
value determined for the full length protein.

Relatie Binding Affinities. To assess the specificity of
protein binding to platinated DNA, competition experiments
were carried out in which the relative binding affinities of
tsHMG and tsHMG domain A for 20-Pt versus the unmodi-
fied probe 20-Ct were measured. A representative set of
experiments is presented in Figure 5. A fit of the data for
tsSHMG vyields aKggapp of 30 £ 5 nM for the specific
competitor 20-Pt, in very good agreement with the binding
titration experiments. ThE&qpp) Value for the nonspecific
competitor is 6.9t 3.5uM. The specificity index, defined
as the ratio §) of nonspecific to specific dissociation
constants, is 230 for tsHMG (Table 1).

Compared to the full length protein, tsHMG domain A
bound platinated DNA with much lower specificity;
Kd(app(20-Pt)= 0.59+ 0.34uM, and Kd(app(ZO-Ct)= 11+
5 uM (Figure 6). These results afford a value of
approximately 20 for tsHMG domain A.

complexed, platinated probe 87-Pt shows that the cleavagenscussion
frequency varies along the sequence, reflecting the structural

distortions induced by the platinum lesion. The region
protected from DNase | digestion by tsHMG in the complex

extends over 14 bp, 6 bp on either side of the cisplatin adduct.

Binding Affinity and Specificity In this investigation, we
demonstrated that the nuclear HMG-domain protein
tsHMG binds with high affinity and specificity to the major
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R FiGURE 5: Specificity of DNA binding by full length tsHMG
FicurRe 3: The 87 bp DNA fragment containing a single cisplatin- determined by competitive binding experiments. (A) Gel mobility
d(GpG) 1,2-intrastrand cross-link is protected from DNase | shift assays of binding reactions where unlabeled competitor DNAs
cleavage in the presence of tsHMG and tsHMG domain A. The 20-Pt or 20-Ct were titrated into binding reaction mixtures
sequence of the protected region is shown on the right. Arrows containing 30 nM tsHMG and 7.5 nM (4000 cprip-labeled 20-
indicate the cleavage sites. The DNA sequence was determined byPt probe. (B) Data from one set of experiments are plotted as the
Maxam—Gilbert sequencing reactions run in parallel (data not fraction of bound radlc_)labeled 20-Pt probe_ versus the concentration
shown). The analogous unmodified 87-Ct DNA probe gives the Of unlabeled competitor DNA 20-Pt (solid triangles) and 20-Ct
same DNase | cleavage pattern both in the presence and in the(solid squares).

absence of tsHMG or tsHMG domain A. Digestion of the
unmodified 87-Ct probe (lane 1) without protein, (lane 2) with 1.6 Table 1: Binding Affinities and Specificities of m-tsHMG and the
UM tsHMG, and (lane 3) with 6.2M tsHMG domain A. Digestion Isolated HMG Domain A

of 87-Pt (lanes 4, 6, 7, and 11) with no protein added, (lane 5)

with 1.6uM tsHMG, and (lanes 810) with 6.24M tsHMG domain  Ka@ppfor Ka@ppfor —  pvalue for
A cissDDP-modified unmodified cis-DDP-modified
protein DNA (nM) DNA (uM) DNA
L [ T R tsHMG 24+ 52 6.9+ 3.5 ~230
r Kd(app) (tsHMG) =24+ 5nM 30+ 5b
08 [ Kdiapp) sSHMG dom A) =300+ 5¢nM tS%h(;ll(nBain A 300+ 54 1145 ~20
590+ 340

0.6 . . . R o
i aDetermined by titration® Determined by competition assay.

04
' ] Ixrl (19) and hUBF (6). Only the binding affinity and
. specificity of HMG1 for the 1,2-d(GpG) adduct are compa-

02 [

7 —=— tsHMG domain A rable £5). The dissociation constants for these other proteins

0 - —e— tsHMG . . .
e~ L ——— were determined with much longer DNA probes and different
107 107 10° 10° 107 10°¢ adduct-flanking sequences, however, which renders com-
protein concentration [MI] parisons less meaningful. The apparent dissociation con-

