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Effects of Geometric Isomerism and Anions on the Kinetics and Mechanism
of the Stepwise Formation of Long-Range DNA Interstrand Cross-Links by
Dinuclear Platinum Antitumor Complexes
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Abstract: Reported herein is a detailed
study of the kinetics and mechanism of
formation of a 1,4-GG interstrand
cross-link by the dinuclear platinum
anticancer compound [“N][{cis-PtCI-
(NH3),L{p-NH,(CH) NHLJ P+ (1,1/e,c
(1)). The reaction of [°N]1 with 5'-
{d(ATATGTACATAT),} (I) has been
studied by ['H,”N] HSQC NMR spec-
troscopy in the presence of different
concentrations of phosphate. In con-
trast with the geometric trans isomer
(1,1/t,t), there was no evidence for an
electrostatic preassociation of 1,1/c,c
with the polyanionic DNA surface, and
the pseudo-first-order rate constant for
the aquation of [PN]J1 was actually
slightly higher (rather than lower) than
that in the absence of DNA. When

phosphate is absent, the overall rate of
formation of the cross-link is quite sim-
ilar for the two geometric isomers, oc-
curring slightly faster for 1,1/t A
major difference in the DNA binding
pathways is the observation of phos-
phate-bound intermediates only in the
case of 1,1/c,c. 15 mm phosphate causes
a dramatic slowing in the overall rate
of formation of DNA interstrand cross-
links due to both the slow formation
and slow closure of the phosphate-
bound monofunctional adduct. A com-
parison of the molecular models of the
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bifunctional adducts of the two isomers
shows that helical distortion is minimal
and globally the structures of the 1,4
interstrand cross-links are quite similar.
The effect of carrier ligand was investi-
gated by similar studies of the ethyl-
enediamine derivative [°N]1-en. A pK,
value of 5.43 was determined for the
[°N]1,1/c,c-en diaquated species. The
rate of reaction of [“N]l-em with
duplex I is similar to that of 1,1/c,c and
the overall conformation of the final
adduct appears to be similar. The sig-
nificance of these results to the devel-
opment of “second-generation” poly-
nuclear platinum clinical candidates
based on the 1,1/c,c chelate (dach)
series is discussed.

Introduction

The dinuclear compounds [{trans-PtCl(NHs;),},{n-NH,-
(CH,),NH,}]** (1,1/t,t, n=6) and [{cis-PtCI(NH;),},{n-NH,-
(CH,),NH,}]** (1,1/c,c, n=6) belong to the class of multinu-
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clear platinum am(m)ine anticancer agents that exhibit anti-
tumor and DNA-binding properties that are significantly
different to those of the mononuclear complexes based on
cisplatin.'*! This class includes the trinuclear [{trans-PtCl-
(NH,),}(u-trans-Pt(NH;),{NH,(CH,), NH,},)|**  (1,0,1/1,4,1,
n=6, or BBR3464), which has undergone Phase II clinical
trials (summarized in refs [1,7-9]). The overall charge as
well as the linker flexibility and hydrogen-bonding capabili-
ty of these compounds are thought to be related to their im-
proved cytotoxic and antitumor properties relative to cispla-
tin and its derivatives.">'? Multinuclear platinum complexes
react with DNA more rapidly than cisplatin and produce a
different bifunctional DNA adduct profile, typified by long-
range (Pt,Pt) interstrand cross-links.™

Many important anticancer drugs also produce covalent
DNA interstrand cross-links, the formation of which is im-
plicated in their mechanism of action.!'*'! Interstrand cross-
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links are also likely to represent a particularly toxic form of
spontaneous DNA damage induced by carcinogens.”>! In
general, the repair capacity of drug-induced DNA adducts is
strongly implicated in both tumor sensitivity and acquired
drug resistance in tissue culture and possibly also in the
clinic.'>'7-!8] The interstrand cross-link, which involves cova-
lent modification of both strands of DNA, is intrinsically
more difficult to repair by nucleotide excision repair
(NER), the main cellular process to remove bulky, helix-dis-
torting DNA adducts.'>*! In keeping with this under-
standing, structurally distinct DNA adducts of cisplatin
differ in their susceptibility to DNA repair.'>!! Cisplatin
1,3-(GpNpG) intrastrand cross-links are repaired more effi-
ciently than the 12-intrastrand (GpG) adduct.”>*! The cis-
platin interstrand cross-link, however, is not repaired in the
same fashion.”” Similarly, (Pt,Pt) interstrand cross-links of
BBR3464 are not as efficiently repaired as their analogous
intrastrand cross-links."

The inherent instability and low yields of many inter-
strand cross-links is a challenge to characterization by the
typical enzymatic digestion/isolation route."! In addition,
isolation of interstrand cross-links from plasmid DNA does
not provide information regarding the detailed mechanism
of formation and the influence of factors such as flanking se-
quences or the tertiary structure of the target DNA.
['H,"N] HSQC NMR spectroscopy is a powerful method for
examining the kinetics of DNA platination reactions™' and
we have previously used this technique to examine the ki-
netics and mechanism of the formation of interstrand cross-
links by the di- and trinuclear platinum complexes 1,1/t¢
and 1,0,1/t,tt (BBR3464).26%

In contrast with the mononuclear examples of cis and
trans-[PtCl,(NH,),], in the dinuclear case both geometries
are antitumor active. The extent of formation of interstrand
cross-links as well as local conformational distortions on
DNA are affected by geometry."™! The cis isomer (1,1/c,c) is
kinetically more inert in its reactions with DNA and model
nucleotides and in double-stranded DNA produces more in-
terstrand cross-links.">*l Differences between the two geo-
metric isomers are also manifested in their reactions with
sulfur nucleophiles. When sulfur nucleophiles, such as GSH,
displace the Pt—Cl bond of 1,1/¢,, trans labilization results in
bridge cleavage and loss of the di/trinuclear structure.**!
This metabolic effect is likely to be highly deactivating be-
cause the capacity to form long-range cross-links is lost.
Indeed, the products of BBR3464 blood metabolism may be
mimicked by GSH reactions.!l In contrast, the 1,1/c,c dinu-
clear structure initially remains intact upon reaction with
GSH and methionine. The reactions are slower than those
with the 1,1/t isomer, but eventually the NH; group trans
to the sulfur atom is lost.’”) A unique thiolato-bridged 11-
membered Pt—GS—Pt macrochelate is formed through gluta-
thione-bridging of both platinum atoms of the same dinu-
clear unit.’? Interestingly, 1,1/c,c compounds based on 1,2-
diaminocyclohexane (dach) as carrier ligand show enhanced
robustness in the presence of methionine, attributed to the
chelate effect of the dach ring.””
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The cis-oriented compounds thus represent viable
“second-generation” candidates because of their enhanced
robustness to sulfur nucleophiles. Any second-generation
candidate should present a similar DNA-binding profile to
that of the “parent” drug, in this case BBR3464. Therefore,
we have initiated a detailed study of the DNA-binding of
cis-oriented compounds. For the dinuclear 1,1/t¢ complex,
we were able to follow the stepwise formation of a long-
range DNA 14-interstrand cross-link in the duplex 5'-
{d(ATATGTACATAT),} (I) by using ['H,"N] HSQC NMR
spectroscopy and derive kinetic parameters for each step in
the pathway.” Changes in the 'H and N shifts of the bi-
functional interstrand cross-link showed evidence for the ir-
reversible transformation of an initially formed conform-
er(s) into a product conformer(s). In this work we compare
the kinetics of binding of the 1,1/c,c complex to the same
DNA duplex. We also studied the [*N]1,1/c,c-en derivative
to examine the effect of the carrier ligand on the kinetics of
DNA-binding. The compound is also cytotoxic at micromo-
lar concentrations (first reported in refs. [6,34]). Analysis of
the NMR spectroscopy data in conjunction with molecular
models of the mono- and bifunctional adducts provides an
insight into the subtle differences in the mechanism of for-
mation of the adducts and their structures compared with
their frans-oriented isomers and confirms that the chelate
ring does not dramatically affect the overall DNA-binding
profile.

Results

The main aim of this study was to compare the stepwise for-
mation of a 1,4-interstrand cross-link by [°N]1 with that of
the analogous 1,1/t,¢ compound‘[zﬂ For this reason we chose
to follow the platination reaction of [’N]1 with the identical
self-complementary  12-mer duplex 5-{d(ATATGTA-
CATAT),} under conditions (15mM sodium phosphate
buffer, pH 5.9, 298 K) that allow best comparison with the
results of that study.’ The use of a higher pH than that em-
ployed in the reaction of 1,1/t,t (pH 5.4) takes into account
the higher pK, of the aquated form of 1,1/c,c (6.01)® than
1,1/t (5.62),5% so that both reactions were carried out at a
pH just below the pK, value. A higher ionic strength was
used in this study, with the addition of 80 mm NaClO, re-
quired to form a stable duplex.””!

