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Unique Properties of DNA Interstrand Cross-Links of Antitumor Oxaliplatin
and the Effect of Chirality of the Carrier Ligand
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Abstract: The different antitumor and
other biological effects of the third-
generation antitumor platinum drug
oxaliplatin [(1R,2R-diamminocyclohex-
ane)oxalatoplatinum(m)] in comparison
with those of conventional cisplatin
[cis-diamminedichloridoplatinum(ir)]

are often explained by the ability of
oxaliplatin to form DNA adducts of
different conformation and
quently to exhibit different cytotoxic
effects. This work describes, for the

conse-

by the cross-link of oxaliplatin are
greater than those observed with the
cross-link of cisplatin; 2) the affinity of
high-mobility-group proteins (which
are known to mediate the antitumor
activity of platinum complexes) for the
interstrand cross-links of oxaliplatin is
markedly lower than for those of cis-
platin; and 3) the chirality at the carri-
er 1,2-diaminocyclohexane ligand can
affect some important structural prop-
erties of the interstrand cross-links of

cisplatin analogues. Thus, the informa-
tion contained in the present work is
also useful for a better understanding
of how the stereochemistry of the carri-
er amine ligands of cisplatin analogues
can modulate their anticancer and mu-
tagenic properties. The significance of
this study is also reinforced by the fact
that, in general, interstrand cross-links
formed by various compounds of bio-
logical significance result in greater cy-
totoxicity than is expected for mono-

first time, the structural and biochemi-
cal characteristics of the interstrand
cross-links of oxaliplatin. We find that:
1) DNA bending, unwinding, thermal
destabilization, and delocalization of
the conformational alteration induced
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Introduction

Oxaliplatin [(1R,2R-diamminocyclohexane)oxalatoplatinum-
(m)] (Scheme 1) is a third-generation platinum antitumor
compound. It is a drug in the same family as cisplatin [cis-di-
amminedichloridoplatinum(m)] and carboplatin [cis-diammi-
necyclobutanedicarboxylatoplatinum(i)]. It is typically ad-
ministered in combination with fluorouracil and leucovorin
for the treatment of colorectal cancer. In relation to cispla-
tin, the two amine groups are replaced by cyclohexanedia-
mine for improved antitumor activity. The chlorido ligands
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functional adducts or other intrastrand
DNA lesions. Therefore, we suggest
that the unique properties of the inter-
strand cross-links of oxaliplatin are at
least partly responsible for this drug’s
unique antitumor effects.

agents
DNA

are replaced by the bidentate oxalato group derived from
oxalic acid in order to improve water solubility.

The cytotoxicity of platinum compounds is thought to
result primarily from the formation of DNA-platinum intra-
strand and interstrand cross-links (CLs), but the relative ef-
ficacy of these CLs remains unknown.* The sequence and
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Scheme 1. Structures of platinum compounds: A) cisplatin, B) oxaliplatin,
C) [Pt(R,R-dach)]**, and D) [Pt(S,S-dach)]**.
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region specificity and the type and frequency of adducts
formed by oxaliplatin and cisplatin appear to be similar.*
Thus, oxaliplatin would be expected to damage DNA to a
similar extent as cisplatin. However, various methodologies
have suggested that oxaliplatin induces fewer lesions in
naked and cellular DNA than equimolar cisplatin does.["*
These findings suggest that oxaliplatin-induced DNA
damage may differ in various aspects from that of cisplatin.
Recently, structural differences between 1,2-GG intrastrand
CLs (G: guanine) of oxaliplatin and cisplatin have been sug-
gested to explain some of the differences between the bio-
logical effects of these two platinum drugs.'! An intrigu-
ing, but so far not examined, eventuality is that oxaliplatin
cytotoxicity might possibly result from relatively more lethal
lesions, such as interstrand CLs. Hence, it is of particular in-
terest to shed light on the distortions induced in DNA by in-
terstrand CLs of oxaliplatin.

The determination of the structure of these CLs is a key
step which may give a new insight into the formation, stabil-
ity, cellular processing, and repair of oxaliplatin lesions. In
order for the reaction of oxaliplatin with DNA to occur, the
parent compound must become aquated. The hydrolysis of
oxaliplatin to form the reactive diaqua species [Pt(R,R-
dach)(H,0),]*" (dach: 1,2-diaminocyclohexane; Scheme 1)
is a slower process than the hydrolysis of cisplatin. In addi-
tion, besides oxaliplatin, another enantiomeric form of this
complex exists, so a comparison of the effects of interstrand
CLs of platinum complexes with enantiomeric amine li-
gands, such as [Pt(R,R-dach)]** (derived from oxaliplatin)
and [Pt(S,S-dach)]**, on DNA conformation is also of great
interest. To achieve this, various biochemical methods that
are currently used for characterization of DNA distortion
induced by DNA-damaging agents were employed in the
present work to characterize the interstrand CLs of [Pt(R,R-
dach)]** and its S,S enantiomer. In addition, the recognition
and binding of various proteins have been shown to play an
important role in the mechanism of antitumor effects of
platinum antitumor drugs, with abundant high-mobility-
group (HMG) domain proteins binding to platinated DNA
being most frequently studied.”? Hence, recognition by
HMGB1 domain proteins of DNA duplexes containing
single, site-specific interstrand CLs of [Pt(R,R-dach)]** (ox-
aliplatin) and [Pt(S,S-dach)]** was also assayed. The results
are compared with the data obtained previously or in the
present work for the interstrand CL of cisplatin.

Results

Frequency of interstrand cross-links and preferential sites in-
volved in these adducts: It has already been shown that the
sites in DNA and the spectra of oxaliplatin adducts are
nearly identical to those in the situation in which DNA is
modified by cisplatin.®! Therefore, we decided to confirm
that the reactive form of oxaliplatin produces the interstrand
CLs with the same rate and in the sequence in which cispla-
tin preferentially forms interstrand CLs, that is, between
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guanine residues in the sequence 5-GC/5-GC (C: cyto-
sine).’!

We quantitated the interstrand cross-linking efficiency of
[Pt(R,R-dach)]**, [Pt(S,S-dach)]**, and cisplatin in a 2455-
bp DNA fragment, which was modified by these complexes
at 37°C for 24 h so that a value of r,=0.001 was attained (r,
is defined as the amount of platinum atoms bound per one
nucleotide in DNA). The samples were analyzed for the in-
terstrand CLs by agarose gel electrophoresis under denatur-
ing conditions, as described in the Experimental Section.
Upon electrophoresis, 3-end-labeled strands of the 2455-bp
DNA migrate as a 2455-mer single strand, whereas the inter-
strand cross-linked strands migrate more slowly as a higher
molecular mass species (Figure 1). The bands corresponding
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Figure 1. The formation of the interstrand CLs by platinum complexes in
the linear pSP73KB plasmid (2455 bp). Autoradiogram of denaturing 1 %
agarose gel of the DNA fragments that were 3'-end labeled. The inter-
strand cross-linked DNA appears as the top band, which is migrating on
the gel more slowly than the single-stranded DNA (contained in the
bottom band). The DNA fragments were nonplatinated (control; lane 1)
or incubated for 24h with [Pt(R,R-dach)]** (oxaliplatin), [Pt(S,S-
dach)]**, or cisplatin (lanes 2—4, respectively). The r, value was 0.001.

to the more slowly migrating interstrand cross-linked frag-
ments (2455 nucleotides) were seen for both enantiomers
(Figure 1, lanes 2 and 3). The intensity of these more slowly
migrating bands corresponding to the interstrand-cross-
linked fractions was the same for both enantiomers. The fre-
quencies of interstrand CLs of [Pt(R,R-dach)]** and [Pt(S,S-
dach)]** (the number of interstrand CLs per adduct) were
5.74+0.4 and 5.5+0.5%, that is, these frequencies were very
similar to that found for cisplatin (5.5+0.3%).

