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A Pyrazolato-Bridged Dinuclear Platinum(ir) Complex Induces Only Minor
Distortions upon DNA -Binding
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Abstract: The cytotoxic, pyrazolato-
bridged dinuclear platinum(ir) complex
[(cis-{Pt(NH;)o}),(n-OH) (u-pz) |+

(pz=pyrazolate) has been found to
cross-link two adjacent guanines of a
double-stranded DNA decamer with-
out destabilizing the duplex and with-
out changing the directionality of the
helix axis. A 'HNMR study of the

vated duplex were performed to char-
acterize the structural details of the
adduct. The dinuclear platinum cross-
link unwinds the helix by approximate-
ly 15°, that is, to a similar extent as the
widely used antitumor drug cisplatin,
but, in contrast to the latter, induces no
significant bend in the helix axis. The
Watson—Crick base-pairing remains

intact, and the melting temperature of
the duplex is unaffected by the cross-
link. The helical twist is considerably
reduced between the two platinated
bases, as becomes manifest in an un-
usually short sequential H1-H1" dis-
tance. This unwinding also affects the
sugar ring of the guanosine in the 3'-
position to the cross-link, which pres-

oligonucleotide d(CTCTG*G*TCTC)-
d(GAGACCAGAG), cross-linked at
the two G* guanines by [(cis-{Pt-
(NH;),1),(u-pz)**, and molecular dy-
namics simulations of the explicitly sol-
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ents an N=S equilibrium. This is the
first cytotoxic platinum complex that
has been successfully designed by envi-
sioning the structural consequences of
its binding to DNA.

Introduction

The structural distortion of DNA caused by the binding of
cisplatin (cis-diamminedichloroplatinum(1)) is accepted to
play a pivotal role in the mechanism of action of this widely
used antitumor drug."? The clinical use of cisplatin is not
only restricted by its toxicity, but also by resistance develop-
ment and by the limited scope of cancers against which it is
active.®* Most of the cisplatin analogues that have been
synthesized to overcome toxicity problems have a similar ac-
tivity profile to cisplatin.[**

The major cross-link formed when cisplatin reacts with
DNA is the 1,2-d(GG)-intrastrand adduct.”” The DNA in
this adduct is locally distorted from normal B-DNA, and the
duplex is bent by 55-78° towards the major groove.® ¥ This
distorted Pt-DNA structure is specifically recognized by
DNA recognition proteins, which likely mediate the cytotox-
ic activity of cisplatin.!>"7

Recent research has focused on compounds that form dif-
ferent types of cross-links with DNA. For example, Farrell
and co-workers!'"®!”! have reported various di- and trinuclear
platinum complexes that possess antitumor activity in vitro
and in vivo and are characterized by their lack of cross-re-
sistance with cisplatin. These compounds produce different
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kinds of DNA cross-links and the structures of their DNA
adduct drugs are drastically different from the distortions in-
duced by cisplatin.?*?!! These results suggest that different
DNA binding modes have different biological effects, and
thus confer different activity profiles to the drugs inducing
them.

One conceivable strategy for the development of new an-
titumor complexes is based on attempts to diminish the
bend angle induced by the cisplatin 1,2-d(GG) cross-link.
Following this idea, Kozelka et al.?? have synthesized dinu-
clear hydrazine-bridged complexes that are highly cytotoxic
in vitro but have no activity in animal models. More promis-
ing compounds based on this strategy are the azolato-bridg-
ed dinuclear platinum complexes recently reported by
Komeda etal™?! In particular, the complex [(cis-{Pt-
(NH;),)),(u-OH)(u-pz)**  (pz=pyrazolate, see Figure 1),

4
3(}5
H3N @ NH;
N2 N
Pt Py
/ \O/\
NH,

HaN
H (NO3),

Figure 1. Structure of [(cis-{Pt(NH;),}),(w-OH)(u-pz)](NO;), (1). The
numbering of the aromatic protons is indicated.

which features one pyrazolate and one hydroxide as bridg-
ing ligands, was shown to possess a cytotoxicity against
MCEF7 cells that is about 40 times higher than that of cispla-
tin; it is also active against cisplatin-resistant cells in vitro.

The p-hydroxide of [(cis-{Pt(NH;),}),(u-OH)(u-pz)|(NO3),
(1) acts as a leaving group, and the bridging rigid pyrazole
keeps the correct distance between the two Pt atoms to
enable binding of two neighboring guanines. This binding
was illustrated in a recently reported crystal structure of the
complex [(cis-{Pt(NH;),}(9-Et-Gua)),(u-pz)*.*! In this
structure, the two 9-ethylguanines are stacked in a way
which suggests that incorporation of such a cross-link into
B-DNA would cause relatively minor distortions, in contrast
to the 1,2-GG intrastrand cross-links formed by cisplatin.
Thus, 1 is the first cytotoxic complex whose design rationale
was based on envisioning a specific structural distortion
caused upon binding to DNA, that is, avoiding a significant
curvature of the DNA helix.

To carry out a detailed analysis of this distortion in a
DNA duplex, we treated [(cis-{Pt(NH;),}),(u-OH)(u-pz)]**
with the decamer oligonucleotide d(CTCTGGTCTC) (ssl),
and subsequently annealed the platinated single strand with
its complementary strand d(GAGACCAGAG) (ssII). The
resulting duplex containing the G-Pt-pz-Pt-G cross-link
(dsII) was studied by high-resolution '"H NMR spectroscopy
and molecular dynamics (MD) simulations. The NOESY
spectra of this platinated oligonucleotide differ only locally
from the spectra of the unplatinated, undistorted duplex of
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the same sequence. The modeling work focused therefore
on a precise characterization of the local distortion. To this
end, we performed unrestrained MD simulations of the
platinated duplex solvated in a periodic box of about 5000
water molecules. The trajectory of the MD simulation was
then compared with the NMR spectroscopic data.

Results

Preparation and stability of the platinated DNA duplex:
One major product is seen in the anion-exchange FPL chro-
matogram upon treatment of [(cis-{Pt(NHs;),}),(u-OH)(p-
pz)](NO;), with ssI at pH 4.0. The unplatinated ssI (charge
—9) elutes at 11.00 min, and the newly formed platinated
single strand (ssIII) containing the Pt-pz-Pt 1,2-intrastrand
cross-link elutes at 9.02 min, in agreement with its reduced
negative charge of —6. As in the case of the reactions with
9-ethylguanine™'and 5'-GMP,*! no intermediate species are
observed. After three days the peak corresponding to ssI
had almost completely disappeared and ssIII had formed in
90 % yield. After titration of the complementary strand ssII
(eluting at 10.57 min), the duplex d(CTCTG*G*TCTC)-
d(GAGACCAGAG) (dsII; G* denotes a guanine involved
in the Pt-pz-Pt cross-link) formed almost instantaneously
(dsII elutes at 12.29 min).