The methodology followed that reported previously in
which the stepwise formation of the cross-link was followed
by ['H,"N] HSQC NMR spectroscopy and 'H NMR spectra
were also acquired to monitor oligonucleotide base pairing
through examination of the imino resonances and to verify
platinum-binding to guanine N7 by means of the shift of the
H8 resonance from that of the unplatinated duplex.”*>l
Our previous studies of interstrand cross-linking by both
1,1/¢,12%?) and 1,0,1/2,1,/%°! have shown that all the reactions
follow the same sequence, with evidence for preassociation
through electrostatic interactions and hydrogen bonding,
aquation followed by monofunctional Pt—GN7 bond forma-
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tion, and finally fixation of the interstrand cross-link
through bifunctional binding. In this case, the reactions were
complicated by competing reactions involving the coordina-
tion of phosphate (Scheme 1), which were not observed pre-
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'"H NMR spectra from these reactions are provided in the
Supporting Information.

Preassociation and aquation: For the reaction of [’N]1 with

I in 15 mm phosphate, the first ['H,""N] HSQC NMR spec-
trum was recorded 20 min after the start of the reaction. In

addition to the peaks arising from ['*N]1, new peaks assigna-

HaN,  (NHy(CHp)eHoN, \‘\NH? " ble to the {PtN;0O} group of the monoaqua monochloro spe-
/‘P"'\ /‘P"\ cies 2 are observed at 0=3.89/—63.9 (cis-NHj;), 4.09/—81.5
H3N Y Y NH, (trans-NHj;), and 4.58/—42.0 ppm (NH,) (Figure 1la, see
1,1/c,c Scheme 1 and Table 1 for labeling). As for the reactions of
nz NHy(CHa)sHoN, \EZ"W' 1,1/tt, the signals from the {PtN;Cl} moiety are assumed to
"o “pp” be concealed by the signals of 1. Surprisingly, no significant
N/ \Y Y,/ \N changes in the '"H NMR shifts were observed for any of the
YIY! Ha 1.1/c.c-en H, peaks from 1 or 2 when compared with a control sample (no
DNA added to [“N]1 in 15 mm phosphate buffer, pH 5.9). A
crer () ' slight difference in the 'H/"*N NMR shifts for the trans-NH,
Ka |k peak of 2 could be explained by a slight difference in pH in
L +PO, this range close to the pK,. This behavior is quite different
CI/H,0 (2) ; Cl/PO, (5) to that observed for the reactions of both 1,1/t,f and 1,0,1/
k +1 " P t,t,t with duplex L in which the interaction with the DNA re-
MF : tH sults in a comparable deshielding (Ad=0.05 ppm) in the 'H
UG (3) (H,0/POy) Gs— dimension of the signals attributed to the NH; (end) groups
6 in the {PtN;Cl} moiety of the dichloro complex and a more
Ker ke [+ pronounced downfield shift (Ad(*H)=0.15-0.21 ppm) for
T the equivalent signals of the {PtN;O} group of the mono-

GIG (4) ! GIPO4 (T) |

Scheme 1.

viously.”*?!" Assignment of the
species observed during the re-
actions was made by reference
to our recent ['H,”N]HSQC
NMR spectroscopy study of the
aquation of [PNJ1 in 15mm
phosphate buffer™ in which
several different aquated and
phosphate-bound species were
identified. The chemical shifts
of all intermediate and bifunc-
tional product species observed
during the reaction are sum-
marized in Table 1, representa-
tive ['H,"”’N] HSQC NMR spec-
tra are shown in Figure 1, and
plots showing changes in the ar-
omatic and imino regions of the
"H NMR spectra during the re-
actions are shown in Figure 2.
The assignments were further
verified by repeating the reac-
tion in a higher concentration
of phosphate buffer (100 mm)
and in the absence of phos-
phate (112 mm NaClO,). Repre-
sentative ['H,"N]HSQC and
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aquated species. These changes were attributed to preassoci-
ation (electrostatic/hydrogen bonding) interactions between
the platinum complexes and the duplex with the stronger in-

Table 1. 'H and "N NMR chemical shifts [ppm] for species observed during the reaction of 1 with the self-
complementary duplex 5'-{d(ATATGTACATAT),} (I) in 15 mm phosphate at pH 5.9 (Scheme 1).1

1,1/c,c species!” NH;(cis)®! SNH,(trans)™ BNH,E
o('H) 3(°N) o('H) 3(°N) o('H) 3(°N)
1 (CI/Cl) 3.78 —65.9 429 —68.4 448 —442
2a (CI/HZO) [e] [e] [e] [e] [e] [c]
2b (C/H,0) 3.89 —63.9 4.09 —81.5 4.58 —42.0
3a (G/Cl) 3.65 —66.0 424 —68.6 4.40 —442
3.69 —66.0 4.16 —68.8
3¢ (G/CI) 421 —62.5 434 —68.2 (dl (d
4.42 —67.6
4 (G/G)™ 4.0to 4.4 —61.7 to —64.6 4.46 to 4.65 —65.3 (dl (d]
43 t0 445 —67.4 to 68.1
5a (CI/PO,) [c] [c] [c] fe] [c] ]
5d (PO,/Cl) 3.86 —62.5 4.16 —85.7 4.67 —41.4
6b (H,O/PO,)!" (el (el 428 —83.6 le] l¢]
6d (PO,/H,0) 3.86 —62.5 423 —85.7 4.67 —42.8
7¢ (G/PO,) [h] [h] [h] [h] [h] ]
7d (G/PO,)H 3.86 —62.5 4.16 —85.7 4.67 —41.4
4.10 —85.7

[a] '"H NMR chemical shifts referenced to TSP; °N chemical shifts referenced to "NH,CI (external). [b] The
labels 1-7 refer to the complexes shown in Scheme 1 in which the ligand Y#Y' is a=Cl, b=H,0, ¢=G N7,
and d=PO,. [c] The peaks for 2a and 5a are coincident with the peaks for 1. [d] Concealed by the 'H,0O peak
at 0=~4.8 ppm. The "N shift is approximately —41.2 ppm. [e] The bifunctional adduct gives rise to broad
"H,"N peaks in the region indicated; sharp peaks at d=4.21/—62.5 ppm (cis-NH;) and 6=4.45/—67.4 ppm
(trans-NH3;) account for around 30 % of the total intensity. [f] Peaks for 6 were only resolved for the solution
in 100 mm phosphate. The lower pH (5.4) accounts for the difference in shift for the peaks of 2b and 6b,
which are consistent with pH titration curves.” [g] Peaks from the cis-NH; and -NH, groups of 6b are as-
sumed to be concealed by the peaks from 4 and the 'H,O peak, respectively. [h] The peaks from 7¢ are con-
cealed by the broad peaks of the bifunctional adduct 4. [i] The peaks from 7d and 5d are coincident. A peak
from 7d in another monofunctionally bound phosphato species is observed in the trans-NH; region only.
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a) trans—15NH3 cisJSNH3 b) trans—15NH3 cis-15NH3 SiL}{ hrattli10 of kar(t)lgld326:51’ of
_on which the peak at 6=3.65 ppm
% has the greater intensity. The
80 time-dependent behavior of
these peaks mirrors that of two

—704 peaks in the trans-NH; region
(also the peaks of 3a, see

—607@ Table 1), which also have very
similar N shifts to [**’N]1 and

50 s are slightly shielded in the 'H
NHy dimension © (A0)=4.24

404 (—0.05) and 4.16 ppm

| : [ : _21h [ (—0.13 ppm)). These pairs of

46 44 42 40 38 38 46 44 42 40 38 36 peaks correlate with a single
S(™N)/ppm peak of the NH, group of the
c) trans-15NH3 cis—15NH3 d) trans-15NH3 cis—15NH3 unbound end of 3, which is
_g0- 54,74 e sgghtly shleldel:d with respect to
b o7d ["N]1  (A6("H)=—0.08 ppm).

-804 @ 804 The observed shielding of these
- 1.2a.5a 3a peaks is in complete contrast to

705 Sedirc \ /\ the observations for the mono-

functional adducts of both 1,1/
2 and  1,0,1/66,/%  with
duplex I in which the Pt—NH;
and Pt—NH, protons of the un-
bound end were slightly de-
shielded in comparison with the

15NH2

191 h

_60_
“0F 1 2as 15
,2a,0a T
P 2b é@; 3a- NH2
40 B a —40F7d
5d,7d 16 h
T T T T T % T T
4.6 4.4 4.2 4.0 3.8 3.6 4.6 4.4
8("H)/ ppm

Figure 1. 2D ['H,”"N] HSQC NMR (600 MHz) spectra at 298 K of duplex I in 15 mm sodium phosphate and
80 mm NaClO, after reaction with [N]1 for the times indicated. Peaks are assigned to the cis and trans Pt—
NH,; and Pt—NH, groups in structures 1-7 in the pathways to the formation of the bifunctional adduct 4 that
involve phosphate-bound intermediates (see Scheme 1 and Table 1). The labels a-d refer to species in which
the ligand Y#Y’ is a=Cl, b=H,0, ¢=G N7, and d=PO,; i =impurity in the sample of 1 (see text).

teraction observed for the aquated species consistent with
the increased charge (2+). The lack of evidence for preas-
sociation in this case could be attributable to the higher
ionic strength,m and further experiments on 1,1/t under
identical conditions would be required to demonstrate that
the extent of preassociation differs for the two geometric
isomers.