Cisplatin and its bifunctional analogues react with DNA
in a two-step process.'¥ Monofunctional adducts are formed
preferentially at the N7 atoms of G residues. These lesions
subsequently close to bifunctional CLs (intrastrand and/or
interstrand). By considering this fact, we have designed the
synthetic oligodeoxyribonucleotide duplex TCGCT (shown
in Figure 2C, containing a central TCGCT sequence in the
pyrimidine-rich top strand and a central AGCGA sequence
in the complementary bottom strand; the top and bottom
strands of each pair of duplexes used in the present work
are designated ’top’ and ’bottom’, respectively, throughout).
The pyrimidine-rich top strand of this duplex contains a
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Figure 2. The interstrand cross-link formation in the oligodeoxyribonucle-
otide duplex (TCGCT shown in C) formed at 37°C by mixing the top
strand uniquely monoadducted by [Pt(R,R-dach)]** (oxaliplatin), [Pt(S,S-
dach)]**, or cisplatin at the central G residue with the bottom strand.
A) Autoradiogram of a 12% PAA/urea denaturing gel of the duplexes
the bottom strand of which was 5'-end labeled. The cross-linking reaction
was stopped after 24 h by adjusting the NaOH concentration to 10 mm
and cooling the samples to 0°C. Lanes: C: control, unmodified duplex;
R,R, S,S, cisPt: duplex cross-linked by [Pt(R,R-dach)]**, [Pt(S,S-dach)]**,
or cisplatin, respectively. B) Hydroxyl-radical footprinting of interstrand
cross-links of [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin. Shown are
autoradiograms of the denaturing 24 % PAA/8M urea gel of the products
of the reaction between hydroxyl radicals and the duplex TCGCT either
unmodified or containing an interstrand CL. The top (left) or bottom
(right) strand was 5'-end labeled. Lanes: noPt: unplatinated duplex; R,R,
S,S, cisPt: duplex containing an interstrand CL of [Pt(R,R-dach)]**, [Pt-
(S,S-dach)]**, or cisplatin, respectively; G: a Maxam-Gilbert specific re-
action for the unplatinated duplex. For further details, see the text. C) Se-
quence and abbreviation of the synthetic oligodeoxyribonucleotide
duplex used for analysis of interstrand cross-links. The boldface letters in-
dicate the platinated residues in the interstrand cross-linked duplexes.

unique G residue, at which the monofunctional adduct of
[Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin was formed.
Thus, the choice of this oligonucleotide allowed for a cross-
linking study under competitive conditions (that is, three
types of interstrand CLs were in principle possible: between
the central G residue in the top strand and the complemen-
tary C residue or the 5- or 3'-G residues adjacent to the
complementary C residue in the bottom strand).

The top strands of the duplexes containing the monofunc-
tional adducts of [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cis-
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platin were hybridized with the complementary (bottom)
strand which was **P-labeled at the 5 end. The mixtures
were incubated at 37°C in NaClO, (0.1m) for 48 h and sub-
jected to gel electrophoresis under denaturing (strand-sepa-
rating) conditions to detach the two strands of the duplexes.
A new band migrating more slowly and corresponding to
two cross-linked strands was clearly seen (Figure 2A). The
yields of these interstrand cross-linking reactions were ap-
proximately 40% for both enantiomers and cisplatin. It was
verified that, after the treatment of the species contained in
the more slowly migrating band with NaCN (0.2m, pH 11),
the product migrated in the gel as a single strand (not
shown).

The interstrand cross-linked samples (the bands corre-
sponding to the interstrand cross-linked duplexes were cut
off and the duplexes were eluted and purified by standard
procedures) were further analyzed by hydroxyl-radical foot-
printing.'>%) The hydroxyl radicals generated by reaction of
the ethylenediaminetetraacetate (EDTA) complex of
iron(1) with hydrogen peroxide initiate cleavage of the
DNA phosphodiester backbone by abstracting a hydrogen
atom from a deoxyribose. The key experimental advantage
of the hydroxyl radical as a chemical probe is that it effects
DNA cleavage with no base or sequence specificity. We
used hydroxyl-radical footprinting to identify the nature of
the bases in the duplexes interstrand cross-linked by [Pt-
(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin. These duplexes
containing a single interstrand CL were **P-labeled at the 5
end of either the pyrimidine-rich strand or the purine-rich
strand. The fragments generated by hydroxyl radicals were
separated on a polyacrylamide (PAA) gel under denaturing
conditions. The cleavage patterns for the platinated and un-
platinated oligonucleotides, as well as the Maxam-Gilbert
sequencing patterns for the unplatinated oligonucleotides (a
guanine-specific reaction making it possible to identify the
location of guanine residues in each strand), are shown in
Figure 2B. For the two strands of the unplatinated duplex, a
uniform cleavage was obtained (Figure 2B, lane noPt). For
the platinated duplexes, all of the bases from the 5" end up
to the interstrand CL were detected. All of the other bases
were undetected because the generated fragments were
cross-linked and consequently migrated with a reduced mo-
bility compared to that of each unplatinated strand.

Thus, from the observation that all fragments correspond-
ing to cleavage by hydroxyl radicals from the 5" end up to
the interstrand CL were detected and separated according
to size on a PAA gel (Figure 2B), the exact location of the
bases involved in the interstrand CL was deduced.™'®! The
interstrand CLs formed by [Pt(R,R-dach)]**, [Pt(S,S-
dach)]**, and cisplatin in the duplex TCGCT were unambig-
uously identified as 1,2-GG interstrand adducts involving
the central G site in the top strand and the G residue of the
neighboring base pair in the bottom strand (Figure 2B), that
is, between G residues in the 5-GC/5'-GC sequence. Thus,
these results are consistent with the hypothesis that both
[Pt(R,R-dach)]** and [Pt(S,S-dach)]** readily form inter-
strand CLs in the 5'-GC/5'-GC sequence like cisplatin.

Chem. Eur. J. 2008, 14, 1330—-1341
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Oxaliplatin DNA Cross-Links

Conformational changes produced in double-helical DNA
by the site-specific interstrand cross-link: In contrast to cis-
platin, oxaliplatin forms DNA adducts that contain the R,R-
DACH carrier ligand. The goal of this work was to establish
whether the steric structure of the nonleaving group of plati-
num DACH enantiomers affects distortions induced in
DNA by the formation of the interstrand CLs. We have ana-
lyzed oligodeoxyribonucleotide duplexes containing a single,
site-specific interstrand CL of [Pt(R,R-dach)]**, [Pt(S,S-
dach)]?*, or cisplatin by using various biochemical and bio-
physical methods, such as measurements of DNA melting,
CD spectroscopy, chemical probing of DNA conformation,
and electrophoretic retardation as a quantitative measure of
local bending and unwinding.