FicurRe 4: Results for full length tsHMG (solid circles) and tsHMG stants for the h_u_man testis de"termlnl'ng factor SR@),'(a
domain A (solid squares) binding to 20 bp DNA probes. Data are Sequence-specific HMG-domain protein, were determined by
plotted as the fraction of radiolabeled probe boufigversus the using the same probes as described here. SRY has a
concentration of pr_otein. Solid Ii_nes are the best Ie_ast-sqyar_es ﬁtspecificity ratio, p, of approximately 20 for the platinated
to eq 2. The protein concentration giving half-maximal binding, 20-Pt probe 20), 1 order of magnitude lower than that
Kuappy is indicated by the broken line. X :

determined for tsHMG. The results for several of these
cisplatir—-DNA adduct. The value of 3& 5 nM for the studies are summarized in Table 1.
apparent dissociation constafiapp) for full length protein The tsHMG protein contains two DNA-binding domains
binding to a 20 bp probe containing a single cisplatin 1,2- separated by a 25-amino acid basic linker and a basic tail.
d(GpG) adduct corresponds to an approximately 230-fold The two HMG domains differ widely in their isoelectric
preference for platinated DNA over unplatinated DNA. This points (d). At neutral pH, tsHMG domain A (residues
specificity of tsHMG for platinated DNA is much higher 1—82) is positively charged (p= 10.4), whereas tsHMG
than that observed for other HMG-domain proteins, including domain B (residues 168187) is uncharged (= 6.9). The
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Three complexes were detected previously with the mito-
chondrial homolog m-mtTFA upon binding to its natural
recognition site §3). Together, these results suggest that
the full length proteins contain specific domains for protein
multimerization, which could have functional significance.
In support of this notion, xI-mtTFA binds as a tetramer to
its recognition sequence, possibly activating bidirectional
transcription 84).

Structural ConsiderationsParallel footprinting analysis
of complexes between full length tsHMG or domain A and
a cisplatin-modified 87 bp probe provides insight into their
structures. The minor groove footprinting reagent DNase |
contacts phosphate groups of both strar@®. ( The ability
of the enzyme to cut DNA is therefore dependent on the
accessibility of the minor groove, suggesting that both DNA
rigidity and groove width are important. The digestion
patterns of free DNA and its complexes with tsHMG or
tsHMG domain A are similar, displaying no detectable
footprint. This result is interesting because a tsHiVEF -

Ct complex was isolated as a retarded band in the gel
mobility shift assay. Perhaps the low affinity of tsHMG for
the unmodified probe allows the complex to dissociate during

shift assays of binding reactions, where unlabeled competitor DNAs

20-Pt or 20-Ct were titrated into binding reaction mixtures
containing 350 nM tsHMG domain A and 7.5 nM (4000 cp#B-

bound in a nonspecific manner along the length of the DNA,
rendering a discrete footprint unobservable in this procedure.

labeled 20-Pt probe. (B) Data from one set of experiments are The structural distortions introduced by the cisplatin 1,2-
plotted as the fraction of bound radiolabeled 20-Pt probe versus d(GpG) intrastrand cross-link are reflected in the digestion

the concentration of unlabeled competitor DNA 20-Pt (solid
triangles) and 20-Ct (solid squares).

pattern of 87-Pt, as in previous repord§). In the digestion
pattern of the tsHMG complex, the protein protects an area

sequence homology between tsHMG domain A and rat of 10 bp on the adduct-containing strand, corrected for the

HMG1 domain A, which binds specifically to cisplatin-
modified DNA (32), is ~33%. In an attempt to assess the
contribution of a single HMG domain in the binding of
tsHMG to cisplatin-damaged DNA, a construct containing

intrinsic size of the nuclease, centered at the platinum lesion.
Two significant differences are revealed in a comparison
between this footprint and that for the tsHMG domain A
complex. Domain A covers an area of similar sizédbthe

tsHMG domain A was cloned, overexpressed, and purified. 1,2-d(GpG) cross-link, but a smaller region is protected on
Band shift analysis with the 92-Pt probe shows that domain the 3 side, extending over only 3 bp, compared to 4 bp for

Ais a sufficient functional unit for binding to the unplatinated the full length protein. This difference suggests that there
probe as well as the platinated DNA. The apparent dis- are fewer specific contacts made by the truncated domain A

sociation constant of 30& 54 nM determined with the
cisplatin-modified 20 bp probe is 1 order of magnitude higher

polypeptide, possibly contributing to its weaker binding
interaction and lowelp value. In addition, the nuclease

than that observed for tsHMG, which translates into a free cleavage pattern for domain A revealed the appearance of

energy of binding differenceAG) of 5.8 kJ/mol at 4°C.
Although the domain A fragment exhibits 10-fold less
specificity for 20-Pt compared to that of the full length
protein, it still has a relatively higlp value of 20. The
decreased stability of the proteiPt—DNA complex ob-
served with the isolated domain A is consistent with a
previous qualitative investigation of the interaction between
a single domain of HMG1 and cisplatin-damaged DIN)(
This complex dissociated ir300 mM NacCl, whereas the
complex with full length HMG1 proteins was stable at
concentrations of0.5 M NaCl. These data, in addition to

an unprotected d(CpC) phosphate bondadthe cisplatin
1,2-d(GpG) cross-link, which retained its sensitivity to DNase
| cleavage. The absence of this cleavage site in the protection
pattern of the full length tsHMG complex may arise either
from better shielding by the protein or from a more
significantly distorted structure. Possibly, other components
of the tsHMG protein, e.g. HMG domain B, the basic linker,
or the tail, extend toward the' &nd upon binding to the
DNA, thereby protecting the d(CpC) cleavage site.