Monofunctional binding step: ['H,"N] HSQC peaks from
the monofunctional adduct 3 were first observed after
around 2 h, which is considerably later than for the reaction
of 1,1/t,t under these conditions in which adduct peaks were
already visible after 15 min.” The spectra provide evidence
for at least two distinct monofunctional adducts, which are
observed most clearly by the ['H,”N] HSQC peaks of the
cis-NH; group at the unbound {PtN;Cl} end (peaks 3a in
Figure 1). These peaks have an identical °N shift to that of
[°N]1, but are significantly shielded in the 'H dimension
(0(A0)=3.65 (—0.13) and 3.69 ppm (—0.09 ppm)). They
have similar time-dependent profiles and maintain an inten-
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free (dichloro) complex, indica-
tive of an electrostatic interac-
tion between the unbound
{PtN;Cl} group and the duplex.
There is also evidence for other
minor monofunctionally bound
species based on two very
strongly shielded peaks (Ad=
—0.22 and —0.53 ppm) observed
in the Pt—NH, region (6=4.26/
—44.3 and 3.95/—44.9 ppm, Figure 1c and Figure S2¢ of the
Supporting Information). These peaks are first observed
after about 8 h, reach a maximum intensity at around 14 h,
and then decrease and are no longer visible before the reac-
tion is complete. Although these minor peaks display similar
time-dependent profiles they are not of equal intensity and
have slightly different N shifts, which shows that they are
not derived from a single NH, group of the unbound end of
a monofunctional adduct. No peaks are resolved for the cis-
or trans-NH; groups in these minor species and these are as-
sumed to be obscured by the peaks from 1. Peaks are identi-
fied for the cis- and trans-Pt—NH; groups coordinated to the
guanine N7 of I in the monofunctional adducts (labeled 3¢
in Figure 1, see Table 1). For the cis-Pt—NH; group a single
peak (6=4.21/—62.5 ppm) is observed. The 'H chemical
shift is similar to that of the coordinated Pt—(NH;), group
of the 1,1/t,t monofunctional adduct®! and there is a similar
strong deshielding (A =0.43 ppm) relative to the 'H shift of
the dichloro complex (1). After around 1.7 h this peak is
overlapped with those of bifunctional adducts 4. There are

42 4.0 38 36
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dent that these three peaks
must also correspond to the
\ {PtN;PO,} group of monofunc-
tionally bound adduct(s) 7 be-
cause they are still visible in the
spectra after peaks from the

My
MWJ“ {PtN;Cl} groups in all species
/M“\ (1, 2, and 5) have disappeared

19.3 | e

f Lm WMM MW‘MMW 3 (Figure 1d). It is surprising that
NM //\/\ there is no difference in the
Z,E,.NwJ m w WWWMWW — 1 R chemical shift between the
02 ’ / \ {PtN;PO,} groups in 5 and the
: functional adduct 7. How-

— e N mono
| ‘ | : | :WMMW : R ever, a new peak (6=4.10/
135 130 125 9.0 8.8 8.6 1.8 17 16 —85.6 ppm) with a time-depen-
5("H)/ ppm dent profile consistent with the

Figure 2. '"H NMR spectra (600 MHz) of a) the imino and b) the aromatic regions of duplex I in 15 mm sodium
phosphate and 80 mm NaClO, after reaction with [°N]1 for between 0 and 191 h. ¢) The region of the CH, (2
and 5) groups of the linker. In b) the peaks are assigned to the HS resonances of the G5 (and G5') bases coor-
dinated to platinum in the monofunctional adduct 3 and the 1,4-interstrand cross-link 4. Peaks labeled “0”
have been assigned to other cross-linked adducts. Although the reactions are almost complete at 191 h, intense
signals from unplatinated duplex are present in a) due to the excess of DNA used in the reaction.

two peaks assignable to the guanine N7-coordinated trans-
NH; groups of 3. Both are slightly deshielded (Ad=0.05 and
0.13 ppm) with respect to the 'H NMR shift of 1 and over
time they are overlapped and obscured by peaks from the
final adducts. No peaks are observed for the coordinated
Pt—NH, group of 3 showing that these protons are strongly
deshielded (Ad~0.3 ppm) and eliminated by proximity to
the 'H,O resonance.

In the aromatic region of the 'HNMR spectrum (Fig-
ure 2b) a peak at d =8.63 ppm is assignable to H8 of the co-
ordinated G residue of the monofunctional adducts 3, based
on the time-dependent profile. This resonance is notably dif-
ferent in shift to that of the monofunctional adducts of 1,1/
tt and 1,0,1/t,t,t with duplex I (0=8.50 and 8.48 ppm) and
appears downfield (rather than upfield) of the major peak
of the bifunctional adduct 4.

When the reaction was carried out in the absence of phos-
phate buffer, peaks for monofunctional adducts were detect-
ed slightly earlier (ca. 1 h) in both the ['H,"N] HSQC (Fig-
ure S1) and the 'H NMR (Figure S3a) spectra, but there was
no difference in the chemical shift or number of different
peaks observed for the guanine N7 bound (3¢) and unbound
({PtN;Cl} 3a) groups.

Phosphate-bound intermediates: For the reaction of [°N]1
with I in 15 mm phosphate, ['H,""N] HSQC peaks assignable
to the {PtN;PO,} group of the phosphatochloro species were
first visible after around 5 h (labeled 5d in Figure 1b). The
chemical shifts for all the NH; and NH, groups are all
almost identical to those observed during the aquation reac-
tion of [N]1 under similar conditions in the absence of
DNA. P! The partner peaks of the {PtN;Cl} group are all
concealed by the peaks of 1. At later time points it is evi-

Chem. Eur. J. 2008, 14, 6391 — 6405
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trans-NH; group in a second
monofunctionally bound phos-
phato species is observed after
around 19 h. The slight shield-
ing of this peak (AJ('H)=
—0.06 ppm) with respect to 5 is
similar to that observed for the
unbound end of the monofunc-
tional G/CI adducts relative to 1. No similar peaks are ob-
served for the cis-NH; and -NH, groups in this second G/
PO, species and they are assumed to be overlapped by the
combined peaks of 5b and 7b. The relative amount of the
two G/PO, species 7 is estimated to be around 2:1, based on
the intensity of the two trans-NH; peaks towards the end of
the reaction when there is no overlap of the major peak
with that of Sb.

For the reaction of ['*N]1 with 15 mm phosphate in the ab-
sence of DNA, the phosphatoaqua species 6 could be moni-
tored by a distinct peak in the trans-NH; region from the
{PtN;0O} moiety, with the presence of the phosphate group
inducing a slightly different chemical shift to that of the
aquated group of 2, attributed to an interaction between the
coordinated aqua and phosphato groups.” No similar peak
was resolved in this reaction, which suggests that this species
reacts rapidly to form the monofunctionally bound adduct 7
and never achieves a concentration high enough to be de-
tected. Distinct peaks possibly assignable to the Pt—NHj;
groups of 6 were observed during the reaction in 100 mm
phosphate, which was carried out at a slightly different pH
(see Figure S2b). In neither reaction (15 or 100 mm phos-
phate) was a peak observed for the macrochelate phos-
phate-bridged species, which is recognizable by a distinct
trans-NH; peak (0=4.22/—87.1 ppm) and accounted for
25% of the species present at equilibrium for the aquation
reaction of [°N]1 in 15 mm phosphate.™!

Bifunctional adduct formation: For the reaction in 15 mm
phosphate, ['H,"””’N] HSQC peaks assignable to bifunctional
adducts 4 were first visible after around 4 h. Closure of the
1,4-interstrand cross-link is complete at around 200 h, com-
pared with only 48 h for the reaction of 1,1/¢,t with duplex I
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under comparable conditions.” In the absence of phosphate
buffer the reaction is much faster, with peaks from 4 first
visible after 2 h and the reaction complete after 50 h (Fig-
ure S1). In the cis-NH; region of the ['H,”"N] HSQC NMR
spectrum peaks from 4 first appear as a broadening around
the monofunctional G/Cl peak (3¢) that then gradually
spread out in both the '"H and N dimensions. At the end of
the reaction, the cis-NH; peak arising from 4 consists of
around seven different overlapped peaks with the peak at
the initial shift of 3¢ (0=4.21/—62.5 ppm) accounting for
around 30% of the total intensity. Similarly, in the trans-
NHj; region one of the first peaks assignable to 4 to appear
has almost an identical shift (6 =4.45/—67.4 ppm) to one of
the G/Cl peaks (3¢) and at the end of the reaction a peak at
this shift accounts for around 30% of the total product.
Other peaks initially appear at 0=4.55/—65.4 and 5.61/
—65.3 ppm and these peaks merge over time so that at the
end of the reaction there are two broadened peaks with N
shifts centered at 0=—65.3 and —67.6 ppm. Peaks arising
from the NH, groups of 4 are largely eliminated by the sup-
pression of the 'H,O, but a broadened peak (3("N)=
—41.2 ppm) is observed slightly downfield of the 'H,O reso-
nance (Figure S4).