DNA melting: Melting-temperature measurements by UV
absorption spectrophotometry were conducted to character-
ize the thermally induced denaturation of the 15-bp duplex
TGCT(15) (see Figure 3A for the sequence) with the specif-

A)

TGCT (15): $’-CTCTCTTGCTCTCTC -3

3’- GAGAGAACBAGAGAG -5 'm
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TGCT (23): 5-CCTCTCCTTGCTCTCCTTCTCTC
@3):7 T GAGACGAACGAGAGGAAGAGAGG-S’

5-CCTCTCCTTGCTCTCCTTCTCTCT
GAGAGGAACGAGAGGAAGAGAGAG-5"

TGCT (25): 3 -CCTCTCCTTGCTCTCCTTCTCTCTC
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Figure 3. Nucleotide sequences of the synthetic oligodeoxyribonucleoti-
des. A) Sequences of the oligonucleotides used in DNA melting experi-
ments. B) Sequences of the oligonucleotides used in DNA bending and
unwinding experiments and their abbreviations. The boldface letters indi-
cate the platinated residues in the interstrand cross-linked duplexes.

ic goal of elucidating the thermal consequences of modifying
and constraining DNA through a single, site-specific inter-
strand CL of [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin.
The CLs were formed in the center of these duplexes be-
tween G residues in the 5-GC/5'-GC sequence. Comparison
of the melting temperatures (7,,) for the cross-linked du-
plexes and for the unconstrained (unplatinated) duplex
(Table 1) reveals that formation of either CL results in a
substantial increase in the thermal stability of the duplex
(the differences between the T, values of the cross-linked
and unplatined parental duplex, AT, were 20.8, 22.4, or
18.2°C for the CLs of [Pt(R,R-dach)]**, [Pt(S,S-dach)]**,
and cisplatin, respectively).

The unconstrained (unplatinated) duplex TGCT(15) de-
natures in a bimolecular reaction to form two single strands.
As a consequence, the melting of the unplatinated duplex

Chem. Eur. J. 2008, 14, 1330—-1341
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Table 1. Melting temperatures, 7T,,, of duplexes that were unplatinated or
contained a single, site-specific interstrand cross-link of [Pt(R,R-dach)]**,
[Pt(S,S-dach)]**, or cisplatin.

Duplex T, [°C]™
TGCT(15)-noPt™! 512
TGCT(15)-loop (noPt)l! 75.4
TGCT(15)-R,R" 72.0
TGCT(15)-S,S! 73.6
TGCT(15)-cisPt!! 69.4

[a] The error is +0.3°C. [b] Unplatinated duplex TGCT(15). [c] Unplati-
nated hairpin duplex; the stem duplex of this hairpin structure contained
two complementary nucleotide sequences identical to those of the top
and bottom strands of the duplex TGCT(15), which were linked in this
duplex by a short single-stranded loop composed of five thymine resi-
dues. [d] Duplex TGCT(15) containing a cross-link of [Pt(R,R-dach)]**.
[e] Duplex TGCT(15) containing a cross-link of [Pt(S,S-dach)]**.
[f] Duplex TGCT(15) containing a cross-link of cisplatin.

was dependent on the overall oligonucleotide concentration.
By contrast, the duplexes containing the interstrand CL
melted in a concentration-independent manner to a dena-
tured state, which is consistent with the expectation that the
molecularity had been reduced from bimolecular to mono-
molecular due to the presence of the interstrand CL. Thus,
the observed AT, values are apparently affected by the fact
that the original bimolecular oligomer system became mon-
omolecular as a consequence of the cross-linking. Upon in-
troduction of a single platinum interstrand CL, the change
in the T,, value can result not only from the change in the
molecularity of the system but also from a different mecha-
nism for the melting transition. We tried to dissect these two
components of the observed cross-link-induced shift in ther-
mal stability. To estimate how much of the observed AT,
difference results from the change in molecularity, we used
an approach based on examination of the thermal transition
of the hairpin (duplex TGCT(15) loop, Figure 3A). The
stem duplex of this hairpin structure contained two comple-
mentary nucleotide sequences identical to those of the top
and bottom strands of duplex TGCT(15); however, these
strands were still linked by a short single-stranded loop com-
posed of five thymine residues. The thymine residues in this
short loop behave as denatured single strands and should
contribute little to the transition energetics of an adjacent
stem duplex.'’*®l Hence, it is reasonable to expect that the
hairpin TGCT(15) loop melts in the same way as the duplex
TGCT(15) but in a monomolecular, concentration-inde-
pendent reaction."! In this way, if the AT, value is calculat-
ed as the difference between the values of T}, for the inter-
strand cross-linked duplex TGCT(15) and the nonplatinated
hairpin TGCT(15) loop, one “corrects” for the concentra-
tion dependence of the T, value of duplex TGCT(15) and
obtains the change in the T, value corresponding to effects
other than the change in molecularity of the system.
Examination of the thermal melting of the nonmodified
hairpin TGCT(15) loop revealed that its melting tempera-
ture was 75.4°C, that is, a value 24.2°C higher than that
found for duplex TGCT(15). Hence, this value can be taken
in the first approximation as a “reduced” concentration-in-
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dependent melting temperature
for the nonmodified duplex

Table 2. Summary of the results demonstrating the properties of interstrand cross-links formed by [Pt(R,R-
dach)]** (oxaliplatin), [Pt(S,S-dach)]**, and cisplatin in the 5'-GC/5'-GC sequence.

TGCT(15). This “reduced” T, Interstrand CLof: AT, [°)C]*! Bending [’I") Unwinding [°] Chemical probes'* Recognition by:

value of the unplatinated HMGBla HMGBIb

duplex is significantly different TTGgT

from the Tm Values Of the Cross- cisplatin 6.0+0.2 45:‘:2[C] 79:|:3[C] AACGA I'IO[e] yes[e]

linked duplexes. Formation of ..

the interstrand CL in DNA by T('%GC?

[Pt(R R-dach)]“ [Pt(S,S- [Pt(R,R-dach)’*  3.4+0.2 56+2 96+2 AACGA no no

dach)]?*, or cisplatin decreased oo.Oo

the thermal stability of DNA, " TTGCT

with the CL of cisplatin being [PY(S,S-dac)™*  1.8+£02 6143 821 AACGA no no
co® o

most efficient and that of [Pt-

(S,S-dach)]** being least effi-
cient (Table2). Hence, the
overall impact of a single inter-
strand CL of [Pt(R,R-dach)]**,
[Pt(S,S-dach)]**, or cisplatin
should not be associated only
with the change in molecularity
of the duplex system; instead,
another mechanism also has to
be involved in lowering the
thermal  stability of the
duplex,™ presumably through
conformational alterations.

Circular dichroism spectroscopy: The CD spectra of the 15-
bp duplex TGCT(15) (shown in Figure 4B) containing a
single, site-specific interstrand CL of [Pt(R,R-dach)]**, [Pt-
(8,S-dach)]**, or cisplatin and its nonmodified counterpart
at 25°C were also measured to study the macroscopic helical
geometry of the nonmodified and cross-linked duplexes and
to monitor differences in the overall structures of these du-
plexes. The perturbation of the B conformation of DNA due
to the formation of the interstrand CLs of the three plati-
num compounds results in the marked red shift of the posi-
tive band of DNA at 276 nm and the negative band at
245 nm (Figure 4A). In addition, the intensity of these bands
is markedly decreased. Interestingly, the spectra of the du-
plexes containing the interstrand CLs of [Pt(dach)]** com-
plexes were different from that of the duplex containing the
CL of cisplatin, thereby demonstrating that the interstrand
CLs of [Pt(dach)]** complexes distort the DNA conforma-
tion differently to the CLs of cisplatin. Also interestingly,
the CD spectra of the duplexes containing the interstrand
CLs of [Pt(R,R-dach)]** and [Pt(S,S-dach)]** differ as well,
a fact suggesting a chirality-dependent character of the con-
formational distortion induced in DNA by interstrand CLs
of [Pt(dach)]** complexes.