T,, determination: An important measure of distortion is
the melting temperature (7,,) of the platinated DNA com-
pared to unplatinated DNA. The melting curves of dsI and
dsII were determined under identical conditions (3.4x10"m
in 1M NaCl, 50 mm phosphate buffer, pH 7.0). The melting
temperatures (49+1°C for the unplatinated dsI and 48+
1°C for the platinated dsII) are identical within the error
limits, and therefore it can be concluded that the DNA
duplex is not significantly destabilized by binding of [(cis-
{Pt(NH;), ) (w-p2)]*

The duplex stability of the NMR sample of dsII (4 mwm,
50 mm phosphate buffer pH 7.0, no additional NaCl added)
was checked by NMR spectroscopy before conducting 2D
experiments. All exchangeable protons remain visible until
the duplex is heated to 293 K. At higher temperatures these
signals broaden and at 323 K they disappear entirely. All
subsequent NMR experiments were conducted at 283 K. At
this temperature the sample is still in duplex conformation
and overlap of the H3" peaks with the H,O peak is mini-
mized. Both dsI and dsII were found to be stable for at least
one week at ambient temperature.

NMR studies

Assignments of chemical shifts: The labeling of atoms and
torsion angles in an oligonucleotide is defined in Figure 2.
The combined use of TOCSY and NOESY spectroscopy al-
lowed the assignment of the protons of dsI (the unplatinated
duplex  d(CTCTGGTCTC)-d(GAGACCAGAG)) and
dsILP#! The NOESY region (200-ms mixing time) of
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Figure 2. Labeling of atoms and torsion angles within the DNA tetranu-
cleotide TGGT. Cross-linking of the two guanines by the Pt-pz-Pt residue
is shown as well. This is a fragment of the structure shown later in
Figure 7, and the picture serves to identify atoms in the central part of
the platinated strand that are close in space and susceptible to give rise
to NOE cross-peaks.

duplex dsll visualizing the cross-peaks of the pyrazole
moiety is shown in Figure 3a, and the sequential assignment
pathway of dsII is shown in Fig-

FULL PAPER

the '"H NMR spectrum in H,O all imino protons were identi-
fied (with the exception of those of the 3’ terminal G11),
thus indicating that the Watson—Crick hydrogen bonding is
conserved between the platinated bases. Each of these
imino protons shows cross-peaks in the NOESY spectra in
H,0/D,0. The chemical shifts of the nonexchangeable and
exchangeable protons are listed in Table 1.

The plot of differential chemical shifts of the platinated
dsII versus those of the unplatinated dsl (Figure 4) immedi-
ately revealed some intriguing differences. The presence of
the Pt-pz-Pt complex shifts the resonances in the vicinity of
the platinum lesion. The most striking of these is the upfield
shift of the H8 protons of G*5 and G*6 as these protons are
normally shifted downfield upon platinum coordination at
the N7 atom because of the inductive effect of platinum
binding.”!! This exceptional upfield shift of G*5 and G*6
can be explained by the position of the pyrazole in the
major groove (vide infra). The protons of the bases T4 and
G*5 exhibit larger differences in chemical shifts than those
of G*6 and T7; the shift differences are minor for the other
bases in the duplex. In fact, only minor differences are ob-
served for the sugar protons of the two cytosines opposing
the platinated guanines (C15 and C16), although the aro-
matic protons NH1 and NH2 of these bases are shifted sig-
nificantly upfield upon platination. The NH1 protons shift
by 1.08 and 1.53 ppm for C15 and C16, respectively, and the
NH2 protons shift by 1.41 and 1.03 ppm (see Table 1).

ure 3b.
The adenine H2 protons a) b)
could easily be identified from
their long relaxation times in @ @
the T1 relaxation experiment, , ' o -
and were assigned on the basis b sl G—o
of intra-residue H2 to HI’ ﬁ@i@ g&gﬂgl | o | o
cross-peaks and  sequential V4 ~ ~
nH2, (n+1)H1' contacts. The ?
H2" and H2"” sugar protons N
were assigned stereospecifically
on the basis of the intensities of @ ° | <
the H1' to H2/H2" contacts.™"! s aane | ™
No stereospecific assignments . 2}2:3/ ' °
were obtained for H5 and H5". g o~
For the unplatinated dsI the ot/
H2, HY', and H5" protons were T4H6 L @
not assigned. The pyrazole pro- o & ®
tons (see Figure 1 for number- GeH8/ G5HE/ PyrHar |
ing) were assigned as follows: PyrH3 Py PyHs @
the HS proton was assigned as : /
being closest to G*5, that is, on o o - - g @& TXT - & o |§
the 5 side of the Pt-pz-Pt %ﬁ%’ cronel gfm%/ Eyyﬁgl A o Py
lesion, H3 is directed towards £ c
the 3’ side, and H4 is the cen-  ppm 73 71 69 67 Cppmes 62 60 58 56 54 &

tral proton. Figure 3a shows the
cross-peaks of the H8/H6 pro-
tons with the three pyrazole
protons. In the imino region of
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Figure 3. Contour plots of two regions of the 200-ms NOESY spectrum of duplex dsIl. a) The region of the
cross-peaks of the pyrazole protons. b) The H8/H6 to H1'/HS region. The sequential assignment pathway for
both strands is indicated. Assignments of cytidine H6/HS cross-peaks are also indicated, and the pyrazole to
DNA cross-peaks in this region are encircled.
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Table 1. Chemical shifts [ppm] of the protons in dsI and dsII at 283 K.

