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Abstract: Dinuclear platinum complexes form a unique array of DNA adducts including (Pt,Pt) interstrand and
(Pt,Pt) intrastrand cross-links. A (Pt,Pt) intrastrand adduct between two adjacent guanines is the structural analog of
the major adduct formed bgis-DDP. In this study, we examined the kinetics of formation and structure of the
(Pt,Pt) intrastrand adduct by following the interaction fti-gns-PtCI(NHs)2} o u-HoN(CH2)nNH2} 12T (1,1/t,t, n =

2—6) with d(GpG) using NMR spectroscopy and by molecular modeling. Initial coordination, to either@ers

the 3-G, is relatively fast compared to the second binding step, ring closure to the macrochelate iaeld{ti1(
t,t]—d(GpG)-N7(1),N7(2)). The rate of ring closure depends on the chain length of the diamine linker. Complexes
linked by a longer diamine chaim & 4—6) react faster and produce a higher yield of macrochelate compared to the
shortern = 2, 3 diamine linkers. The structure of the (Pt,Pt) intrastrand adduct is significantly different from the
cisDDP—d(GpG) chelate. The major difference is the presence syfreorientated G base (observed for 1,1t
(GpG) macrochelates of = 3 andn = 6). For the macrochelate of [1,1/tit,= 3], i.e., [{transPtCI(NHs)2} o u-
HoN(CH2)3sNH2} [{d(GpG)-N7(1),N7(2}, the sugar conformation of thé-&(G1) is 28% S, whereas fof-&(G2)

this value is much higher (69% S). In the correspondirrg 6 macrochelate these values are 55% S and 30% S for
G(1) and G(2), respectively. The orientation of the two G bases in the [1-d{@pG) chelates is best described

as tectonic or “stepped head-to-head”. The structure helps explain the flexible bending in DNA induced by the
dinuclear platinum complexes in contrast to the rigid directed bend into the major groove causedbyp.

Introduction

The utility of cisplatin €is-[PtCl,(NHzs);], cissDDP) in the
clinical treatment of cancer is well establisHed.Structural
analogs oftissDDP do not show a greatly altered spectrum of
clinical efficacy in comparison to the parent driésy. With
respect to DNA binding, altisDDP analogs produce an array
of adducts very similar to those afs-DDP and it is therefore
not surprising that they induce similar biological consequepces.
The major adduct otissDDP is a 1,2-intrastrand cross-link
between adjacent guanin&s. This cisDDP—d(GpG) adduct
produces a rigid, directed bend-385° into the major groove
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Figure 1. Structures of {transPtCI(NHs)2} o t-NH2(CHz) NH2} 12"
(n=2—-6) and d(GpG). The abbreviation used is 1,1/t,t for this series,
which presents one unique chlorittans to the diamine bridge.

monofunctional coordination sphere§trinsPtCI(NHg)2} of u-
HoN(CHo)nNH} 12F, (Figure 1) form both (Pt,Pt) intrastrand and
(Pt,Pt) interstrand cross-link82! The global structural distor-
tions of DNA induced by the dinuclear platinum complexes are
recognized only weakly by HMG-like proteins unlikes-
DDP1821 These distortions are therefore clearly structurally
distinct fromcis-DDP and vary within the dinuclear platinum
family.

The (Pt,Pt) intrastrand adduct is of especial interest becaus
it is the direct structural analog of the majcis-DDP adduct.
In contrast tocis-DDP, site-specific formation of (Pt,Pt]l,2-
d(GpG) intrastrand adducts formed bjtransPtCI(NHs)2} o-
{u-HaN(CH,)nNH2} ]2+ does not induce a rigid directed bend
into the major groove of DNA but, instead, a flexible bend
without any directionality is observed. To examine the
features distinguishing the mononuclear and dinuclear intrastrand
adducts, we have initiated a study of the dependence of chain
length in [transPtCI(NHg)z} o u-HoN(CH2)NH2} 2T (n =
2—6) upon the structure and kinetics of formation of the adduct
with d(GpG) and compared this with the earlier resultsdisr
DDP23-26 This paper reports on those results.