Chemical probes: To further characterize the distortions in-
duced in DNA by interstrand CLs of [Pt(R,R-dach)]** or
[Pt(S,S-dach)]**, the 23-bp oligonucleotide duplex
TGCT(24) (shown in Figure 3B), containing the site-specific
interstrand CL of [Pt(R,R-dach)]**, [Pt(S,S-dach)]** or, for
comparative purposes, of cisplatin was treated with several
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la] AT,,=T,, (platinated)—T, (unplatinated); the T,, (unplatinated) value was that found for the unplatinated
duplex TGCT(15)-loop, while the T, (platinated) value was that found for the platinated duplex TGCT(15).
The values are “corrected” for the concentration dependence of the 7,, value of duplex TGCT(15). See the
text for further details. Each value represents the mean value from three melting experiments + the standard
deviation. [b] Toward the minor groove. Each value represents the mean value from three experiments + the
standard deviation. [c] Values from Malinge et al.”® and the present work. Each value represents the mean
value from three independent determinations + the standard deviation. [d] Summary of the reactivity of
chemical probes with the duplexes TGCT containing an interstrand CL formed by cisplatin, [Pt(R,R-dach)]**,
or [Pt(S,S-dach)]**. Closed and open circles designate strong and weak reactivities, respectively. [e] Values
from the present work and that of Kasparkova et al.l

32)

chemical agents that are used as tools for monitoring the ex-
istence of conformations other than canonical B-DNA.
These agents included KMnO,, bromine, or diethyl pyrocar-
bonate (DEPC) as probes for thymine, cytosine, and ade-

A)
1001
- 50f
g
i
TQJ
=
~ [
w \
<1 \
0
-50 1 I I 1 J
220 240 260 280 300 320
Wavelength / nm
B)

5'-CTCTCTTGCTCTCTC -3’

TGCT(15) 3. GAGAGAACGAGAGAG-5’

Figure 4. A) CD spectra for the 15-bp duplex (TGCT(15) in B) unplati-
nated or containing a single, site-specific interstrand cross-link of [Pt-
(R,R-dach)]** (oxaliplatin), [Pt(S,S-dach)]**, or cisplatin recorded at
25°C. The duplex concentration was 2 um and the buffer conditions were
tris(hydroxymethyl)aminomethane-HCI (Tris-HCl; 10 mm, pH 7.2), NaCl
(0.1m), and EDTA (0.1 mm). Curves: 1: unplatinated duplex; 2—4: the
duplex cross-linked by [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin, re-
spectively. B) Sequence and abbreviation of the synthetic oligodeoxyribo-
nucleotide duplex used for analysis by CD spectroscopy. The boldface
letters indicate the platinated residues in the interstrand cross-linked du-
plexes.
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nine/guanine residues, respectively.”*?! These probes react,
under the conditions used, with base residues in single-
stranded DNA and distorted double-stranded DNA but not
with the base residues in intact, double-stranded DNA.2%24
For this analysis, we used exactly the same methodology as
in our recent studies dealing with DNA adducts of various
antitumor platinum drugs. Thus, the details of this experi-
ment can be found in those articles”®"*** and representative
gels showing piperidine-induced specific strand cleavage at
KMnO,-modified, KBr/KHSOs-modified, and DEPC-modi-
fied bases in the 23-bp duplexes that were unplatinated or
contained a single, interstrand CL of [Pt(R,R-dach)]**, [Pt-
(S,S-dach)]**, or cisplatin are demonstrated in Figure 5. The
results are schematically summarized in Table 2.
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Figure 5. Chemical probes of DNA conformation. Piperidine-induced
specific-strand cleavage at KMnO,-modified, KBr/KHSOs-modified, and
DEPC-modified bases in the TGCT(24) duplex (shown in Figure 3B) un-
platinated or containing a single, site-specific interstrand cross-link of [Pt-
(R,R-dach)]** (oxaliplatin), [Pt(S,S-dach)]**, or cisplatin. Lanes: ss: the
unplatinated strand; ds: the unplatinated duplex; R,R, S.S, cisPt: the
duplex containing a unique interstrand adduct of [Pt(R,R-dach)]**, [Pt-
(S,S-dach)]**, or cisplatin, respectively; G: a Maxam-Gilbert specific re-
action for the unplatinated duplex. The oligomers were 5'-end labeled on
either the top (left panel, marked TOP) or bottom strand (right panel,
marked BOTTOM).

The pattern and degree of reactivity toward the chemical
probes were similar for the interstrand CLs formed by [Pt-
(dach)]** and cisplatin, in that cytosine residues comple-
mentary to the guanines modified by these complexes were
largely exposed to the solvent (Figure 5 and Table 2). The
flanking adenines and thymines were not reactive with
DEPC and KMnO,, respectively, in the case of the inter-
strand CL of cisplatin, a fact indicating that the distortion
induced by the formation of this CL was largely localized at
the platinated 5'-GC/5'-CG base pairs and no marked local
distortion took place in the vicinity of the platination site.
This result is in accordance with the previous observation
demonstrating that hyperreactivity of the two cytosine resi-
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dues complementary to the platinated guanines to hydroxyl-
amine and that the distortion is limited to the platinated
base pairs.”’! By contrast, the pattern and degree of reactivi-
ty toward the chemical probes was different for the inter-
strand CLs of the two Pt-DACH enantiomers (Figure 5 and
Table 2). Few bases flanking the 5-GC/5-GC sequence
cross-linked by [Pt(dach)]** compounds were reactive with
chemical probes, thereby indicating a different character of
the conformational distortion induced in DNA by the inter-
strand CLs of these compounds. These results suggest that
the conformational distortion induced by [Pt(dach)]** com-
pounds is, in contrast to that with the CL of cisplatin, more
delocalized and extends over at least four or five base pairs
around the CL. The distortion induced by the interstrand
CL of [Pt(S,S-dach)]** appears to be somewhat more delo-
calized than that of [Pt(R,R-dach)]**, thereby confirming a
chirality-dependent character of the conformational distor-
tion induced in DNA by interstrand CLs of [Pt(dach)]**
complexes.

Bending and unwinding: Among the alterations of the sec-
ondary and tertiary structure of DNA to which it may be
subject, the role of the intrinsic bending and unwinding of
DNA is increasingly recognized as being potentially impor-
tant in regulating replication and transcription functions
through specific DNA-protein interactions. For cisplatin in-
terstrand adducts, the structural details responsible for bend-
ing and subsequent protein recognition have been elucidat-
ed.”** Given the recent advances in our understanding of
the structural basis for the bending of DNA caused by cis-
platin, it is also of considerable interest to examine how the
character of a carrier amine in the 1,2-GG interstrand
adduct affects the conformational properties of DNA, such
as bending and unwinding. In this work we further per-
formed studies on the bending and unwinding induced by
single, site-specific interstrand CLs of [Pt(dach)]** enantio-
mers formed in oligodeoxyribonucleotide duplexes between
guanine residues in the 5-GC/5'-GC sequence.