H8/H6 H2/H5/Me HI' H2 H2" H3 H4' NH1/NH2" H1/H3
Dsl
Cl 7.94 5.96 5.86 229 2.60 4.66 4.11 (bl
T2 7.69 1.69 6.21 2.31 2.62 4.66 430 13.66
Cc3 7.65 5.65 6.05 213 2.53 4.84 420 8.34/7.02
T4 7.53 1.66 5.67 2.04 2.40 4.85 412 13.90
G5 7.87 5.71 272 275 5.00 437 12.97
G6 7.53 5.61 221 2.54 [l 4.14 12.80
T7 7.64 127 5.94 252 274 4.84 4.40 13.97
C8 7.62 5.61 6.02 2.16 2.53 477 477 8.40/7.09
T9 7.63 1.71 6.10 218 2.53 lel 4.17 14.06
C10 7.66 5.81 6.28 227 2.29 458 4.05 (]
Gl1 7.88 5.54 2.50 2.69 483 4.16 [b]
Al12 8.19 fa] 5.97 275 2.88 5.06 4.40
G13 7.72 5.55 2.59 271 5.01 439 12.65
Al4 8.12 fa] 6.23 2.63 291 5.02 448
C15 7.19 5.15 578 1.94 237 5.15 4.14 8.03/6.73
C16 7.40 5.15 5.34 1.96 228 5.48 4.04 8.48/6.44
Al17 8.17 fa] 5.90 271 2.84 5.03 437 12.67
G18 7.74 5.38 257 2.66 4.98 433
A19 8.05 fal 6.11 2.61 2.90 5.01 4.42 13.36
G20 7.61 5.98 2.36 224 4.61 4.15
DslI
Cl 7.93 5.96 5.86 229 2.60 4.65 411 7.21/5.97
T2 7.71 1.67 6.17 239 2.59 4.65 430 13.94
Cc3 7.67 5.64 6.04 231 2.57 478 425 8.41/7.08
T4 7.68 1.73 5.79 2.46 2.47 4.99 423 14.08
G*5 6.90 5.89 2.19 2.52 4.99 478 13.43
G*6 735 5.55 2.20 2.60 5.04 427 13.37
T7 7.60 1.18 6.20 229 2.65 4.88 432 13.70
C8 7.67 5.64 6.04 2.16 2.58 4.84 4.16 8.45/7.18
T9 7.47 1.73 6.07 2.16 2.53 4.88 4.16 14.04
C10 7.65 5.83 6.28 227 228 4.59 4.06 8.30/7.24
Gl1 7.88 5.57 2.53 2.69 4.83 4.17 (b]
Al2 8.20 7.54 5.97 275 2.88 5.06 4.42
G13 7.79 5.56 2.63 273 5.04 4.41 12.76
Al4 8.20 7.89 6.36 2.70 3.04 5.04 4.54
C15 7.19 532 5.65 1.92 2.41 474 4.11 6.95/5.32
C16 7.46 5.41 5.52 2.03 2.34 4.83 4.11 6.95/5.41
Al7 8.12 7.79 5.95 271 2.83 5.03 435
G18 7.77 5.44 2.59 2.70 5.00 435 12.62
Al19 8.04 7.74 6.10 2.61 2.90 5.01 4.43
G20 7.63 5.99 238 224 4.61 4.16 12.76

[a] NH1 is the proton involved in hydrogen bonding. [b] Not observed. G* denotes platination of the guanine.
[c] Overlap with HDO peak.
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Figure 4. Differences in chemical shift upon platination (dsII-dsI).
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NOESY spectra and T1 mea-
surements: A comparison of the
NOE intensities of dsII with
those of the unplatinated dsl
(Figure 5) confirmed the indica-
tion from the chemical shifts
that the structural perturbation
is limited to the close vicinity of
the platinum complex. The
most obvious difference is the
appearance of drug-DNA con-
tacts of the pyrazole ligand with
the two central guanines. The
intensities of these NOEs differ
by factors of up to 30 and indi-
cate that the G*5 base is closer
to the pyrazole ring than G*6.
The NOE intensities deter-
mined at a mixing time of
200 ms correlated well with the
time average of the —6th power
of the internuclear distance
over the MD simulation (vide
infra). The other NOE cross-
peaks were classified as strong,
medium, or weak and are sum-
marized for the central parts of
both the platinated (dsII) and
unplatinated (dsI) duplexes in
Figure 5. The most striking dif-
ference between dsl and dslI is
that dsII exhibits an unusual
H1’ to H1’ contact (medium in-
tensity) between G*5 and G*6,
thus indicating a decreased dis-
tance between these protons.
For G*6 we observe weaker
intra-residue H2'-H8 and H2"-
H8 NOEs, which indicate a
shift of the conformational
equilibrium of the deoxyribose
towards a higher population of
the N-type conformation. For
the S-type conformation nor-
mally observed in B-DNA, the
HS8 to H2'/H2"” cross-peaks are
strong in intensity, and they are
also strong for G6 in dsl. Un-
fortunately, the G*6 H3' proton
resonates too close to the HDO
peak in dslI to allow a reliable
quantification of the H8 to H3’
cross-peak, thus no information
on the sugar conformation
could be derived from this
NOE. However, another indica-
tion of an S-to-N repuckering

Chem. Eur. J. 2006, 12, 3741 -3753
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| T4 ] | A7 | \ T4 | [ A17 ] the intensity of the H6 to H1’
Ho H}’/Z‘)—B‘ Me H3 H2'/2" H1' M8 *W%J” Me H H2i2> H1' L8 cross-peak, however, has a
- / // normal intensity. This observa-

H8 H1' H2/2" H3 HS H3 H272* H1' H6 H8 HT H2/2" H¥ H5 H3 HZ2/2” H1' H6 . . .
G5* ] [ c16 \ ( G5 | c16 | tion indicates that the mean

2 B Py " N S B 3 Y= " > on Y .

S| Hse R VZ o H3_H3 Hzizr 1Mo conformation of the sugar of
£ . .

[ H‘31\ N o s Hs HE T He ot v h W5 HE e He C15 is also shifted towards .a
[ Gé* ] [ C15 ] | G6 | c15 | lower phase angle. For compari-

T HRR HE TH212 A He HI H2j2" Ha' M5 H3 H2/2" H1' _H6 ;
o o izt _i6 son, the distance between the
’ . R
H6 H1' H2/2" H3 Me 3 H2T HI He H6 H1' H212" H3 Me 3 H2TP HY 8 H6 and H3' protons is 2'? 3.0A
[ T7 | [ A4 | \ T7 | [ A4 | for an N-type conformation and

Figure 5. Schematic illustration of the internucleotide NOE cross-peaks in the platinated duplex dsII (left) and
the unplatinated duplex dsI (right). The intensities are represented by the thickness of the lines denoting

strong, medium, and weak cross-peaks.

of G*6 upon platination comes from spin-lattice relaxation
measurements (Table 2), which show that the T1 value for
the H8 proton of G*6 in dsll is about three times longer
than for the other H8 protons. Since the most efficient path-

Table 2. Spin-lattice relaxation times (T1 values) of the H8/H6 protons of dsII at 283 K.

4.0-4.4 A for the S-type confor-
mation that is normally seen in
B-DNA.