Experimental Section

Starting Materials. d(GpG) was synthesized by an improved
phosphotriester methétand used as its sodium salt. The dinuclear
platinum complexed{ frans[PtCI(NHz)2} of 1-HoN(CHy)NHZ} 2T were
prepared by literature procedures and characterized by elemental
analysis andH and'**Pt NMR spectroscop3?
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Reactions. One equivalent of d(GpG) was allowed to react with
an equimolar amount of [1,1/t,t] complex at2M in water at 310 K
for 5 days in the dark. After purification by HPLC, the samples were
lyophilized twice in 99.996% BD and dissolved in 99.999% ,D
(Isotec Inc.) for 2D NMR experiments. The reactions were also
followed by NMR (5 mM) at 310 K (see NMR Spectroscopy).

Instrumentation. (a) HPLC. The purification and analysis of the
reaction products was performed on an ISCO 2350 liquid chromato-
graph, with 254-nm detection, on a Waters GABondapak (reversed-
phase) column, using an GEIO,NH, (0.01 M)/CHCN gradient.

(b) NMR Spectroscopy. 1D 'H NMR and?3!P NMR spectra were
run on a Bruker 250 or on a 300 MHz spectrometti. NMR spectra
were referenced to TMS, andP NMR spectra were referenced to
trimethyl phosphate (TMP). 2D NMR spectra were recorded on a
Bruker WM 600 MHz spectrometer or a Varian UNITY 500 MHz
spectrometer. The 2D data were processed using the Felix NMR data
processing package (Biosym/MSI) on a Silicon Graphics IRIS worksta-
tion.

NMR Experiments. (a) 1D *H NMR Spectroscopy. A 5 mM
sample of each{frans-PtCI(NHs)2} of u-HoN(CHR)NHZ}2H (1,1/t,1) (0
= 2—6) was allowed to react with 1 equiv of d(GpG) in 99.996%0D
(Cambridge Scientific) at 37C. The reactions were monitored Hy
NMR spectroscopy. The pH of solutions was 688 without
adjusting.

(b) 2D NMR Spectroscopy. 2D-COSY spectra were recorded using
the double-quantum-filtered technig@at room temperature. A total
of 512t; increments each with 2048 complex points were collected

Gwith a sweep width of 6000 Hz. 2D NOESY spectra were recorded

using the States/TPPI technidfiéor phase cycling. Several mixing
times were used (200, 300, and 400 ms), and the recycle delay was
1.6 s. A total of 25&; increments each with 1024 complex points
were collected at a sweep width of 8000 Hz. Each FID was the average
of 64 transients. 2D-NOESY data were collected at room temperature,
except for the [1,1/t,tn = 3]—d(GpG) product, which was recorded at
280 K.

Molecular Modeling. The molecules were first constructed in
HyperCherd using the AMBER force field. The starting models were
built by using the following orientations of the bases with respect to
the sugars:anti/syn syn/antj and anti/anti (i.e., anti/synrepresents
G(1) isanti, G(2) issyr). Bond lengths of 2.01 A for PtN7 and 2.03
A for Pt—amine were used. All NPt—N angles were started at 90
and the dihedral angle between the Pt coordination plane and the
guanine ring was also set at90Both sets of angles were allowed to
fluctuate during the minimizations as were the-Rtbond lengths. In
order to compare the effect of chain length, these three different starting
models were built for the macrochelate adducts of both [1,b/tt,3]
and [1,1/t,t,n = 6].