As in the previous study,™ we used electrophoretic retar-
dation as a quantitative measure of the extent of planar cur-
vature to analyze the bending and unwinding induced by the
single, site-specific interstrand CL formed by [Pt(R,R-
dach)]** or [Pt(S,S-dach)]**. The oligodeoxyribonucleotide
duplexes TGCT(21-25) (the sequences of which are shown
in Figure 3B) were used in these studies. The ligation prod-
ucts of these unplatinated or [Pt(dach)]-containing duplexes
were analyzed on a native PAA electrophoresis gel. Experi-
mental details of these studies have been given in recent re-
ports.”>3 Importantly, in the present work, we used the oli-
gonucleotide duplexes which had the same nucleotide se-
quences as those used previously by other authors™ who
analyzed the bending and unwinding induced by the single,
site-specific interstrand CL of cisplatin. In addition, we used
methodology and experimental conditions in these experi-
ments which were exactly the same as in the previous
paper,”! and we confirmed the previously obtained results
that the interstrand CL of cisplatin bent DNA toward the
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minor groove by 45° and unwound DNA by 79° (the gel is
not shown). Representative gels and the analysis showing
the mobility of the ligation products of 21-25-bp duplexes
containing single, site-specific, interstrand CLs of [Pt(R,R-
dach)]** or [Pt(S,S-dach)]** at the sequence 5'-GC/5'-GC in
a PAA gel are shown in Figure 6A. The results are summar-
ized in Table 2. The DNA bending of 56 and 61° toward the
minor groove and the unwinding of 96 and 82° due to the
single, site-specific interstrand CLs formed by [Pt(R,R-
dach)]** or [Pt(S,S-dach)]**, respectively, indicate that these
parameters are different for the two enantiomers and mark-
edly different from those found for the interstrand CL of
cisplatin (Table 2). The direction of the bend was deter-
mined by using the duplex 24-mer TGCT (A/T tract) (the
sequence is shown in Figure 3B), which also contained, be-
sides the single interstrand CL formed by the Pt-DACH en-
antiomer, the (A-T), tract located “in phase” from the CL
(the cross-linked base pairs and the center of the A tract
were separated by 11 bp), in the same way as in our recent
articles. %3]

The mobility of a linear DNA molecule through a native
PAA gel is directly proportional to its end-to-end distance.
DNA multimers of identical length and number of bend
units, but with differently phased bends, have different end-
to-end distances. The DNA bends must be spaced evenly
and phased with the DNA helical repeat in order to add
constructively. Such constructively phased bends add in
plane to yield short end-to-end distances and the most
anomalous gel migration. If the ends come close enough to-
gether, they may close covalently upon reaction with DNA
ligase to form small DNA circles. Produced in ligations of
monomers investigated in this work were also some separate
bands arising from these small DNA circles, which migrate
close to the top of the gel (see the bands marked by aster-
isks in Figure 6A as an example). The occurrence of small
DNA circles was also evident if the platinum was removed
from the products of the ligation reaction by NaCN (0.2Mm,
pH 11) (not shown). The highest tendency to yield DNA
circles was observed for the 23- or 24-bp multimers, a fact
confirming a close match between the 23- and 24-bp se-
quence repeats and the helix screw.!-337

Recognition by HMG domain proteins: An important fea-
ture of the mechanism of action of cisplatin is that the bend-
ing of the helix axis induced in DNA by 1,2-intrastrand or
1,2-interstrand CLs of cisplatin and the altered structures at-
tract HMG domain proteins and other proteins.[*!%30:33]
This binding of HMG domain proteins to DNA modified by
cisplatin has been postulated to mediate its antitumor prop-
erties.'>*! Interestingly, full-length HMGB1 or HMGB2
proteins and the domains A and B of the HMGBI1 protein
(HMGB1a and HMGBIb, respectively) bind to 1,2-GG in-
trastrand CLs of cisplatin. Even more interestingly, the full-
length HMGBI protein and its domain B, with a lysine-rich
region (seven amino acid residues) of the A/B linker at-
tached to its N terminus, specifically recognize DNA that
has been interstrand cross-linked by cisplatin.**)
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Figure 6. The mobility of the ligation products of 21-25-bp duplexes
(TGCT(21-25) shown in Figure 3B) containing a single, site-specific in-
terstrand cross-link of [Pt(R,R-dach)]** or [Pt(S,S-dach)]** at the central
sequence 5-TGCT/S-AGCA in an 8% PAA gel. A) Phosphorimage of
the ligation products of the duplexes containing an interstrand cross-link
of [Pt(R,R-dach)]** (left panel) or [Pt(S,S-dach)]** (right panel). Lanes:
No Pt: unplatinated duplexes; Pt: duplex containing the cross-link.
B) Plots showing the relative mobility K versus sequence length for the
21-25-bp oligomers containing the CL of [Pt(R,R-dach)]** (left) or [Pt-
(S,S-dach)]** (right). Symbols: m: 21-mer; A: 22-mer; V: 23-mer; &: 24-
mer; @: 25-mer. C) Plots showing the relative mobility K versus interad-
duct distance in bp for the 21-25-bp oligomers containing the CL of [Pt-
(R,R-dach)]** (left) or [Pt(S,S-dach)]** (right) with a total length of
100 bp. The experimental points represent the average of three independ-
ent experiments. The curves represent the best fit of these experimental
points to the simple quadratic equation K =ad’+bd+c (d: interadduct
distance; a—c: constants)./*!]
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As oxaliplatin and its S,S enantiomer exhibit antitumor
activity different from that of cisplatin and as we found con-
siderable differences in the DNA conformation distorted by
the interstrand CLs of [Pt(R,R-dach)]**, [Pt(S,S-dach)]**,
and cisplatin, it was also of considerable interest to examine
whether the interstrand CLs of these complexes are recog-
nized differently by HMG domain proteins. The interactions
of the domains A and B of the HMGB1 protein, which is
the prototypical member of the family of these proteins,
with 1,2-GG interstrand CLs of [Pt(R,R-dach)]** or [Pt(S,S-
dach)]?** were investigated by gel mobility shift experi-
ments.P>*l In these experiments, the 22-bp duplex with
blunt ends (see Figure 7C for its sequence) was modified so
that it contained a single, site-specific interstrand CL
formed by [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin
between G residues in the central 5-GC/5'-GC sequence.
For comparative purposes, the 22-bp duplex was also used;
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Figure 7. Gel mobility shift assay analysis of the titration of the duplex
TGCT (for sequence, see C) containing a single interstrand cross-link of
[Pt(R,R-dach)]’* (oxaliplatin) or [Pt(S,S-dach)]’* with HMGBla (A)
and HMGBI1b proteins (B). For comparative purposes, gel mobility shift
assay analyses of the titration of the duplex TGGT (for sequence, see C)
containing a single 1,2-GG intrastrand cross-link of cisplatin with
HMGBI1a and the duplex TGCT containing an interstrand cross-link of
cisplatin with HMGB1b are also shown in A and B, respectively. The
concentration of the duplexes was 10 nm. A) Lanes: NoPt: control, non-
modified TGCT duplex; cisPt: the TGGT duplex containing a 1,2-GG in-
trastrand cross-link of cisplatin; R,R, S,S: the TGCT duplex containing
an interstrand cross-link of [Pt(R,R-dach)]** or [Pt(S,S-dach)]**, respec-
tively; lanes1,5,9, and 12: no protein added; lanes2,6,10, and 13:
HMGBla (9.6 nm) added; lanes3,7,11, and 14: HMGB1la (19.2 nm)
added; lanes 4, 8, 12, and 15: HMGBl1a (38.4 nm) added. B) Lanes: NoPt:
control, nonmodified TGCT duplex; cisPt, R,R, S,S: the TGCT duplex
containing an interstrand cross-link of cisplatin, [Pt(R,R-dach)]**, or [Pt-
(S,S-dach)]**, respectively; lanes1,5,9, and12: no protein added;
lanes 2, 6,10, and 13: HMGBI1b (4.7 um) added; lanes 3,7, 11, and 14:
HMGBI1b (9.4 um) added; lanes4,8,12, and 15: HMGB1b (18.8 um)
added. C) Sequences and abbreviations of the synthetic oligodeoxyribo-
nucleotide duplexes used in the gel mobility shift assay. The boldface let-
ters indicate the platinated residues in the cross-linked duplexes.
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this duplex was identical to that containing the interstrand
CL except that its central sequence was TGGT/ACCA, at
which a single, site-specific 1,2-GG intrastrand CL of cispla-
tin was formed (Figure 7C). The binding of the domains
HMGB1a or HMGB1b to these DNA probes was detected
by retardation of the migration of the radiolabeled 22-bp
probes on the gel."**%] These proteins exhibited negligible
binding to the unmodified 22-bp duplexes, whereas both
HMGBla and HMGBI1b recognized and bound to the
duplex containing the 1,2-GG intrastrand CL of cisplatin.
HMGBI1b also recognized and bound to the duplex contain-
ing the interstrand CL of this metallodrug (indicated by the
presence of a shifted, more slowly migrating band) in the
same way as shown previously, for instance, in our recent
papers.”>*1 The results of the titration of the duplexes con-
taining the interstrand CL of [Pt(R,R-dach)]*" or [Pt(S,S-
dach)]** with the domains HMGB1a or HMGB1b indicate
that neither of these proteins bound the probes interstrand
cross-linked by [Pt(R,R-dach)]** or [Pt(S,S-dach)]** under
conditions when the HMGB1la or HMGBI1b proteins exhib-
ited a considerable affinity for the duplex containing the
1,2-GG intrastrand or interstrand CL of cisplatin, respec-
tively (Figure 7A,B). Hence, the interstrand CLs of [Pt(R,R-
dach)]** or [Pt(S,S-dach)]** are not recognized by HMG
domain proteins or the affinity of these proteins for the in-
terstrand CLs of [Pt(R,R-dach)]** or [Pt(S,S-dach)]** is
markedly lower than that for the 1,2-GG intrastrand CL and
interstrand CL of cisplatin.