Molecular dynamics simulations of solvated duplex dsII

A 20-ns molecular dynamics (MD) simulation of the plati-
nated duplex dslI, explicitly solvated in water, was carried
out as outlined in the Experi-
mental Section. Since the above

analysis of NMR spectroscopic

Res. C1 T2 C3 T4 G*5 G*6 T7 C8 T9 C10
data suggested that the nucleo-
HS8/H6 [ppm] 7.93 7.71 7.67 7.68 6.90 7.35 7.60 7.67 7.47 7.65 tides G*6 and C15 might show a
T1 [s] 1.8 la] 1.5 1.0 1.0 3.5 1.0 1.5 1.0 1.0 . R el .
dynamic S=N equilibrium, we
Res. G20 Al19 G18 Al7 Cl16 C15 Al4 G13 Al2 Gl11 were interested in the dynamic
H8/H6 [ppm] 7.63 8.04 7.77 8.12 7.46 7.19 8.20 7.79 8.20 7.88 features of the structure. We
[a] [a] la] [a] (al fa] .
T1s] 0.8 1.1 23 0.8 1.0 23 therefore carried out uncon-

[a] Overlap of proton signals.

way for HS relaxation is over the H2' proton,®>*¥ the in-
crease of the T1 of G*6HS indicates a decrease of the in-
teratomic H8-H?2’ distance, as observed for an S—N transi-
tion. In contrast to G*6, there is no indication of a shifted
conformational equilibrium for the other platinated base
(G*5).

Another clear difference between the NOESY spectra of
dsI and dsII involves the inter-residue cross-peaks between
G*6 and T7: the cross-peaks connecting H2' and H2"” of
G*6 with the methyl group of T7 have medium intensity in
dsII, whereas in dsl they are weak and almost invisible.
Since the sequential H2'(n)-TCH;(n+1) distance within B-
DNA is largely independent of the sugar pucker on nucleo-
tide n, the decrease of this distance must either be due to an
approach between the G*6 deoxyribose and the T7 base or
to a change in the glycosidic torsion angle y of T7. The
H2"(n)-TCHj(n+1) distance, on the other hand, does
depend on the sugar pucker of nucleotide n, and increases
significantly when this nucleotide passes from S to N. The
enhancement of the G*6H2"-T7CH; NOE upon platination
thus argues against a pure N conformation of G*6.

Other differences in NOE intensities upon platination
occur in C15 (nucleotide complementary to G*6). The intra-
residue H6 to H3' cross-peak increases from medium to
strong intensity at the cost of the H6 to H2'/H2"” cross-
peaks, which decrease in intensity from strong to medium;

Chem. Eur. J. 2006, 12, 3741 -3753

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

strained MD simulations of
dslI, checked that they allowed
the salient observations from
the NMR spectra (including atypical chemical shifts, NOE
intensities, and T1 values) to be rationalized, and used the
MD simulation of dslI to predict its global structure. The
NMR features of dsl were indicative of normal B-DNA.
Our task was thus to find out how dsII deviates from the
normal B-DNA double helix.
The main structural conclusions that one can draw from
the comparison of the NMR spectra of dsI and dsII (vide
supra) are:

1) the structural modifications due to the dinuclear plati-
num cross-link are limited to the base-pairs close to the
cross-link;

the mean sugar phase-angles of both G*6 and C15 pass
from overwhelmingly S to intermediate between N and S
upon platination;

the T7 base seems to be “pushed” closer to the sugar of
G*6 by the cross-link;

the pyrazole moiety is somewhat closer to G*5 than to
G*6.

2)

3)

4)

All these features are reproduced by the dynamic models,
as described in the next paragraphs. The MD trajectories
were analyzed using plots of structural parameters (dihedral
angles, helicoidal parameters) as a function of time (see Fig-
ure S1 for the complete list). The evolution of deoxyribose
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phase-angles and of the helicoidal parameters twist and roll
of the four inner base-pairs is shown in Figure 6. The mean
values of twist and roll, with standard deviations, are com-
pared to those of the non-platinated duplex in Table 3.

Different effects of the Pt-pz-Pt cross-link on sugar puckers
of G*6 and C15: It can be seen from Figure 6 that the sugar
pucker of G*6 undergoes well-defined transitions between
N- and S-type conformations. The NMR spectroscopic data
(vide supra) have indicated that G*6 presents an N=S equi-
librium, and the MD simulation is in agreement with this
observation. On the other hand, G*5 keeps its S-type
pucker, which is also in agreement with the NMR spectro-
scopic data. This agreement indicates that our parameteriza-
tion of the sugar pucker of the platinated guanosines (see
Experimental Section) is correct. We recall that these sugar
puckers reflect both an inductive effect of platinum binding
to guanine (favoring N-pucker®3) and steric effects.
Whereas the former is supposed to affect both guanosines
equally (and the force-field parameters applied to both
platinated guanosines were thus identical), the latter are ob-
viously different, and it is this difference in the steric effects
that causes the puckers of G*5 and G*6 to be different. The
sub-populations of snapshots having either N- or S-pucker
on G*6 were averaged and energy-minimized. The resulting
model with G*6N is shown in Figure 7.

The NMR spectroscopic data also indicate that, in addi-
tion to G*6, the cytidine complementary to G*6, C15, also
undergoes a change of its sugar conformation upon platina-
tion. In the platinated duplex dslI this nucleotide shows in-
creased intra-nucleotide H2'-H6 and H2"-H6 distances and
a decreased H3'-H6 distance. In the framework of the clas-
sical two-state N/S model,® such changes would be inter-
preted as indicating a shift of the N=S equilibrium towards
N. However, the MD simulation showed that C15 assumes
an E-type pucker (Est, O4-endo, 60°< P <120°)], This
conformation, which is characterized by a phase angle of
around 100°, remained stable during the whole simulation,
with only a few excursions to S (Figure 6). Thus, the unwind-
ing of the double helix imposed by the GG cross-link shifts
the mean phase-angle of both G*6 and C15 towards lower
values, but, as the MD simulation indicates, in two different
ways: for G*6, by making transitions from S to N more fre-
quent, and for C15, by constraining it to an E conformation.
The reason for this difference could reside in different sta-
bilities of the E conformation in purine versus pyrimidine
nucleotides with respect to N and S. In fact, analysis of the
high-resolution (better than 2 A) crystal structures extracted
from the Nucleic Acids Data Bank, using the selection crite-
ria described by Djuranovic and Hartmann,*" revealed that
of the selected 155 AT base-pairs, 6 % of the adenosines and
28 % of the thymidines have an E-type pucker, and of the
233 selected GC pairs, 14% of the guanosines and 22 % of
the cytidines have an E pucker (E-pucker was defined as
60° < P<120°). Thus, for pyrimidine nucleotides the E-
pucker domain seems more readily accessible (i.e., energeti-
cally less unfavorable) than for purine nucleotides.