In the aromatic region of the 'HNMR spectrum (Fig-
ure 2b) there is a broadened peak at d =8.59 ppm assignable
to HS8 protons of the platinated G residues of 4. The chemi-
cal shift is identical to that of the 1,4-cross-link formed by
1,1/t,t with the same sequencem and similar also to that of
the adduct of 1,0,1/£,t,¢t in which two conformers with slightly
different HS shifts (6 =8.60 and 8.58 ppm) were observed.*
A notable difference for the reaction of [’N]1 with respect
to these reactions is the appearance of a cluster of peaks in
the HS region of the '"H NMR spectrum between 6 =8.8 and
9.2 ppm. Although the chemical shifts of these peaks are
quite similar to those previously assigned to other (cross-
linked) adducts formed from the monofunctional G/Cl ad-
ducts, they account for a much larger proportion of the total
product (32%) compared with the reactions with 1,1/¢,¢ and
1,0,1/t,t,t (less than 10%). The 'H/®N peaks for these other
products cannot be distinguished from those of the major
cross-linked adduct in the HSQC spectra.

In the imino region (Figure 2a) there is one downfield-
shifted resonance (6 =13.55 ppm) assignable to an AT base
pair in the bifunctional adduct(s) and a peak at o=
12.65 ppm assignable to GH1, shifted downfield on platina-
tion. The shift is similar to that observed for the 1,1/t,t and
1,0,1/t,1,t cross-links.”**! For 1 in the absence of DNA there
are three broadened multiplets that arise from the CH, pro-
tons of the linker: 6=1.40 (CH, 3/4), 1.72 (CH, 2/5), and
2.69 ppm (CH, 1/6). On reaction with duplex I only the
peak from the CH, (2/5) protons is observed in a region free
from overlap. At the conclusion of the reaction two sets of
peaks (6=1.65, 1.67, and 1.66, 1.70 ppm) are observed with
a relative intensity of 2:1 (Figure 2c), which are possibly at-
tributable to the linker methylene groups 2 and 5 in two dif-
ferent conformers of the bifunctional adduct.
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The ['H,"N] HSQC NMR spectra of the final products of
the reactions under the three different conditions (100 mm
perchlorate or 15 or 100 mm phosphate) appear identical
(see Figure S4) and the '"H NMR spectra show very similar
peaks in the G HS8 region of the 'HNMR spectra (Fig-
ure S3). The important distinction is the very different times
for the completion of the reactions, between 50 h (no phos-
phate) and 20 d (100 mm phosphate).

Kinetic analysis: For the purposes of the kinetic fits the con-
centrations of the species present at each time point were
obtained from the relative volumes of the peaks in the cis-
Pt—NH; region, after correcting for peak overlap as de-
scribed below. In the absence of phosphate the reaction was
analyzed by the same kinetic model (Scheme 1) as used for
the reaction of 1,1/4,t.*"! The aquation process was modeled
as a reversible pseudo-first-order reaction. In the absence of
a competing nucleophile the aquation of 1 occurs such that
the equilibrium between aquated and chloro species lies
strongly towards the chloro side.”! Once formed, the aqua
chloro species 2 reacts rapidly and irreversibly with the
duplex. The binding of 2 to duplex I was treated as an irre-
versible second-order reaction, first-order with respect to
the concentration of both 2 and the duplex. Because no
['H,"N] HSQC peak was observed assignable to a mono-
functional aqua species, the formation of the bifunctional
cross-links (4) were modeled to form directly from the mon-
ofunctional adduct. This process was treated as irreversible
first-order with respect to the concentration of 3. The rate
constants are listed in Table 2 and the computer best-fits for

Table 2. Rate constants for the reactions between 1 and duplex L

1,1/c,c (1) 1,1/t
Rate constant 112 mm CIO,~ 15 mm ClO,~ 15 mm PO,
(no DNA)I!
ky [107°s71) 2.99+0.06 2.26+0.08 4.15+0.04
ko [m's™ 0.033 £0.006 0.50+0.02 -
ke [Ms7H 0.42+0.04 0.47 £0.06
kgr [107°571] 3.25+0.07 3.39+0.04

[a] The rate constants are defined in Scheme 1. [b] Data from ref. [26].
[c] Data from ref. [35].

the rate constants are shown in Figure 3. The rate constant
for the aquation step measured here is marginally higher
than that obtained in the reaction of [°N]1 in 15 mm per-
chlorate in the absence of DNA. This result differs from
that observed for 1,1/z,¢t (and 1,0,1/¢,,¢) for which aquation of
the chloro complex was slowed in the presence of DNA. On
the other hand the monofunctional binding rate constant is
almost identical for the reactions of both 1 and 1,1/7,/%! with
duplex I. The rate constants for the conversion of the mono-
functional adduct 3 to the bifunctional adduct are compara-
ble and consistent with the expected relative values of the
aquation rate constants if aquation of the monofunctional
adduct occurs prior to fixation of the cross-link and this step
is rate-limiting.
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Figure 3. Plots of the relative concentrations of species observed during
the formation of the 1,4-interstrand cross-link by the reaction (at 298 K)
of [*N]1 with duplex I in 110 mm NaClO,. The concentrations are based
on the relative peak volumes of peaks in the cis-Pt—~NH; region. The
curves are computer best-fits for the rate constants shown in Table 2.
Labels: 1 (Cl/Cl) o, 2 (CI/H,0) o, 3 (G/Cl) 4, 4 (G/G) e. The time-de-
pendent plots for the species observed during the reactions carried out in
15 mm phosphate, 80 mm NaClO,, and 100 mm sodium phosphate are
shown in Figure S5 of the Supporting Information.

The reactions of 1 and I in the presence of phosphate
could not be analyzed in detail, but the time-dependent
plots based on the estimated concentrations of the different
species are provided in Figure S5.

FULL PAPER

Molecular models

Monofunctional adduct: A model for the monofunctional
(G/Cl) adduct 3 formed from 1 and duplex I is shown in Fig-
ure 4a and a comparison of this model with that of the mon-
ofunctional adduct formed by the geometric isomer 1,1/t¢
with the same duplex” is provided in the Supporting Infor-
mation. To construct a model of the monofunctional adduct
we first considered four different orientations of the {PtN}
group coordinated to G5 N7 in which either the cis-NH; or
-NH, groups are hydrogen bonded to G O6 and the amine
linker lies either 3’ or 5’ to the G5 plane (Scheme 2).

We attempted to model all four conformers, but found
that the two orientations (C and D) with the amine linker
group below the G5 plane were unstable during the minimi-
zation and reorientated to a position above the plane of GS.
The two above-plane orientations (A and B) are illustrated
in the models of the bifunctional adduct (see below). The
monofunctional adduct shown in Figure 4a was constructed
by using orientation A as the starting point and shows hy-
drogen-bonding interactions that are largely consistent with
the NMR data, as discussed below. For the {PtN;} unit coor-
dinated to the N7 atom of G5* an NH;-O6 hydrogen bond
is observed between the cis-NH; group and the O6 of that
guanine (H--O6 distance=2.5 A). An additional hydrogen
bond is observed from an ammine hydrogen of this group

Figure 4. Molecular models of a) the monofunctional adduct and b,c) two conformers of the bifunctional 1,4-interstrand cross-link formed by 1 and
duplex I with close-up views showing the hydrogen bonding between the Pt—NH; and Pt—NH, groups and the duplex (in white): I (green), guanine G5*
and G5’ (yellow), —(CH,)¢— linker of 1 (red), NH, groups (pale blue), trans-NH; groups (purple), cis-NH; groups (dark blue). Bases not involved in the
interactions have been omitted from the close-up views for clarity. A figure showing a comparison of these models with those of the mono- and bifunc-

tional adducts of 1,1/¢,¢ (ref. [26]) are provided in the Supporting Information.
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Scheme 2. The four different orientations for the {PtN;} group of 1 bound
to guanine N7.

and O4 of the adjacent thymine (T4) residue (distance=
2.1 A). The environment of the cis-NH; group is similar to
that of one of the Pt—NH; groups of the bound end of the
1,1/t,t monofunctional adduct, which is hydrogen bonded to
06 of G5* (see Figure S6). In the latter case the other Pt—
NH; group (equivalent to the NH, group of 1,1/c,c) points
towards the phosphate backbone, which allows the forma-
tion of a short (distance =2 A) hydrogen bond with a phos-
phate oxygen. The NH, group in the 1,1/c,c adduct is too far
from the phosphate backbone to form a hydrogen bond with
a phosphate oxygen (distance =6.5 A) and lies closer to the
04 of T6 (distance=4.4 A). The trans-NH; group (equiva-
lent to the NH, group in the 1,1/z,f) points away from the
major groove and makes no contacts other than with the
solvent. Significant differences are observed for the un-
bound {PtN;Cl} end of the monofunctional adducts of the
two geometric isomers. For the 1,1/t¢ adduct the unbound
end interacts with the phosphate backbone facilitated by the
orientation of the two NH; groups with hydrogen bonds ob-
served between a proton from each ammine group and two
different phosphate oxygen atoms (distance =1.8 A). In con-
trast, the molecular dynamics simulations of the 1,l/c,c
monofunctional adduct show considerable flexibility for the
unbound end, which is seen to move in and out of the major
groove during the simulation. The model depicted in Fig-
ure 4a shows a single hydrogen bond with the phosphate
backbone between a proton of cis-NH; and the phosphate
oxygen atom of T4 (distance =2.3 A).