Discussion

The goal of this study was to probe the hypothesis that dif-
ferences in the biological effects of oxaliplatin and cisplatin
(including cytotoxicity) might possibly result from differen-
ces in the character and processing of highly lethal lesions
formed by these metallodrugs, such as DNA interstrand
CLs. In the present work, data characterizing interstrand
CLs of oxaliplatin and its S,S enantiomer [Pt(S,S-dach)]**,
obtained by various biochemical methods currently used for
the analysis of DNA distortions induced by DNA-damaging
agents, are reported for the first time and some of these
characteristics are summarized in Table2. The DACH
ligand is chiral and oxaliplatin exhibits higher activity
toward various cancer cell lines than the S, enantiomer, so
oxaliplatin, and not its S,§ enantiomer, has been approved
for clinical use.* Although the asymmetry in the amine
ligand in the DACH platinum complexes does not involve
the coordinated nitrogen atoms but rather the adjacent
carbon atoms, a dependence of the biological activity upon
the configuration of the amine is observed. Hence, it was
also of great interest to answer the question of whether the
character of the conformational distortions induced in DNA
by interstrand CLs of [Pt(dach)]** complexes is chirality de-
pendent and different from those of the parent cisplatin.
The CD spectra of duplexes containing single, site-specific
interstrand CLs of [Pt(R,R-dach)]** or [Pt(S,S-dach)]**
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(Figure 4A) confirm that the CLs of these two platinum
complexes considerably alter the global geometry of the
parent duplex. It has been shown® 3! that the cisplatin in-
terstrand CL, which is preferentially formed between oppo-
site guanines in the 5'-GC/5-GC sequence,™ induces sever-
al irregularities at the cross-linked base pairs in a base-se-
quence-independent manner.”® We found that [Pt(dach)]**
complexes also form interstrand CLs at the same sites (Fig-
ure 2A) and with the same frequency (Figure 1) as the
parent cisplatin, so similar conformational features, although
quantitatively different, may be also expected for the inter-
strand CLs of [Pt(dach)]** compounds. For instance, the de-
oxyriboguanosine residues that are interstrand cross-linked
by cisplatin are not paired with hydrogen bonds to the com-
plementary deoxyribocytidines, which are located outside
the duplex and not stacked with the other aromatic bases;
all other base residues are paired.”*! Consistent with this
characterization is the strong reactivity of chemical probes
with cytosine residues complementary to the platinated gua-
nine residues®”! (Figure 5 and Table 2). As the same strong
reactivity of chemical probes is also observed in the case of
the interstrand CLs of [Pt(R,R-dach)]** or [Pt(S,S-dach)]**
(Figure 5 and Table 2), it is reasonable to conclude that the
interstrand CLs of DACH compounds and cisplatin adopt a
similar overall conformation, although some features may
be different. Interestingly, chemical probing of the confor-
mational distortions induced in DNA by the interstrand CLs
indicates that the distortion induced by the CL of cisplatin
is considerably more localized to the platinated base pairs
than that induced by the CL of [Pt(dach)]** complexes. The
distortion induced by the interstrand CLs of [Pt(dach)]**
complexes extends over few base pairs flanking the cross-
linked base pairs, with the CL of [Pt(S,S-dach)]** being
more efficient in this respect (Figure 5 and Table 2). The
severe conformational alteration in the base pairs cross-
linked by [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, or cisplatin re-
sults in helix unwinding relative to B-DNA by 96, 82, and
79°, respectively (Table 2); this unwinding is very likely re-
sponsible for the marked reduction of the amplitude of the
negative CD band at around 240 nm (Figure 4A).

Another striking difference between the interstrand CLs
of [Pt(dach)]** complexes and cisplatin is in the ability of
the CLs of [Pt(dach)]** complexes to induce more pro-
nounced bending of the helix axis toward the minor groove
at the cross-linked site (Table 2). An important feature of
the structure of the interstrand CL of the parent cisplatin is
that the platinum residue protrudes into the minor groove
of the DNA duplex and the N7 atoms of the cross-linked
guanine residues (localized initially in the major groove of
B-DNA) move into the minor groove.”*! The present work
demonstrates that several conformational features of the in-
terstrand CLs of cisplatin and [Pt(dach)]*" compounds, such
as bending and unwinding (Table 2), are relatively strong.
Hence, this radical distortion of DNA conformation is likely
to be associated with the presence of the platinum atom in
the minor groove in the interstrand CLs of [Pt(dach)]**
compounds as well. This suggestion is corroborated by the
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fact that a very high unwinding induced by [Pt(dach)]*" in-
terstrand CLs cannot be rationalized by major-groove
models of this lesion.” Thus, it seems reasonable to suggest
that the bulky DACH group does not restrict the DNA
bending required for the formation of the interstrand CL as
proposed for bending due to the 1,2-GG intrastrand CL of
oxaliplatin.!"