3746

www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The Pt-pz-Pt cross-link unwinds the GpG dinucleotide but
does not introduce a significant bend: It can be seen from
Figure 7 that the platinated duplex dsII does not show sig-
nificant bending. This is also corroborated by the values of
roll (Table 3), which do not change significantly upon plati-
nation. On the other hand, the approach of the N7 atoms
necessary for the formation of the cross-link causes signifi-
cant unwinding (diminution of twist) of the cross-linked step
G*5:C16/G*6:C15. As seen in Figure 6¢ and Table 3, this
step is unwound from about 36° to about 23°. In the
NOESY spectra, this unwinding is reflected by the appear-
ance of the medium intensity G*SH1'-G*6H1" NOE. This
distance is observed to be 5.1+£0.5 A in the simulation of
dsI (not shown), and decreases to 3.2+0.4 A upon platina-
tion. The sugar pucker of G*6 has a significant influence on
this distance: the values observed in the time-averaged
models are 2.83 and 3.32 A for N- and S-pucker on G*6, re-
spectively, as can be seen from the detailed views presented
in Figure 8. This provides a supplementary argument against
a pure N-conformation of G*6, since for a distance of 2.8 A
a strong NOE would be expected instead of the observed
medium NOE. Table 3 suggests that the unwinding of the
G*5:C16/G*6:C15 step is partly compensated by a slight
overwinding of the G*6:C15/T7:A14 step with respect to the
unplatinated duplex. This overwinding is most probably the
principal origin of the increase of the intensity of the
G*6H2'-T7CH; NOE. The time averages of the G*6H2'-
T7C7 distance are 3.6+0.4 A in dsI and 3.340.3 A in dsII.

Perusal of the backbone torsion angles (Figure S1 in the
Supporting Information) shows that the GpG step assumes
the non-canonical o f*y' conformation during the whole
simulation. This conformational sub-state is occasionally
found in protein-DNA complexes and is characterized by
particularly low twist (27.4+0.5° as compared to 31.4+0.9°
for the canonical a B'y* conformation).®! Our simulations
indicate that this “strategy” that DNA uses in protein-bound
structures to facilitate the unwinding needed for protein rec-
ognition is also utilized here to accommodate the unwinding
imposed by the covalent cross-link with the dinuclear plati-
num complex.

Contacts between the platinum ligands and DNA: As can
be seen from Figure 8, the orientation of the guanine with
respect to the platinum coordination plane is non-orthogo-
nal at both platinum centers; therefore, hydrogen bonds be-
tween the NH; ligand trans to pyrazole and the guanine O6
atom are possible. These N—H--O6 hydrogen bonds were
found to persist during the whole simulation, the average
N--O separations being 2.90+0.12 and 2.96+0.13 A for
G*5 and G*6, respectively. Moreover, each of these NHj; li-
gands was found to form an additional hydrogen bond to
the O4 atom of the neighboring thymine, i.e., T4 with the
5-NH; (3.16+026 A) and T7 with the 3-NH; (3.07+
0.17 A). Thus, each NH; ligand simultaneously makes one
hydrogen bond with the proximate guanine and another
with the adjacent thymine: 5-NH; forms one quasi-linear
(N—H--O angle of about 170°) and one bifurcated hydrogen
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Figure 6. a) Deoxyribose phase-angle P [°]**! calculated for the central
four base-pairs of dslI as a function of simulation time. Depending on P
we can distinguish N (—60° <P <60°), E (60°<P<120°), and S (120°<
P <220°) sugar pucker types.*’! b) Base-base roll angles [°]l*! calculated
for the central four base-pairs of dsII as a function of simulation time,
using the “local” helix axis.*? ¢) Base-base twist angles [°]1*! calculated
for the central four base-pairs of dsII as a function of simulation time,
using the “local” helix axis.!*!

Table 3. Helicoidal parameters twist and roll [°] for the central three
base-pair steps (calculated with CURVES, using the “global” helix axis),
averaged over the MD simulations of the free and platinated duplexes
dsI and dsII. Standard deviations are given in parentheses.

dsI(free) dsII(platinated)
Base-pair step Twist Roll Twist Roll
T4:A17/G*5:C16 29(8) 1(4) 25(8) 4(5)
G*5:C16/G*6:C15 36(5) 3(6) 23(5) 3(6)
G*6:C15/T7:Al14 30(4) 6(5) 33(4) 7(8)
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Figure 7. One of the two main conformations observed during the MD
simulation of dsII. This model was obtained by averaging the snapshots
having the G*6 sugar in an N-type conformation and energy minimiza-
tion, as described in the Experimental Section. The platinated G*pG* di-
nucleotide is shown in green and the {cis-[Pt(NH;),]},(u-pz)** residue in
yellow.

bond, whereas 3'-NH; forms two bifurcated hydrogen
bonds. The exchange between hydrogen atom positions that
we observe is relatively rapid (~10°s™). We have no experi-
mental evidence for these hydrogen bonds; however, their
presence is closely related to the position of the pyrazole
residue, for which we have the experimental check with six
NOE distances (vide infra).

The NOESY spectra show six contacts between the pyra-
zole C-H protons and the sugar protons of the adjacent resi-
dues (G*5, G*6). The NOE intensities determined at a 200-
ms mixing time are listed in Table 4 together with the corre-
sponding H—H distances time-averaged over the MD simu-
lation. Also given are distances determined from the NOE
intensities (Iyog) as (c/Iyop)"®, with ¢ taken as 25000. The
excellent agreement between these calculated and NOE-de-
rived values suggests that the platinum binding-site is por-
trayed very well by the simulation. The shorter distances de-
termined for G*5 indicate that the pyrazolate moiety is
closer to this base than to G*6.

Figure 8. Stereoviews of the inner tetranucleotide d(TG*G*T)-d(ACCA) of the time-averaged models of dsII having G*6 in an N (a) and S (b) confor-
mation, respectively. The platinated G¥pG* dinucleotide is shown in green and the {cis-[Pt(NH;),]},(u-pz)** residue in yellow. The G*SH1'-G*6H1' dis-
tance is shown as a black dotted line. Its length is 2.83 A in (a) and 3.32 A in (b).
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Table 4. Distances between the pyrazolate and guanine protons, as deter-
mined from the NOE intensities, and calculated as time-averages over
the MD simulation of dsIL!