Bifunctional adduct: Two possible models for the bifunction-
al 1,4-interstrand cross-link formed by 1 and I in B-form
DNA are shown in Figure 4b and c, and these are compared
with the previously reported model of the 1,1/t cross-link in
Figure S7. The models were constructed by using the mono-
functional adduct as the starting point so that both show the
same orientation for the {PtN;} group coordinated to G5%,
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but have different orientations (A and B) for the other
group coordinated to G5'. As was found for the model of
the bifunctional adduct formed by 1,1/t,¢, the flexibility and
length of the linker group do not force the helix to bend to
accommodate the formation of the cross-links in either case.
For both models the hydrogen-bonding interactions for the
{PtN;} group bound to G5* N7 are essentially the same as
those observed for the monofunctional adduct with two
NH--O hydrogen bonds from the cis-NH; group to G5 O6
and T4 OA4. The orientation of the NH, group differs in the
two cases (pointing towards either the major groove or
phosphate backbone), but in neither case are hydrogen
bonds observed. The model in Figure 4b shows similar hy-
drogen-bonding interactions for the {PtN;} group bound to
G5, with two NH--O hydrogen bonds for the cis-NH; group
(with O6 of G5' and O4 of T4') and the NH, protons posi-
tioned some 4.5-5.5 A from the nearest oxygen atom (either
a phosphate oxygen atom or T6' O4). In the alternative
model (Figure 4c) there is a hydrogen bond between an
amine proton of the NH, group and G5 O6 (distance=
2.7 A) and the cis-NH; group points towards the phosphate
backbone, but the distance (>5 A) is too great to form a hy-
drogen bond. Comparison of these models with those of the
bifunctional adducts of 1,1/z,t (Figure S7) shows that helical
distortion is minimal and globally the structures of the
cross-links are quite similar. The key difference is the great-
er steric constraints for the —=(CH,)s— chain, which lies much
closer to the DNA in the 1,1/c,c case because the NH, group
is cis to the site of platination. The models for both con-
formers of the bifunctional adduct show several close inter-
actions between the linker methylene hydrogen atoms and
the thymine methyl groups, and these are different in the
two cases. In Figure 4b there are close contacts (2.3-2.6 A)
for methylene groups 2 and 3 (with T6 CH;) and 6 (with T6’
CH,;). In the second conformer (Figure 4c) there is one
short contact (2.3 A) for methylene group 3 (with T6 CH;)
and a slightly longer distance (2.8 A) between methylene
groups 5 and T6’ CH;. On the other hand, the model of the
bifunctional adduct of 1,1/t (Figure S7) shows that all meth-
ylene linker hydrogen atoms are at distances of at least
3.4 A from the closest atom on the DNA.

Comparison with 1,1/c,c-en: To examine the effect of the
carrier ligand we first examined the pK, values of the coor-
dinated water ligands of the [N]1,1/c,c-en diaquated spe-
cies. The pH dependences of the 'H and "N NMR shifts of
the three NH, groups are shown in Figure 5. The three
'H NMR titration curves were fitted to Equation (1) (see
the Experimental Section) to give a pK, value of 5.43 +0.04.
This value is more similar to that of 1,1/t (pK,=5.62)F
than 1,1/c,c (6.01)," and the difference may reflect the dif-
ference of a primary amine rather than NH; trans to the
aqua ligand. The aquation rate constant for 1,1/c,c-en ap-
pears higher than that of 1,1/c,c, but is still lower than that
of 1,1/t,t (see the Supporting Information).

We then used a combination of 'HNMR and
['H,”N] HSQC NMR methods to follow the platination of
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a) 05 bly the peaks from the linker NH, group coordinated to the
guanine N7 in the mono- and bifunctional adducts exhibit
similar strong deshielding and are obscured by proximity to

-30¢ ha W the 'H,O resonance. A peak arising from the NH, group of
c the unbound {PtN;Cl} end of 3-en is observed slightly shield-
g -35f ed with respect to [°N]1-en (A0('H)=—0.07 ppm) and the
= ['H,”N] HSQC peaks from the cis- and trans-NH, groups in
% 40 the final product resemble those of the analogous cis- and
trans-NH; peaks in the reaction of 1,1/c,c, with a similar

a5k spread of peaks in both '"H and "N dimensions.
The 'H NMR spectra (Figure 6) further show that reac-
50 ettt tion of 1,1/c,c-en with duplex I has a similar profile to that
3 4 5 6 7 8 9 10 1 of 1,1/c,c under similar conditions (pH just below the pK, of
pH the aquated species). The rate of reaction appears to be sim-

b) 58 ilar and the overall conformation of the final adduct appears
to be similar based on the similarity of the '"H NMR imino

56 resonances. There is one major H8 peak with a similar shift
54 (0=8.57 ppm), although there appears to be a much greater
E 5o proportion of other side-products (ca. 56 %), based on the
’ii . additional peaks observed in the HS8 region.
T 5.
© as
46 Discussion
44 Kinetics of formation of the 1,4-interstrand cross-link: Previ-
420 ous studies using other techniques have shown that 1,1/t
4 5 6 7 8 9 10 M

Figure 5. Plots of a) °N and b) '"H chemical shifts versus pH for the Pt—
NH, groups (cis (@), trans (m), linker () in the 1,1/c,c-en diaqua complex
in 100 mm NaClO, at 298 K. The pK, values obtained are a) cis-NH,
5.24+0.09, trans-NH, 5.41 £0.07; b) cis-NH, 5.42+0.04, trans-NH, 5.42 +
0.05, linker-NH, 5.44 +0.04.

duplex I by [*N]1-en at 298 K in 100 mm NaClO, at pH 5.3.
The ['H,”N]HSQC peaks from the cis- and trans-NH,
groups in 1,1/c,c-en are much broader than those of the cis-
and trans-NH; groups in 1,1/c,c and the lower resolution
precluded a detailed analysis of the stepwise formation of
the 1,4-interstrand cross-link. Peaks from the monoaqua
monochloro species 2-en were
not detectable for any of the
Pt—NH, groups and the peaks

compounds bind to DNA more readily than 1,1/c,c com-
pounds! and the first objective of the current study was to
compare the kinetics of the stepwise formation of 1,4-inter-
strand cross-links by the geometric isomers 1,1/c,c and 1,1/
t,t. Therefore, the initial reactions of 1 with duplex I were
carried out under similar conditions to those employed in
our previous study of 1,1/t¢ in the presence of 15 mm phos-
phate buffer and with the chosen pH approximately 0.2 pH
units below the pK, value of the diaquated species.”! A
major difference in the DNA-binding pathways is the obser-
vation of phosphate-bound intermediates only in the case of
1,1/c,c. This difference is not simply a reflection of the great-
er concentration of HPO,*™ present at the higher pH (5.9 vs.
5.4), because phosphate bound species were also observed

Table 3. 'H and "N NMR chemical shifts for the [*N]1,1/c,c-en species.

from the GN7-bound mono- (3-  1,1/c,c-en species!® en-""NH,(cis)" en-""NH,(trans)™ ISNH,(linker)!"!
en) and bifunctional adducts (4- 3('H) 3(°N) o('H) O("N) o('H) 5(°N)
en) could not be distinguished 1 (Cl/CI) 5.01 -30.8 5.47 —-30.9 4.48 —435
in either of the ethylenediamine 2a (Cl/H(OI[i‘?) o 4 o o a M
cis- or trans-NHz regions. The 2b (CI/H§O) 5.28 —-294 5.62 —47.7 4.73 —40.7
hemical shifts of all i di (Cl/OH)!¥ 4.92 -31.6 4.97 —42.8 4.40 —40.7
chemical shilts of all intermedi- | gy 5.32 273 5.34 462 4.62 -394
ate and bifunctional product 3a(G/Cl n n 5.38 -31.1 4.42 —434
species observed during the re- 3¢, 4 (G/Y) (Y=Clor G) 5.30-5.54 -27.9 5.40-5.86 —31.4 le] le]
action are summarized in 5.24-5.76 —26.6 5.55-5.98 —-29.4
Table 3 and representative [a] The labels 1-4 refer to the complexes shown in Scheme 1 in which the ligand Y#Y' is a, Cl; b, H,0; ¢, G

['H,°"N] HSQC spectra are

N7. [b] 'H referenced to TSP; N referenced to NH,CI (external). [c] The peaks are coincident with the

shown in Figure S10. The spec-
tra show clear similarities in the
reaction profile to 1,1/c,c. Nota-

Chem. Eur. J. 2008, 14, 6391 — 6405

peaks of the Cl/CI species. [d] Based on fitting pH titration curves for H,O/H,O species (Figure 5). [e] Hy-
droxo-bridged macrochelate species observed only in solutions of the diaqua species. [f] Possible resonances
shielded with respect to the Cl/Cl species would be too close to the "H,O signal to observe. [g] Concealed by
the 'H,O peak at 6 ~4.8 ppm. The N shift is around —40.6 ppm.
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4 thioate-containing oligonucleo-
a) AT b) \ c) tides.”” The results presented
o ’ herein contribute to the de-
J\ scription of these effects, but
\ unusually, in a geometry-depen-
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4 ['H,”"N] HSQC NMR spectros-
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the formation of 1,4-interstrand

125

S ("H)/ ppm

Figure 6. '"H NMR spectra (600 MHz) of the imino (a) and aromatic (b) regions of duplex I in 15 mm sodium
phosphate, 80 mm NaClO,, after reaction with [’N]1-en for between 0 and 44 h; c) shows the region of the
CH, (2 and 5) groups of the linker. The assignments are the same as in Figure 2 for the analogous reaction

with [“N]L.