Formation of the interstrand CLs of [Pt(dach)]** com-
pounds and cisplatin results in overall thermal stabilization
of the duplex (Table 1) and this thermal stabilization is asso-
ciated mainly with the change in molecularity of the system.
On the other hand, we have demonstrated that another im-
portant factor affecting the overall thermal stability of the
host duplex is the structural perturbation imposed on the
duplex by the interstrand CL of the platinum compounds.
This conformational distortion thermally destabilizes the
host duplex, but this destabilization only partly compensates
for the thermal stabilization due to the change in molecular-
ity of the system. We also attempted to rationalize the ther-
mal destabilizing effect of the interstrand CL of [Pt(dach)]**
compounds and cisplatin (Table 2) in terms of the CL-in-
duced structural perturbations in the host duplex. An impor-
tant feature of the structure of the interstrand CL of cispla-
tin and presumably also of [Pt(dach)]** compounds is that
cytosine residues complementary to the platinated guanines
are no longer hydrogen bonded and are extrahelical (see
above). It has been proposed that the hydration of the inter-
strand CLM! and the bending induced by the interstrand ad-
ducts of cisplatin thermodynamically stabilize the duplex.””!
Although the stabilization resulting from hydration cannot
be quantified because of the limited thermodynamic data-
base on DNA hydration, a very crude estimate has been ob-
tained in the case of helical bending. This crude estimation
demonstrated that the bending due to the formation of the
interstrand CL of cisplatin significantly contributes toward
stabilization of the global duplex structure,*’l so it seems
reasonable to assume that the contribution of the bending
induced by the interstrand CLs of [Pt(dach)]** compounds
is also significant. Another important conformational pa-
rameter of the distortion induced by the formation of the in-
terstrand CLs of [Pt(dach)]** compounds and cisplatin is
the unwinding of the double helix (Table 2). The energetics
of the destabilizing effect of DNA unwinding due to the in-
terstrand CL of cisplatin were also crudely estimated and it
was found that the destabilization of the duplex because of
its unwinding as a consequence of the formation of the in-
terstrand CL of cisplatin compensated only partially for the
stabilizing effect of the bending.*”) In general, a prediction
of the energetic consequences of conformational changes in-
duced by the interstrand CL of [Pt(dach)]** compounds and
cisplatin is difficult because of the limited current knowl-
edge on the thermodynamic consequences of distortions and
transitions on DNA duplexes. Nonetheless, the results of the
thermal melting experiments reported here reveal that ther-
mal destabilization of the host duplex inversely correlates
with the ability of the interstrand CLs of [Pt(dach)]** com-
pounds and cisplatin to bend the DNA axis (Table 2).
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Several proteins that specifically bind to DNA modified
by cisplatin, including those containing HMG domains, me-
diate the antitumor activity of this drug.*' We have
foundP**? that the full-length HMGBI1 protein and its do-
main B with the lysine-rich region of the A/B linker at-
tached to the N terminus do bind to DNA that has been in-
terstrand cross-linked by cisplatin with an affinity similar to
that for the major 1,2-GG intrastrand CL of this drug. We
demonstrate in the present work that the interstrand CLs of
[Pt(R,R-dach)]** and [Pt(S,S-dach)]** are not recognized by
the HMG domain proteins and that the affinity for these
proteins is markedly lower than that of the 1,2-GG intra-
strand CL and interstrand CL of cisplatin. Thus, the results
of this work can be interpreted to mean that the bulky carri-
er DACH ligand in [Pt(R,R-dach)]** and [Pt(S,S-dach)]**
complexes prevents HMG domain proteins from making the
contacts with the duplex that are required for recognition
and binding of these proteins to the interstrand CLs of [Pt-
(dach)]** compounds. Thus, HMG domain proteins discrimi-
nate between the interstrand CLs of cisplatin and oxalipla-
tin, which may be reflected by the differences in the biologi-
cal effects of these two chemotherapeutic agents.

In summary, this study has allowed us to resolve the ef-
fects of the platinum carrier ligand on the structure and
other properties of interstrand CLs of oxaliplatin; differen-
ces between interstrand CLs of oxaliplatin and cisplatin
appear to reflect the effect of the presence of the 1,2-diami-
nocyclohexane carrier ligand. The interstrand CLs represent
less common DNA adducts of mononuclear bifunctional
platinum antitumor drugs. Nonetheless, the differences be-
tween the properties of the adducts formed by oxaliplatin
and cisplatin and in their recognition by HMG domain pro-
teins are remarkably distinct. It is therefore justified to sug-
gest that these differences are at least partly responsible for
the differences in the tumor range, toxicity, and mutagenici-
ty of these two chemotherapeutic agents. This suggestion is
also reinforced by the fact that, in general, interstrand CLs
formed by various compounds of biological significance are
more inhibitory to DNA replication and transcription be-
cause of the damage sustained by both complementary
strands and the resultant severe blockages imposed on
DNA-dependent polymerases. In addition, interstrand CLs
are more difficult to repair, probably requiring both nucleo-
tide excision and recombinational repair, and thus lead to
greater cytotoxicity than that expected for monoadducts or
other intrastrand lesions (which can be repaired solely by
nucleotide excision).

Experimental Section

Chemicals: [Pt(R,R-dach)(H,0),](SO,) or [Pt(S,S-dach)(H,0),](SO,)
were prepared from the corresponding dichlorido species*! by treatment
with Ag,SO,.*! Cisplatin was obtained from Sigma (Prague, Czech Re-
public). The stock solutions of the platinum complexes (5x107*M in
NaClO, (10 mm)) were stored in the dark at 4°C. Plasmid pSP73KB
(2455 bp) was isolated according to standard procedures. Restriction en-
donuclease EcoRI and T7 polynucleotide kinase were purchased from
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New England Biolabs. The Klenow fragment of DNA polymerase I was
from Boehringer-Mannheim Biochemica. The synthetic oligodeoxyribo-
nucleotides were purchased from VBC-genomics (Vienna, Austria) or
DNA Technology (Aarhus, Denmark). The purity of oligonucleotides was
verified by high-pressure liquid chromatography (HPLC) or gel electro-
phoresis. Expression and purification of the domains A and B (resi-
dues 1-84 and 85-180, respectively) of the HMGBI1 protein (HMGBla
and HMGBI1b, respectively) were carried out as previously de-
scribed.”®! (Thus, in this work, the HMGB1b protein also contained the
A/B linker (residues 85-91) as in our previous work.”?) T4 DNA ligase
and T4 polynucleotide kinase were purchased from New England Biolabs
(Beverly, MA). Acrylamide, bis(acrylamide), agarose, and NaCN were
from Merck KgaA (Darmstadt, Germany). Dimethyl sulfate (DMS),
KMnO,, DEPC, KBr, and KHSO; were from Sigma (Prague, Czech Re-
public). [y-**P]-deoxyriboadenosine triphosphate ([y-**P]dATP) was from
MP Biomedicals, LLC (Irvine, CA).

Platination reactions: The duplex containing a single, site-specific inter-
strand CL of the platinum compounds was prepared in the following way.
The single-stranded oligonucleotides (the top strands of the duplexes
used in the present work) were treated with [Pt(R,R-dach)]**, [Pt(S.S-
dach)]**, or cisplatin in the dark. The platinated oligonucleotide was re-
purified by HPLC. It was verified by flameless atomic absorption spec-
trophotometry (FAAS) and by measurement of the optical density that
the modified oligonucleotides contained one molecule of platinum com-
plex per strand. By using Maxam-Gilbert (DMS) footprinting of plati-
num on DNA,!*%5 we also verified that, in the platinated top strands,
the N7 atom of a single guanine residue was not accessible for reaction
with DMS. The platinated top strands were allowed to anneal with unpla-
tinated complementary strands (the bottom strand of the duplexes shown
in Figure 3 B) in NaClO, (0.1m) and subsequently incubated at 37°C for
24 h. The resulting products were further characterized as described in
the text.