Distance ~ G*SH8- G*5HS- G*5HS- G*6HS8- G*6HS- G*6HS-
pzH3 pzH4 pzHS pzH3 pzH4 pzHS
Inoe™ 1.75 8.38 54.9 20.2 275 1.6
dyor [A] 493 3.79 2.77 3.28 457 5.00
dyp [A]Y 5.16(24) 4.07(18) 2.30(16) 3.31(23) 4.63(27) 5.04(27)

[a] See Figure 2 for numbering of atoms. [b] NOE intensity measured at
200-ms mixing time on an arbitrary scale. [c] Inter-proton distance deter-
mined from the NOE intensity as dyor = (c/Iyor)", with ¢ set to 25000.
[d] Inter-proton distance calculated as time-average over the MD simula-
tion of dslI, with the standard deviation in parentheses.

Discussion

Chemical shifts and structure: The differences in chemical
shifts between the platinated and the unplatinated duplexes
contain valuable information about the three-dimensional
distortions induced by the platinum complex. These differ-
ences are limited to the base-pairs involved in the platinum
lesion, and are most pronounced for the aromatic protons of
G*5, G*6, C15, and C16. The proximity of the pyrazole ring
to protons G*SH8 and G*6HS8 (Figure 8) explains, at least
in part, the upfield shifts of G*SH8 (Ad=—0.97 ppm) and
G*6H8 (Ao =—0.18 ppm) upon platination (see Figure 4).

Platinum coordination to the N7 atom of guanine shifts
the HS proton about 0.5 ppm downfield due to the inductive
effect of Pt coordination.” For the H8 protons of G*5 and
G*6 this effect is overcompensated by the shielding effect of
the aromatic pyrazole. The fact that the compensation is
much more pronounced for G¥*5HS is in agreement with its
position closer to the pyrazole ring.

Another effect that probably shifts the H8 resonances of
G*5 and G*6 upfield is the unwinding of the duplex, which
results in an increased stacking of the platinated base-pairs.
This effect of increased stacking is also observed for the
amino NH1/NH2 protons of C15 and C16, which are shifted
upfield (by 1-1.5 ppm, Table 1) as well. These protons are
positioned too far away from the pyrazole ring to experi-
ence any shielding. Weakened Watson—Crick (WC) hydro-
gen-bonding, which could, in principle, also cause upfield
shifts, is not a likely cause here, since the upfield shift is
equally observed for the WC and the non-WC protons.

Platinum binding affects the DNA conformation both by
steric constraints and electronic effects: Platinum(m) forms
stable and inert covalent bonds to the N7 atoms of guanines
and adenines. Bifunctional, mononuclear Pt" complexes,
such as cisplatin, are able to cross-link two different purines;
such cross-links cause strong deformations in the DNA
double helix. Specifically, cisplatin cross-links of two adja-
cent purines bend the helix towards the major groove.*
This bending is accompanied by repuckering of some sugar
residues, most notably that of the 5-guanosine involved in
the cross-link. Such repuckering can be the consequence of
a local compression of the backbone,! but can also have an
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electronic origin, since Pt-bound guanosine nucleotides in-
trinsically favor the N conformation, as shown already in
the 1980s by some of us.***” In fact, coordination of 5'-
GMP to 1 has been recently shown to increase the N popu-
lation in 5-GMP! In the case of the Pt-pz-Pt cross-link,
the geometrical distortion of the double helix is much small-
er than in the case of cisplatin cross-links; nonetheless, the
NMR spectroscopic data indicate a conformational change
of the 3’-guanosine towards an N-type pucker. Such a
change was not observed in a control MD simulation of dsII
with the unmodified parm98 force field (the force field was
only supplemented by parameters defining the energetics of
the Pt-pz-Pt moiety; the torsional parameters of the back-
bone were unchanged), thereby suggesting that the favoring
of the N conformation observed for G¥6 in the NMR spec-
tra is, at least in part, of electronic origin. We have simulat-
ed this electronic effect in the work presented here by de-
creasing the term V3/2 for the torsion angle OS-CP-CP-OS
from 1.5 to 0.75 kcalmol ! for platinated guanosines. Such a
decrease is expected to stabilize the N conformation with re-
spect to S.*! Tn fact, this modification shifts the pucker of
C*6 from purely S to an N=S equilibrium. Importantly, the
G*5 pucker remained S even when the same modification of
the force field was applied for G*5 and G*6. The structural
perturbation (i.e. unwinding) caused by the Pt-pz-Pt cross-
link obviously affects G*5 and G*6 unequally, and probably
contributes to the S—N repuckering of G*6. The repucker-
ing of G*6 is thus apparently caused by a combination of
electronic and steric effects.

The sugar pucker of C15 (base complementary to G*6) is
found to be locked in an O4’-endo (E) conformation. Since
C15 is on the unplatinated strand the electronic effects of
platination are expected to be negligible. The stable E-
pucker of C15, a conformation which distinguishes this nu-
cleotide from all other nucleotides of dslI, is therefore quite
clearly a consequence of the unwinding of the double helix.

Possible implications for protein recognition: 1,2-GG cispla-
tin cross-links are specifically recognized by a number of
minor-groove-binding proteins, such as the TATA box bind-
ing protein,*” the E. Coli DNA repair recognition complex
UvrAB,*! the mismatch repair protein MutS,*!1 or HMG
box proteins.”! By comparing several DNA-platinum ad-
ducts recognized by the chromosomal protein HMG1, Pil
and Lippard have suggested that unwinding of the double
helix may be an important determinant for HMG1 bind-
ing.®? Helix unwinding widens and flattens the minor
groove, and a wide and flat minor groove was indeed subse-
quently identified as a recognition element of several HMG
box proteins.'***3 Since HMG box proteins generally bend
the DNA towards the major groove, and pre-bent structures,
such as DNA bearing the 1,2-GG cisplatin cross-link, are
recognized with high affinity by HMG proteins,"” the bend
could be also considered as a recognition element. However,
the question of how the bending and unwinding must be
combined to effect HMG binding is not yet clear. Figure 9
plots the depth and width of the minor groove, calculated by
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Figure 9. Width (top) and depth (bottom) of the minor groove, deter-
mined for the two energy-minimized models dsII with G*6 in an N con-
formation (m) and dsII with G*6 in an S conformation (e). The all-BI
model of d(GCCG*G*ATCGC)-d(GCGATCCGGC) bears a {cis-[Pt-
(NH,),]}-G*G* cross-link (e)."”! Both duplexes are aligned such that nu-
cleotides 4 and 5 correspond to the platinated G*s.