(albeit to a lesser extent) when the reaction was carried out
at pH 5.2.°7 A similar dependence on geometric isomerism
was found in studies of the aquation reactions in the pres-
ence of phosphate buffer. Equilibrium conditions were
reached much more slowly for 1,1/c,c and a greater propor-
tion of phosphate-bound species were present, attributable
to the reduced lability of the bound phosphate (a conse-
quence of the formation of a macrochelate phosphate-bridg-
ed species). It is evident that the presence of phosphate
causes a dramatic slowing in the overall rate of formation of
DNA interstrand cross-links by 1,1/c,c, and the reaction pro-
file (Figure S5) shows that this is a consequence of both the
slow formation and slow closure of the phosphate-bound
monofunctional adduct. Adduct formation between cationic
reagents and DNA is facilitated by the preassociation of the
cations to the negatively charged surface of the polymer.
Apart from the slow displacement of bound phosphate,
DNA-binding will be inhibited for the 1,1/c,c phosphato spe-
cies due to the reduction in charge relative to the positively
charged chloro or aqua species, which are attracted to the
polyanionic DNA by electrostatic interactions. Recent stud-
ies by Lippard and co-workers™! have demonstrated that
phosphate inhibits binding of cisplatin to DNA through the
formation of neutral or anionic phosphato species. Further,
it has been shown that the rate of platination in single-
stranded DNA is controlled by a combination of access to
preassociation sites and local accumulation in the vicinity of
guanine N7.! Medium effects are also a characteristic fea-
ture of reactivity profiles for the platination of phosphoro-
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17 16 cross-links by 1 and 1,1/¢,¢ with
duplex I we repeated the reac-
tion at a similar pH in 100 mm
perchlorate. In the absence of
phosphate the overall rate of
formation of the cross-link is
quite similar for the two reac-
tions, occurring slightly faster
for 1,1/tt. Comparison of the
individual steps of the reaction reveals some interesting dif-
ferences for the two geometric isomers. For 1,1/z¢, the first
step is an electrostatic interaction of the dipositive com-
pound with the polyanionic DNA surface, as evidenced by a
significant shielding of the Pt—NH; and Pt—NH, protons.
This electrostatic preassociation has a strong influence on
the aquation step, with the aquation rate constant signifi-
cantly lowered in the presence of DNA. A similar slowing
of the aquation of 1,01/t and also of cisplatin*! has
been observed and attributed to the restricted access of the
solvent to the platinum coordination sphere. For 1,1/c,c
there is no evidence of an electrostatic preassociation be-
tween the {PtN;Cl} groups and DNA, and consistent with
this result, no lowering of the aquation rate constant is ob-
served. In fact, the pseudo-first-order rate constant for the
aquation of [N]1 was actually higher in the presence of
DNA (Table 2). This result is surprising given that 1,1/c,c
and 1,1/t carry the same charge (2+) and, as pointed out
above, the differences could reflect the differences in ionic
strength in these experiments. However, the differences can
be rationalized by inspection of the molecular models of the
unbound {PtN;Cl} ends of the two monofunctional adducts,
as discussed below.

The rate constants for the monofunctional binding step
are almost identical for 1,1/c,c and 1,1/t,t, and the rate con-
stants for the closure step to form the interstrand cross-links
are also very similar and consistent with aquation of the
monofunctional adducts being rate-limiting. Overall, these
results show that the slower reaction of 1,1/c,c with DNA is

Chem. Eur. J. 2008, 14, 6391 —6405


www.chemeurj.org

Dinuclear Platinum Antitumor Complexes

a consequence of the reduced aquation rate constant in
comparison with 1,1/¢¢. In the absence of DNA there is a
two-fold difference in these values, but this difference re-
duces to 1.4-fold in the DNA-binding reactions because
electrostatic preassociation has a strong influence only for
the 1,1/t,t complex. Studies comparing the binding of the
geometric isomers with DNA have previously shown that
1,1/c,c complexes bind to DNA at a similar rate as cisplatin
but much less readily than 1,1/¢,¢ counterparts (half-times of
binding=120 (cisplatin), 40 (1,1/t), and 120 min (1,1/
¢,c)).¥ Our results suggest that the reaction conditions will
have a profound influence on the differential binding affini-
ties of the geometric isomers. Apart from interactions with
buffer components, the pH of the solution is an important
factor. The pK, value of 1,1/c,c is 0.4 units higher than that
of 1,1/tt, so a greater proportion of the more reactive aqua
species will exist around physiological pH.

Structures of the mono- and bifunctional adducts: For the
monofunctional adduct of 1,1/tt, the molecular model (Fig-
ure S6) shows hydrogen-bonding interactions between the
Pt—NH; groups and DNA that are consistent with the shift
changes seen in the ['H,"N] HSQC NMR spectra.* For the
Pt—(NHj;), groups bound to N7 of G5, the two ammines can
form hydrogen bonds to guanine O6 and a phosphate
oxygen atom, and in this orientation the —(CH,)¢— chain is
positioned so that the two NH; groups at the unbound end
form hydrogen bonds with the phosphate backbone. This sit-
uation may reflect the transient formation of “phosphate
clamps” in solution in which two cis-oriented NH; groups
and a linker NH, (or in this case the two NH; groups) form
a well-defined hydrogen-bonding network with a phosphate
oxygen.””  This interaction places the uncoordinated
{PtN;Cl} close to the position of guanine (G5’) on the com-
plementary strand, which assists the formation of the 1,4-in-
terstrand cross-link. The different geometry of 1,1/c,c leads
to a greater diversity in the possible orientation of the
{PtN3} group bound to guanine N7 (Scheme 2). The NMR
data for the monofunctional adduct 3 are largely consistent
with the hydrogen-bonding interactions observed in the
model (Figure 4a) in which the cis-NH; groups are hydrogen
bonded to guanine O6 and the amine linker lies 3’ to the G5
plane. Only a single peak (6=4.21/—62.5 ppm) is observed
for the cis-NH; group on the platinum bound to DNA and
the strong deshielding in the 'H dimension is indicative of a
strong hydrogen-bonding interaction. This behavior is simi-
lar to that observed for the Pt(NH;), groups in the 1,1/z¢
monofunctional adduct, which exist in a similar environ-
ment, hydrogen bonded to the O6 of GS5. In the latter case
free rotation will produce an average of the two environ-
ments, hydrogen bonded to guanine O6 and phosphate with-
out changing the position of the linker. For 1,1/c,c, an alter-
native orientation retains the cis-NH;---O6 hydrogen bond,
but with the amine linker on the opposite (5') side of the G5
plane (Scheme 2C), but this conformer appears less favora-
ble on the basis of the modeling data. There is a difference
of about 4.5 A for the two positions of the NH, group above
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and below the guanine plane and the 1,4-interstrand cross-
link could not form in the second case because the distance
is too great for platination of the G5’ residue by the uncoor-
dinated {PtN;Cl} group. The greater diversity of the binding
modes for 1,1/c,c is a possible explanation for the higher
percentage of other products observed here relative to the
reactions of 1,1/£,/%! and 1,0,1/1,,#* with the same duplex. It
may also explain the observations from previous DNA-bind-
ing studies that showed that the population of cross-linked
structures is more diverse for 1,1/c,c than for the 1,1/tt
isomer."! Transcription-mapping experiments with natural
DNA indicate that A residues are involved in minor non-in-
terstrand adducts™ and that DNA interstrand cross-links
formed between G and complementary C residues are also
possible, but not a frequent adduct in natural DNA. The
NMR data provide evidence for very different environments
of the uncoordinated {PtN;Cl} groups in the monofunctional
adducts of the geometric isomers. The model shown in Fig-
ure 4a does not provide any insight into why two sets of
['H,"N] HSQC resonances are observed for the cis- and
trans-NH; and -NH, groups, which are all slightly shielded
in the 'H dimension with respect to those of 1. It is evident,
however, that the strong hydrogen-bonding interactions with
the backbone, which lead to the deshielding of the ammine
resonances of the 1,1/t,t adduct, do not occur and the ob-
served shielding is consistent with the location of the
{PtN;Cl} group close to DNA where it is sheltered from the
aqueous environment. It is possible to envisage that with
one end of the molecule tethered to the DNA, the unbound
{PtN;Cl} group could approach the guanine N7 with differ-
ent orientations that lead to two different conformations of
the bifunctional adduct in which either the cis-NH; or NH,
groups form a hydrogen bond to the G5 O6. These two pos-
sibilities are illustrated in the models shown in Figure 4b
and c and provide a possible explanation for the observation
of two sets of NMR resonances for the unbound {PtN;Cl}
group as intermediates in the pathways to these two con-
formers. The models show that the linker methylene protons
are located in slightly different environments in the two con-
formers, which is consistent with the observation of two sets
of resonances (in the same 2:1 ratio) for the linker methyl-
ene groups 2 and 5 (Figure 2c). The strong deshielding ob-
served for some NH, environments in the final product
(*H NMR shifts downfield of the 'H,O resonance, Figure S4)
is consistent with the hydrogen-bonding interactions ob-
served in Figure 4c. There is only one resonance (albeit
broadened) assignable to H8 protons of the platinated G
residues of the 1,4-interstrand cross-link, indicative of one
predominant conformer, but given that the chemical shift is
identical to that found for the 1,1/t,t isomer it may not be
that sensitive to the different orientations of the PtN, plane.
The similarity in the chemical shifts of the guanine HS sig-
nals, as well as those of the shifted imino resonances, indi-
cate that local structural perturbations of the 1,4-interstrand
cross-links of the geometric isomers are quite similar. The
most significant difference between the structures of the 1,4-
interstrand cross-links is in the location of the methylene
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linker, which lies much closer to the DNA in the 1,1/c,c case
because the diamine linker is cis (rather than trans) to the
site of platination. Steric constraints imposed by the cis posi-
tion of the diamine linker could affect protein recognition
and DNA repair in manners different to the 1,1/¢,¢ counter-
parts.[>64]