DNA interstrand cross-linking: The 2455-bp double-stranded DNA
probe was prepared by digesting the pSP73KB plasmid with EcoRI,
which cuts only once within this plasmid. The resulting fragment was pu-
rified by using the Wizard SV and PCR Clean-Up system and radiola-
beled by treatment with the Klenow fragment of DNA polymerase I at
37°C for 1h in buffer containing NaCl (50 mm), Tris-HCl (10 mm,
pH7.9), MgCl, (10mm), 14-dithiothreitol (DTT; 1mm), and
[a-**P]dATP (10 pCi, 3000 Cimmol ). Unincorporated [a-*P]dATP was
removed by a Sephadex G50 column and the DNA was extracted with
phenol/chloroform (1:1), precipitated by ethanol and dissolved in
NaClO, (0.1m). The fragment (0.5 pg) was incubated with the platinum
complexes in NaClO, (0.01mM) at 37°C in the dark for 24 h to attain a
value of r,=0.001. (It was verified, as in our previous papers,*** that
under these conditions [Pt(R,R-dach)]**, [Pt(S,S-dach)]**, and cisplatin
bound to the DNA quantitatively.) The volume of these reactions was
20 pL. After the incubation, the samples were precipitated by ethanol
and the pellet was dissolved in a solution (18 uL) containing NaOH
(30 mm), EDTA (1mm), sucrose (6.6%), and bromophenol blue
(0.04%). The amount of interstrand CLs was analyzed by electrophoresis
under denaturing conditions on alkaline agarose gel (1.5%). After the
electrophoresis was completed, the radioactivity associated with the indi-
vidual bands in each lane was measured to obtain estimates of the frac-
tion of non-cross-linked or cross-linked DNA under each condition. The
frequency of interstrand CLs (% ICL/Pt) was calculated from the fraction
of non-cross-linked DNA in combination with the level of platination
and the fragment size as % ICL/Pt=XL/4910xr,, in which XL is the
number of interstrand CLs per molecule of the DNA duplex, which was
calculated by assuming a Poisson distribution of the interstrand CLs as
XL=-InA, in which A is the fraction of molecules running as a band
corresponding to the non-cross-linked DNA.

Hydroxyl radical footprinting of interstrand cross-links: Platinated (or
unplatinated) oligodeoxyribonucleotide duplexes (at a concentration of
6nm) that had either the top or bottom strand **P-labeled at the 5’ end
were dissolved in a medium of NaCl (50 mm) and Tris-HCl (10 mm,
pH 7.5). The cleavage of the phosphodiesteric bonds was performed by
incubating the duplexes in [Fe(NH,),(SO,),] (0.04 mm), EDTA
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(0.08 mm), H,0, (0.03%), and sodium ascorbate (2 mm) for 5 min at
20°C. The reaction was stopped by adding thiourea (15 mm), EDTA
(3 mm), sodium acetate (0.3m), and tRNA (0.3 mgmL"). After precipita-
tion, the samples were loaded onto a 24 % denaturing PAA/8M urea gel.
Maxam-Gilbert sequencing reactions were run in parallel.

UYV absorption spectrophotometry: UV absorbance measurements were
conducted on a Varian Cary 4000 UV/Vis spectrophotometer equipped
with a thermoelectrically controlled cell holder and quartz cells with a
pathlength of 1 cm. Absorbance versus temperature profiles were mea-
sured at 260 nm. The temperature was raised with a linear heating rate of
0.6°Cmin". For each optically detected transition, the T, value was de-
termined as previously described.” The final absorbance versus temper-
ature profile of each duplex was determined as an average of three inde-
pendent measurements. The DNA solutions contained Tris-HCI (10 mm,
pH 7.2), NaCl (0.1m), and EDTA (0.1 mm).

Circular dichroism (CD) spectrophotometry: CD spectra were recorded
by using a Jasco J-720 spectropolarimeter equipped with a thermoelectri-
cally controlled cell holder. The cell pathlength was 1 cm. Isothermal CD
spectra were recorded in the range 220-320 nm in 1 nm increments with
an averaging time of 5s. The DNA concentration was 2 um for the
duplex and the buffer comprised Tris-HCI (10 mm, pH 7.2), NaCl (0.1m),
and EDTA (0.1 mm). The precise sample concentrations were determined
from their absorption at 260 nm measured at 90°C in the same buffer by
using molar extinction coefficients calculated according to Gray et al.l*®!
CD was expressed as the difference in the molar absorption of the right-
handed and left-handed circularly polarized light, Ae, in units of M 'cm™!,
with the molarity being related to the duplex.

Chemical probing of the DNA conformation: The modification of the
platinated oligonucleotide duplexes by KMnO,, DEPC, and KBr/KHSOjs
was performed as described previously.”'* The top or bottom strands of
the oligonucleotide duplexes were 5'-end labeled with [y-*?P]ATP and T4
polynucleotide kinase. In the case of the platinated oligonucleotides, plat-
inum was removed after reaction of the DNA with the probe by incuba-
tion with NaCN (0.2m, pH 11) at 45°C for 16 h in the dark.

Ligation and electrophoresis of oligonucleotides: Unplatinated or inter-
strand-cross-linked 21-25-bp duplexes (shown in Figure 3B as TGCT (21—
25)) were 5'-end labeled with [y-*P]dATP by using T4 polynucleotide
kinase. The duplexes were allowed to react with T4 DNA ligase. The re-
sulting samples were subsequently examined on 8 % native PAA (mono/
bis(acrylamide) ratio of 29:1) electrophoresis gels. Other details of these
experiments were as described in previous papers®>-! or as described
in the text.

Electrophoretic mobility shift assays with HMGB1 domain proteins: Ra-
dioactively labeled 22-bp DNA probes with blunt ends (their sequence is
shown in Figure 7C) were titrated with HMGB1la or HMGBI1b proteins.
The duplexes (10 nm) were titrated with the proteins in 10-uL sample vol-
umes in buffer composed of 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethane-
sulfonic acid (HEPES; 10 mm, pH 7.5), MgCl, (10 mm), LiCl (50 mm),
NaCl (0.1m), spermidine (1 mm), bovine serum albumin (0.2 mgmL™),
and Nonidet P40 (0.05% v/v). For all gel mobility shift experiments, sam-
ples were incubated on ice for 1 h and made 7% in sucrose and 0.017 %
in xylene cyanol before loading on running, precooled (4°C), prerun
(300 V, 1-2 h) 5% native PAA gels (29:1 acrylamide/bisacrylamide, 0.5 x
Tris/borate/EDTA buffer comprising Tris-HCl (45 mm), boric acid
(45 mm), and EDTA (1 mm, pH 8.3)). Gels were electrophoresed at 4°C
and 300 V for approximately 1.5 h, dried, exposed to a molecular imaging
plate, and analyzed on a Fujifilm bioimaging analyzer. The radioactivities
associated with bands were quantitated with AIDA image analyzer soft-
ware (Raytest, Germany). Other details have been published previous-
ly.[32’43'60]

Other physical methods: FAAS measurements were carried out with a
Varian AA240Z Zeeman atomic absorption spectrometer equipped with
a GTA 120 graphite tube atomizer. For FAAS analysis, DNA was precipi-
tated with ethanol and dissolved in HCI (0.1m). The gels were visualized
by using the BAS 2500 Fujufilm bioimaging analyzer and the radioactivi-
ties associated with bands were quantitated with AIDA image analyzer
software.
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