using the CURVES program,“? for the two minimized struc-
tures of dsII (differing in the conformation of the G*6
sugar) and compares these parameters with those deter-
mined for the cisplatin-GG cross-link.'* Tt can be seen that
the GG cross-link by Pt-pz-Pt widens and flattens the minor
groove approximately half as much as the GG-cisplatin
cross-link. Thus, the Pt-pz-Pt DNA cross-link, for which dsII
is a model, would be an interesting test case for HMG rec-
ognition, since it causes, as we have shown here, an unwind-
ing of the double helix similar to that of cisplatin, but virtu-
ally no bending, and produces smaller widening and flatten-
ing of the minor groove. In addition to testing whether the
Pt-pz-Pt cross-link is recognized by HMG proteins, it would
also be of interest to see how the cross-link is recognized by
repair proteins and polymerases. Comparing the recognition
of the Pt-pz-Pt-DNA adducts with that of cisplatin adducts
should provide valuable keys to the recognition mechanism,
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and hopefully enable the individual contributions of DNA
bending and unwinding to protein recognition to be as-
sessed.

Conclusion

The interaction of the new cytotoxic compound [(cis-{Pt-
(NH;),}),(n-OH)(pu-pz)|(NO;), with a decamer oligonucleo-
tide has been studied by NMR spectroscopy and molecular
modeling. The complex was designed with the aim to induce
minimal distortions upon binding to adjacent guanines of
DNA. We have recently shown that GG sites are favorable
targets for this new drug.”!

The present study demonstrates that the Pt-pz-Pt cross-
link of two adjacent guanines indeed induces relatively
minor structural perturbations upon the DNA double helix.
The DNA is shown to accommodate the cross-link without
significant bending or base-pair disruption. Corroborating
this result, the melting temperature was found to be essen-
tially identical to that of the unplatinated duplex.

The MD simulation indicates that the only pronounced
effect of the cross-link on the global structure is an unwind-
ing by about 15° of the step between the two platinated GC
pairs. This unwinding becomes manifest in an unusual H1'-
H1’ NOE between G*5 and G*6 and in strong upfield shifts
of all amino protons of C15 and C16. The unwinding, in
turn, affects the sugars of the G*6:C15 base-pair: that of
G*6 shows rapid N-S interconversion, whereas that of C15
is locked in an E-type conformation.

The determination of the structure of the Pt-pz-Pt cross-
link at two adjacent guanines was a logical and necessary
step towards the elucidation of the antitumor mechanism of
the new dinuclear antitumor complex [(cis-{Pt(NHs;),}),(u-
OH)(u-pz)]**. The fact that, similar to cisplatin, this com-
plex cross-links two adjacent guanines of DNA, induces a
similar unwinding, but does not bend the helix axis, makes it
a very interesting test compound for future studies of struc-
tural determinants governing protein recognition of plati-
num-DNA adducts.

Finally, we note that [(cis-{Pt(NHj;),}),(u-OH)(u-pz)]-
(NOs), is the first successful example of a cytotoxic platinum
complex that was designed to produce a specific structural
distortion in DNA. It represents a promising and encourag-
ing case of rational drug design.

Experimental Section

Platination reaction and sample preparation: The 10-mer oligonucleotide
ssI  [d(C1T2C3T4G5G6T7C8T9C10)] and its complement sslI
[d(G20A19G18A17C16C15A14G13A12G11)] were synthesized by the
phosphoramidite method. After purification by preparative anion-ex-
change FPLC (Pharmacia Q Sepharose column, with a linear 0-1.2-m
NaCl gradient in 0.02m NaOH, pH 12), the solution was desalted with a
gel filtration column (Pharmacia, Sephadex G25, DNA grade). The
purity of the oligonucleotides was assessed by analytical anion-exchange
FPLC (Pharmacia, Mono Q column); a Dowex column (Sigma) was sub-
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sequently used to exchange the counterion to sodium. FPLC chromatog-
raphy was performed on a BioLogic HR chromatography system
(BioRad).

[(cis-{Pt(NHs3),}),(w-OH)(u-pz) | (NO;), was synthesized as described pre-
viously®™ from [(cis-{Pt(NH;),}(u-OH)),](NO3), and pyrazole. The com-
plex was allowed to react with the purine-rich oligonucleotide (ssI)
(6 mg) in a 1:1 ratio in H,O (1 mL). The pH was adjusted to 4.0 with
nitric acid. The reaction was monitored over time by FPLC (Pharmacia,
Mono Q column, 20 min, 0-1.2-m NaCl gradient at pH 12). After four
days at ambient temperature the reaction was judged to be complete and
the reaction mixture was purified by FPLC (Pharmacia Mono Q column,
20 min, 0-1.2-m NH,HCO; gradient at pH 9). The platinated DNA solu-
tion was subjected to a first round of desalting by rotary evapora-
tion, addition of water, and lyophilization. The residue was redissolved
in water and further desalted with a gel filtration column (Pharmacia,
Sephadex G25, DNA grade); the desired fractions were collected
and lyophilized to yield 3.5mg of the platinated single strand
d(C1T2C3T4G*5G*6T7C8TIC10) (ssIII), which contains the 1,2-intra-
strand (Pt-pz-Pt)-DNA cross-link.

The unplatinated duplex dsI was prepared by titrating ssII with a solution
of ssI in D,0O for comparison. The annealing was carried out at ambient
temperature and monitored by anion FLPC run at pH 7. The same proce-
dure was repeated with ssII and ssIII to produce the platinated dsII.
Both duplexes were lyophilized and redissolved three times in 99.8 %
D,0, and finally redissolved in 99.96 % D,O (250 uL). The solutions were
transferred to an NMR tube, dried in a stream of nitrogen, and redis-
solved in 99.96 % D,O (550 pL). For H,O samples, dsII was dissolved in
90% H,0/10% D,O (550 uL). Final concentrations were 1.0 mm for dsI
and 4 mm for dsII. All samples contained 50 mm phosphate buffer pH 7.0.
No additional salt was added.

UV measurements and 7,, determination: For concentration determina-
tion UV measurements were performed with a Perkin-Elmer Lambda
900 UV/VIS/NIR spectrometer. Melting temperatures (7,,) were mea-
sured with an Ultrospec 4000 UV spectrometer by heating the sample at
1°Cmin~" from 20°C to 90°C at oligonucleotide concentrations of 3.4 x
10™m in 1M NaCl and 50 mm phosphate buffer.