Finally, a notable feature of the reaction of 1,1/t¢ with
duplex I was the gradual and irreversible transformation of
['H,”N] HSQC peaks in the Pt—NH, region as the initially
formed conformer was converted into product conform-
er(s).”! Similar behavior was observed for both the 1,4- and
1,6-interstrand cross-links formed by 1,01/t and we
speculated that the changes could be indicative of a B—Z
conformational change, as has been demonstrated to occur
in poly(dG-dC)-poly(dG-dC) upon bifunctional adduct for-
mation by both di- and trinuclear platinum compounds.*!
The trans-NH; group of 1,1/c,c is in the equivalent position
to the NH, group and the peaks in this region evolve over
time to give a range of peaks indicative of a variety of dis-
tinct Pt—NH; environments. The range of "N shifts is similar
to that observed for the Pt—NH, environments of the 1,1/z,¢
final product conformers and there is similar strong de-
shielding in the 'H dimension for some of these shifts, indi-
cative of hydrogen-bonding interactions between the trans-
NH; protons and the DNA. This interpretation is also con-
sistent with the observation of syn conformations of even
unplatinated nucleotides in the isolated adducts of 1,1/t
and 1,0,1/t,tt with the 8-mer d(ATGTACAT),.">*! The syn
conformation for purine nucleotides is a requirement for
adoption of the left-handed conformation. Such interactions
are not observed in the models of the bifunctional adducts
in B-form DNA in which the Pt—NH, (1,1/t,t) or trans-NH;
(1,1/c,c) protons are positioned away from the DNA with no
contact with anything other than solvent. It is of interest
that the structure of the cisplatin interstrand cross-link in-
volves a localized Z-DNA structure and relies on electro-
static interactions of the phosphates with each GC base
pair.[14‘47‘48]

Conclusion

For 1,1/c,c-en, the overall profile of bifunctional adduct for-
mation and structure is similar to that of both 1,1/c,c and
1,1/t,t. The clinically important BBR3464 undergoes exten-
sive decomposition in human blood with loss of the trinu-
clear structure, and any “second generation” polynuclear
platinum clinical candidates should have similar DNA-bind-
ing profiles but be less susceptible to deactivating bridge-
cleavage reactions. Both the 1,1/c,c and 1,1/t dinuclear geo-
metries display in vivo antitumor activity.[’! The 1,1/c,c che-
late (dach) series is a reasonable candidate for further de-
velopment based on its robustness to sulfur nucleophiles®™
and its DNA-binding profile, as shown here.
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Experimental Section

Chemicals: The sodium salt of the HPLC-purified oligonucleotide 5'-
(ATATGTACATAT)-3* (I) was purchased from Geneworks.
[°N]Ethylenediamine was purchased as the hydrochloride salt from Iso-
tech. The nitrate salt of the fully “N-labeled [{cis-PtCI(NH;),},{u-NH,-
(CH,){NH,}]** (["N]1,1/c,c, [°N]1) was prepared from cis-[PtCL('"NHs;),]
and AgNO; by using procedures similar to those previously published.!
The nitrate salt of fully '"N-labeled [{cis-PtCl(en)},{p-""NH,-
(CH,)s"NH)}]** (1,l/c,c-en, [°N]1-en)”) was prepared by an analogous
procedure and characterized by '"H and Pt NMR spectroscopy and ele-
mental analysis.

Sample preparation: For reactions with [°N]1, stock solutions of duplex I
were prepared as follows: the HPLC-purified oligonucleotide was first di-
alyzed against 0.75 mm phosphate buffer (pH 7.0, 5 L), then freeze-dried,
and reconstituted in deionised H,O (500 uL) to give stock solution A
(phosphate concentration 58.5 mm). After removal of the aliquots needed
for the two reactions in phosphate buffer, the remaining solution was de-
salted on a Sephadex G-25 column with NaClO, (24.57 mm) as the
eluent, then freeze-dried, and redissolved in H,O (400 puL) to give stock
solution B (215 mm NaClO,). For the reaction with [*N]1-en, a stock so-
lution of duplex I was prepared as described for stock solution B with
NaClO, (20.57 mm) as eluent, then freeze-dried, and redissolved in H,O
(200 uL) to give stock solution C (360 mm NaClO,). The duplex concen-
trations were estimated spectrophotometrically to be 4.1 (solution A), 2.0
(solution B), and 4.0 mm (solution C) based on the absorption coefficient
of £4=186.35x10°M 'cm™' for these sequences derived by using the
method of Kallansrud and Ward.*”

Aquation of [*N]1,1/c,c-en: The '"N-labeled starting material (['°N]1-en)
(0.40 mg, 0.44 umol) was dissolved in 15 mm NaClO, in D,0O/H,0 (5:95,
435 uL) at pH 6.79. 1,4-Dioxane (5 pL of a 10 mum solution) was added as
a reference to give a total volume of 440 uL. and an initial concentration
of ["N]1-en of 1.01 mm. The sample was immediately placed in the spec-
trometer and a series of ['H,"””"N] HSQC NMR spectra were recorded at
298 K until equilibrium conditions were obtained. The final pH of the so-
lution was 5.0.

The kinetic analysis of the aquation reaction was undertaken by measur-
ing the peak volumes of the peaks in the frans-NH, region of the
['H,”"N] HSQC NMR spectra and calculating the relative concentrations
of the dichloro and mono- and diaqua species at each time point in the
same manner as described previously for the aquation of 1,1/c,c.’™ Full
details are provided in the Supporting Information.

pK, determination of the [“N]1,l/c,c-en diaquated adduct: AgNO;
(35.5mg, 1.4mmol) was dissolved in H,O (1.0mL) and a 6.95uL
(1.8 equiv) aliquot was added to [°*N]1-en (0.66 mg, 0.73 umol) in a solu-
tion containing 2.0M NaClO, (35 uL), D,O (35 uL), H,O (620 pL), and
10 mm 1,4-dioxane (10 uL, as reference). The solution was incubated
overnight at 37°C and then centrifuged to remove the AgCl precipitate.
The final concentration of the 1,1/c,c-en diaquated species was 1.05 mm
in NaClO, (100 mm in D,O/H,0 (5:95)). Adjustments to pH were carried
out by the addition of NaOH (0.1 or 0.01m in D,0O/H,O (5:95)) and
HCIO, (0.1 or 0.01 M in D,O/H,O (5:95)), respectively. 'H and "N NMR
spectra were recorded in the pH range 3.4-10.3.

The pH titration data were analyzed by using Equation (1), in which K,
is the acid dissociation constant for one Pt—OH, group of the 1,1/c,c-en
diaqua complex and d, and Oy are the chemical shifts of the diaqua and
dihydroxo complexes, respectively. The program KaleidaGraph®” was
used for fitting.

0 = (0a[H"] + 0pK,)/(H'] + K,) M

Reactions of duplex I with [*N]1

Reaction in 15 mm sodium phosphate and 80 mm NaClO,: Duplex I stock
solution A (115 pL, 469.2 nmol of duplex in 58.5 mM sodium phosphate),
sodium 3-trimethylsilyl[D,]propionate (TSP; 5 uL of 10 mm), NaClO, so-
lution (40 uL of 860 mm), D,O (21.5 uL), and H,O (208.5 pL) were com-
bined and the sample was annealed by heating to 360 K and slowly cool-
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ing to room temperature. A freshly prepared solution of [°N]1 (0.34 mg,
0.4 pmol) in H,O (40 pL) was added to this solution to give a final
volume of 430 pL, with final concentrations of 1.1 mm I (duplex), 15 mm
phosphate buffer, 80 mm NaClO,, and 1.0 mm [°N]1. A total of 10 uL of
the solution was taken out for pH measurement (pH,=5.9). The reaction
at 298 K was followed by 'H and ['H,”"N] HSQC NMR spectroscopic
methods until completion after approximately 8 d.