For all known complexes of HMG-domain proteins with
cisplatir—-DNA adducts, including Ixr1X9), hUBF (16), and

those described here, suggest that the presence of multipliHMG1 domains A and B 37), the footprint sizes are

HMG domains potentiate the affinity of the proteins for
cisplatin-modified DNA. Moreover, regions adjacent to the
HMG domains, such as the basic linker and tail in tsHMG,
could be important not only for conferring sequence specific-
ity of the protein for its natural target sequence but also for
its ability to recognize the cisplatin structural modification.
Differences in proteirDNA complex formation were

comparable to those obtained here. The protected area
always covers 1314 bp of the adduct-containing strand,
even though the molecular masses of the proteins differ by
almost 1 order of magnitude, ranging from 94 kDa for hUBF
to 9.6 kDa for tsHMG domain A. In contrast, footprint sizes
for the putative natural recognition sequences are much
larger, spanning areas 6f40 bp for hUBF 88) and ~30

observed in gel retardation assays of tsHMG and domain A bp for h-mtTFA @9). These results suggest that not all of

with 20-Pt. The full length protein formed three shifted

bands, whereas only one such band formed for domain A.

the DNA contacts made with the natural binding site are
involved in recognition of the cisplatin 1,2-d(GpG)-intra-
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strand cross-link. Sequence-specific contacts could bedata were provided by P. Wishnok (MIT Division of
essential for tsHMG binding to its recognition sequence, but Toxicology Mass Spectrometry Laboratory). N-Terminal

not required for binding to cisplatin-modified DNA. De-

sequencing and amino acid analysis were performed by the

formation of the helix, which imposes the greatest energetic MIT Biopolymers lab.

barrier to the formation of proteinDNA complexes, would

be facilitated by the prebent nature of the cisplatin-modified REFERENCES

DNA substrate. Moreover, the additional bending from 40
to 85-90°, which occurs upon protein binding to cisplatin-
modified DNA, would allow the platinum atom to move into
the planes of the guanine bases, providing stability to the
complex 6).

Functional Implications. Several functions have been
suggested for tsHMG2@, 23). By analogy to m-mtTFA,
the nuclear protein tsHMG might act as a transcriptional
activator, since it contains the same C-terminal domain as
the mitochondrial isoformd(). Alternatively, tsHMG could
play a structural role consistent with its unusually high
affinity for nonspecific DNA sequence2?). The presence
of tsHMG in elongating spermatid21, 23) suggests that it
may compact nuclear DNA during spermatogenesis, when
highly basic proteins are replaced with histones.

We now consider how tsHMG might mediate the specific
toxicity of cisplatin in testicular cancer. Localization of
tsHMG to the testes and its extremely high affinity and
specificity for cisplatin-damaged DNA make it an interesting
candidate for performing such a role. The tsHMG protein
occurs in the nuclei of spermatocytes of all seminiferous
tubules of testis23). There is evidence suggesting that the
pachytene spermatocytes are progenitors of germ cell tumors
(41), although the pathway of malignant transformation of
early meiotic germ cells is still under intense study. In
agreement with the shielding hypothedi§)( tsHMG inhibits
in vitro excision repair of the cisplatin 1,2-intrastrand cross-
links but not the minor, 1,3-intrastrand cross-links in HeLa
cell free extracts {7) at remarkably lower concentrations
than other HMG domain protein&T, 20). Such differences
in excision repair shielding efficiency are consistent with
the superior binding affinity and specificity of tsHMG to
cisplatin-modified DNA.

The high degree of sequence homology between tsHMG
and m-mtTFA suggests that the binding properties of
m-mtTFA to cisplatin-damaged DNA are similar to those
of tsHMG. Elevated levels of platinum occur on the
mitochondrial genome in human malignant melanoma cells
treated with cisplatin42), a finding attributed to the lack of
a mitochondrial DNA repair systerd®). Thus the platinum
lesions could titrate mtTFA away from its natural binding
site, thereby disrupting its function as a transcription factor.

In summary, the discovery of mouse tsHMG as a nuclear
protein specifically expressed in testis tissue and binding with
high relative affinity to Pt(Il}>DNA lesions is an encourag-
ing development in unraveling the mechanism of cisplatin-
mediated cytotoxicity. Whether there is a human analog,
and determining if it plays a role in the therapeutic effect of
the drug, remain to be investigated.
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