NMR spectroscopy: TOCSY and NOESY spectra (mixing times of 100,
150, and 200 ms) were acquired with a Bruker DMX 600 MHz spectrom-
eter, using the Watergate gradient pulse for minimization of the water
signal.’®l All 2D spectra were collected at 283 K. 512 Increments in #
were collected, each with 2048 complex data points in #,, and 64 scans at
a sweep width of 6000 Hz. Spectra in H,O were collected with a sweep
width of 12000 Hz. T1 relaxation experiments were carried out using the
standard 180°-7—90° inversion recovery sequence.

All spectra were processed with FELIX (version 97.0, MSI, San Diego,
CA, USA), except for the T1 relaxation experiments; these were process-
ed with xwinNMR software (Bruker). For 2D spectra the f, dimension
was zero-filled to 2048 points and a polynomial baseline correction was
applied in the ¢, domain of the NOESY spectra. Chemical shifts were ref-
erenced to the HDO peak calibrated to a DSS (2,2-dimethyl-2-silapen-
tane sulfonate) standard. The assignment aiding program ANSIGF was
employed to aid assignments and to view and compare spectra of the
platinated and unplatinated duplexes.

Molecular dynamics simulations: The MD simulations were carried out
with the SANDER module of the program AMBER Version 6.0 run
on a cluster of IBM-compatible personal computers under Red Hat
GNU/Linux 7.1, or on an IBM Power4 P690 computer operating under
AIX 5.1. The Particle-Mesh-Ewald method,**® using a charge grid
spacing of approximately 1 A with cubic B-spline interpolation and sum
tolerance of 1075 A, was used to calculate the electrostatic energy. A 9-A
cutoff was applied to Lennard—Jones interactions. The MD simulations
employed the SHAKE algorithm (tolerance=0.0005) to all X-H
bonds!®! and used a time step of 2 fs.

Additional force field terms were necessary to parameterize the Pt-pz-Pt
moiety. The bond lengths and bond angles were taken from the crystal
structure of [(cis-{Pt(NH;),}(9-ethylguanine)),(u-pz)]*+,*! and the corre-
sponding force constants were equivalenced to those of the five-mem-
bered ring of histidine. The same parameters were used for the Pt—N-
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(pyrazole) bonds as for the Pt—N(guanine) bonds.®! All endocyclic and
exocyclic torsion angles not involving Pt were given energy barriers ky/2
in analogy to those used by Amber for the five-membered ring of histi-
dine. The torsion angles X-X-N-Pt that govern the out-of-plane bending
of the platinum with respect to the pyrazole were parameterized as fol-
lows. First, those torsions involving a hydrogen atom (H-C-N-Pt) were
given a torsion barrier of 1.1 kcalmol ', in analogy to the values used for
torsions involving aromatic hydrogen atoms in the Amber database.
Second, the Pt-N-N-Pt torsion was given a barrier of 0 in order to avoid
biasing of the mutual positions of the two platinum centers. Thus, the
principal force keeping the platinum atoms in the pyrazole plane is de-
pendent on the torsion angles C-N-N-Pt and C-C-N-Pt. The force con-
stant for these torsions was determined to be k,/2=40 kcalmol ' by den-
sity functional theory (DFT) calculations, as described below.

Force constants determining the dihedral angles between the pyrazole
plane and the Pt coordination plane, and the atomic charges of the [(cis-
{Pt(NH3),)),(n-pz)(pGpG)]™ unit, were obtained from DFT calculations
performed with the program Gaussian94!®’ implemented on a Cray C94
computer. Starting coordinates were taken from the crystal structure of
[(cis-{Pt(NHj;),}(9-ethylguanine)),(u-pz)]**, and, to save computer time,
the 9-ethyl group was replaced by a 9-methyl group. To eliminate the in-
fluence of crystal-packing forces, the geometry was relaxed by minimiz-
ing the energy as a function of the four dihedral angles along the Pt—N
bonds, using Hartree-Fock (HF) calculations. Subsequent DFT calcula-
tions employing the hybrid B3LYP functional were performed on the
HF-optimized geometry, using MO coefficients from the HF calculation
as trial vectors. The atomic charges were determined by fits to the elec-
trostatic potential obtained from the converged DFT density matrix,
using the Merz—Kollman routine implemented in Gaussian94. Both the
HF and the B3LYP calculations used the Los Alamos pseudo-potential/
pseudo-orbital basis set LANL2DZ.!” To determine the force constants
governing the out-of-plane bending of the pyrazole, DFT calculations
were performed on the model complex [Pt(NH;);(Hpz)]**. The Pt—N3
bond was bent from the Pz plane in steps of 5° and the force constants
were obtained by fitting the resulting calculated energies to the Amber
energy function for dihedral angles.

The sugar-phosphate backbone was modified to take into account the in-
fluence of the platination upon DNA fixation on the adjacent sugar and
phosphate residues:*** The V,/2 potential for the torsion angle O4'-C4'-
C3'-03" was reduced from 1.50 kcalmol™! to 0.75 kcalmol ' and a V,/2
torsion term for the dihedral angle C2'-C3-O3"-P of 1.00 kcalmol ™' was
introduced to mimic the stabilization of the &' conformation of platinated
guanosines. These torsion barriers were determined from a number of
test simulations of platinated oligonucleotides (S. Teletchéa, D. Djura-
novic, J. Kozelka, unpublished results).

Simulation protocol: The starting structure for dslI,
d(C1T2C3T4G*5G*6T7C8T9C10)-d(G20A19G18A17C16C15A14G13-
A12G11) (where G*5G*6 denotes the Pt-pz-Pt cross-link) was generated
using a canonical Arnott B-DNA® as a starting model with the program
NUCGEN. The [(cis-{Pt(NH;),}),(u-pz)]>* residue was then manually
positioned using XLEAP. The resulting DNA-chelate was minimized by
100 steps of conjugate gradient minimization. The system was then
heated and equilibrated as described for the simulation protocol of Eliz-
ondo-Riojas and Kozelka.!"”!

Unrestrained dynamics production was carried out for 20000 ps. The
20000 structures (one per picosecond) of the MD trajectory were ana-
lyzed by using the programs Carnal (in the Amber package),
CURVES,™  VMD,”!  XmGrace (http:/plasma-gate.weizmann.ac.il/
Grace/), and in-house software (http://www.steletch.org). Base—base heli-
coidal parameters were determined relative to the local axis, whereas for
parameters relating base-pairs (Table 3), the global axis*?! was employed.
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