Reaction in 100 mm sodium phosphate: Duplex I stock solution A
(128 pL, 522.2 nmol of duplex in 58.5 mm sodium phosphate), TSP (2 uL
of 10 mm), sodium phosphate (26 uL of 1.401m, pH 5.5), D,O (21.5 pL),
and H,O (238.5 uL) were combined and the sample annealed by heating
to 360 K and slowly cooling to room temperature. A freshly prepared so-
lution of [°N]1 (0.34 mg, 0.4 pmol) in H,O (22 pL) was added to this so-
lution to give a final volume of 438 uL and final concentrations of
1.19 mm I (duplex), 100 mm phosphate buffer, and 1.0 mm [°N]1. A total
of 10 pL of the solution was removed for pH measurement (pH,=5.4).
The reaction at 298 K was followed by 'H and ['H,”"N] HSQC NMR
spectroscopic methods until completion after approximately 3 weeks.

Reaction in 112 mm NaClO,: Duplex I stock solution B (220 uL,
440 nmol of duplex in 215 mm NaClO,), TSP (2uL of 10 mm), D,O
(20 puL), and H,0O (148 uL) were combined in an NMR tube. The sample
was annealed by heating to 360 K and slowly cooling to room tempera-
ture. A freshly prepared solution of [°N]1 (0.30 mg, 0.39 umol) in H,O
(30 uL) was added to give a final volume of 420 uL and final concentra-
tions of 1.05 mm I (duplex), 112 mm NaClO,, and 0.95 mm [°N]1. A total
of 10 pL of the solution was removed for pH measurement (pH,=5.6).
The reaction at 298 K was followed by 'H and ['H,”"N] HSQC NMR
spectroscopic methods over a total period of 3 d.

Reactions of duplex I with [*N]1-en: Duplex I stock solution (100 pL,
398.2 nmol of duplex in 360 mm NaClO,), TSP (2 uL of 10 mm), 19 uL
D,0, and 259 pL. H,O were combined and the sample was annealed by
heating to 360 K and slowly cooling to room temperature. A total of
40 uL of the solution was removed for pH measurements with ~1m
NaOH (31 pL) added to give a final pHy=5.3. A freshly prepared solu-
tion of [°N]1-en (0.33 mg, 0.4 umol) in H,O (40 pL) was added to this so-
lution to give a final volume of 413 pL with final concentrations of
0.91 mm I (duplex), 100 mm NaClO,, and 0.89 mm [°N]1-en. The reaction
at 298 K was followed by 'H and ['H,”"N] HSQC NMR spectroscopic
methods until completion after approximately 2 d.

NMR spectroscopy: The NMR spectra were recorded on a Bruker
600 MHz spectrometer ('H, 600.1 MHz; "N, 60.8 MHz) fitted with a
pulsed-field gradient module and 5 mm triple resonance probehead. The
"H NMR chemical shifts were internally referenced to TSP and the N
chemical shifts externally referenced to "NH,CI (1.0m in 1.0m HCI in
5% D,0 in H,0). The '"H NMR spectra were acquired with water sup-
pression by using the watergate 3-9-19 pulse sequence.’"* The two-di-
mensional ['H,”N] heteronuclear single-quantum coherence (HSQC)
NMR spectra optimized for 'J(’N,'H)=72 Hz were recorded by using a
standard Bruker phase-sensitive HSQC pulse sequence.” The "N NMR
signals were decoupled by irradiating with the GARP-1 sequence at a
field strength of 6.9 kHz during the acquisition time. Typically for 1D
"H NMR spectra, 32 scans and 32K points were acquired by using a spec-
tral width of 12 kHz and a relaxation delay of 2.5 s. For kinetics studies
involving ['H,"”"N] HSQC NMR spectra, four transients were collected for
96 increments of #; (allowing spectra to be recorded on a suitable time-
scale for the observed reaction), with an acquisition time of 0.069 s, spec-
tral widths of 6 kHz in £, ("H) and 5.5 kHz in f; (*N). 2D spectra were
completed in 14 min. The 2D spectra were processed by using zero-filling
up to the next power of two in both f, and f; dimensions.

All samples (including buffers, acids) were prepared so that there was a
5:95 D,0O/H,0 concentration (for deuterium lock but with minimal loss
of signal as a result of deuterium exchange). Spectra were recorded at
298 K and the samples were maintained at this temperature when not im-
mersed in the NMR probe.

The pH of the solutions was measured on a Shindengen pH Boy-P2
(sul9A) pH meter and calibrated against pH buffers of pH 6.9 and 4.0.
The electrode surface was placed in contact with a volume of 5.0 uL of
the solution and the pH recorded. These aliquots were not returned to
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the bulk solution (as the electrode leaches Cl7). Adjustments to pH were
made by using 0.04, 0.2, and 1.0m HCIO, in 5% D,0 in H,O, or 0.04, 0.2,
and 1.0M NaOH in 5% D,0O in H,O.

Data analysis: The kinetics of the reactions of [“*N]1 with duplex I were
analyzed by measuring peak volumes in the Pt—NH; region of the
['H,"N] HSQC NMR spectra by using the Bruker XWINNMRP soft-
ware package and calculating the relative concentrations of the various
species at each time point, in the same manner as described previously
for the reaction of 1,1/£,£?"! For a given reaction, peak volumes were de-
termined using an identical vertical scale and threshold value. The peak
volume data from the cis-NHj; region was used for the kinetic analyses
and comparison of the time-dependent changes of peaks in the trans-NHj;
region was used to confirm the peak assignments. Only limited informa-
tion could be obtained from the NH, region as the peaks for mono- and
bifunctional adduct peaks lie very close to the 'H,O resonance.

All species, other than [°N]1, gave rise to two NH; peaks in each of the
cis- and trans-NH; regions for the nonequivalent {PtN;Y} groups. In
some cases, overlap between peaks is significant (e.g., the peaks from the
non-aquated {PtN;Cl} group of the aquachloro species 2 are coincident
with the peak from 1). For reactions in the absence of phosphate, reliable
concentrations could be obtained for all species along the pathway to the
formation of the bifunctional adduct (Scheme 1) because there is always
one of the pairs of peaks that is free from overlap. Thus, reliable intensi-
ties (and concentrations) were obtained by doubling the volume of the
discrete peaks in the cis-NH; region. The appropriate differential equa-
tions were integrated numerically and rate constants were determined by
a nonlinear optimization procedure by using the program SCIENTIST." !
The errors represent one standard deviation. In all cases the data were
fitted by using the appropriate first- and second-order rate equations.
The kinetic model is provided in the Supporting Information.

For the reactions in phosphate it was not possible to obtain reliable con-
centrations of the intermediate phosphatochloro species 5 or the phos-
phato monofunctional adduct 7 due to the coincidence of 1) the peaks
from the {PtN;Cl} groups in 1 and 5, 2) the {PtN;PO,} groups in 5 and 7,
and 3) the peaks from the Pt—NHj; groups bound to guanine N7 in the
mono- (3 and 7) and bifunctional adducts. For this reason it was not pos-
sible to obtain kinetic parameters for the reactions in 15 or 100 mm phos-
phate, but the concentrations of species observed during the reactions
were estimated based on the relative volumes of peaks in the cis-Pt—NH,
region after correction for overlap (see Figure S5). It was assumed that in
the early stages of the reaction the {PtN;PO,} peak at 6 =3.86/—62.5 ppm
(labeled 5d in Figure 1b) was derived only from the phosphatochloro
species 5, so that the approximate concentration of 1 could be derived
from the {PtN;Cl} peak (0=3.78/—65.9 ppm) after correcting for the
overlap of 2 and 5. When no dichloro species remained the concentration
of the phosphato monofunctional adduct 7 was derived from the differ-
ence in the intensity of the {PtN;PO,} (0 =3.86/—62.5 ppm) and {PtN,Cl}
(0=3.78/—65.9 ppm) peaks. The concentration of the bifunctional adduct
was estimated from the total broad peaks at 0 ~4.2/—60 ppm after adjust-
ing for the overlap of the N7G bound ends of the monofunctional ad-
ducts 3 and 7.

Molecular modeling: Molecular models of mono- and bifunctional ad-
ducts of 1 bound to 5-d(ATATGTACATAT), (I) were generated and
subjected to molecular dynamics simulations by using Amber 9.5 The
partial atomic charges for both the mono- and bifunctionally bound 1
were derived from DFT calculations performed by using the Amsterdam
Density Functional (ADF) program.*”-*! Calculations on the 1,1/c,c com-
plex were undertaken with one or two chloro ligands removed, with
formal molecular charges of 3+ and 44, respectively. A scalar ZORA
relativistic basis set was employed to accommodate the high molecular
weight platinum atoms of 1. This particular approach restricts the core
electrons to the full 4d orbital on platinum, while considering the full
electronic configuration of the lighter atoms.

The 1,1/c,c complex was manually docked in a variety of mono- or bi-
functional binding arrangements followed by coarse minimization of the
platinum complex to eliminate any possible clashes within the adduct.
Equilibration of the systems was performed over 220 ps. One each of the
mono- and bifunctional systems was then subjected to a 10 ns molecular
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dynamics production simulation. All simulations were performed by
using the 2002 Amber force field modified with parameters developed
for the 1,1/c,c complex!®*®! under periodic boundary conditions in an oc-
tahedral water box on an SGI Altix computer provided by the Australian
Partnership for Advanced Computing (APAC) at the Australian National
University. Analysis of the trajectory was performed by using 3DNA!®
and images extracted from the molecular dynamics simulation were gen-
erated by using Swiss PDB Viewer 3.7 SP5! and rendered in POV-Ray
3.5
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