One of us (T.W.H.) has modified the AMBER force field parameters
and developed a molecular mechanics calculation program called
MOMEC 32 Several platinum complexes and platinad@NA adducts
have been calculated by using this modified AMBER force field with
succes$334 Other workers have also, more recently, modified the
AMBER-type force field to give greater consistency between calculated
conformational features and solution and/or crystal structuressof
[Pt(amine)(guanine nucleobasgkpecies® Thus, molecular modeling
was performed by using MOMEC with the modified force field. The
strain energy was minimized using a modified version of the Newton
Raphson scheme developed by Bé§dConvergence was defined as
the point where shifts for the atomic coordinates were less than or equal
to 0.001 A. The calculations were done on a Silicon Graphics IRIS
workstation.
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Table 1. Chemical Shifts (in ppm) of HBand3'P° NMR Data of the d(GpG) Chelates of 1,1/t,t Complexes<2—6) (pH 6.3-6.8) and
cis-DDP, Together with Unplatinated d(GpG)

Gp— (5-G) —pG (3-G)
complex H8 AHS® H8 AHS® A¢ 31p
d(GpG) 7.75 0.00 8.00 0.00 0.00 —4.10
cis-DDP 8.32 +0.57 8.54 +0.54 +0.03 —-3.35
1,1/tt,n=2 8.70 +0.95 8.81 +0.81 +0.14 —3.06
1,1/tt,n=3 8.08 +0.33 8.45 +0.45 —-0.12 —4.61
1,1/ttn=14 8.62 +0.87 8.65 +0.65 +0.22 —-3.42
1,1/tt,n=5 8.53 +0.78 8.62 +0.62 +0.16 —3.80
1,1/tt,n=6 8.53 +0.78 8.56 +0.56 +0.22 —-3.97

2 Referenced to TMS? Referenced to TMP: AH8 is 6 H8 — & H8(d(GpG)).4 A = AH8(5-G) — AH8(3-G).

Table 2. H Chemical Shiftd of the [1,1/t,t,n = 2]GG, [1,1/t,t,n = 3]GG, and [1,1/t,th = 6]GG Adducts (pH 6.4, 298 K), Together with
the 3JH1'4-|2' and3JH1'7H2~ (|n HZ)

H2' ((Jhr—n2)P HY'
H8 H1 H2" (3Jnz—n2') H3 H4' H5" (CHy)n (linker)
[1,1/tt,n=2]GG 3.16; 3.78
G(1) 8.70 6.33 3.05 (0.0) 5.25 4.13 3.90
2.92(7.3) 3.78
G(2) 8.81 6.38 2.64 (6.4) 4.75 4.36 4.20
2.53(6.4)
[1,1/t,t,n=3]GG 2.13;2.80; 3.20
G(1) 8.08 6.10 3.01(3.2) 4.77 4.19 3.48
2.63(7.8) 3.36
G(2) 8.45 6.32 3.05 (5.6) 4.96 4.27 4.16
2.66 (5.6) 3.79
[1,1/t,t,n = 6]GG 2.82;2.77
2.10; 2.04
1.72;1.61
G(1) 8.53 6.36 2.95 (5.5) 4.89 4.32 4.12
2.72 (5.5)
G(2) 8.56 6.21 2.30 (3.9) 4.87 4.14 3.79
2.60 (6.8) 3.73
2 Referenced to TMS?H2'/H2"" have been assigned stereospecifically;/H5" were assigned according to Remin and Shdgar.
Results Except for then = 3 adduct, a downfield shift of thé'P

signal from—3.06 to—3.97 ppm is observed for all [1,1/tt]
d(GpG) macrochelates, compared to free d(GRER= —4.1
ppm; see Table 1). The downfield shifts are similar to those
for the cissDDP adduct incorporated into di- and tetranucle-
otides?3%2 A downfield shift of the mairf!P signal in DNA
usually indicates an increase in the unwinding angle character-
ized by changes in RO—P—OR torsion angle$® An unusual
upfield shift was observed for the= 3 chelate at-4.61 ppm
(Table 1). Upfield®!P signals have also been observed for the
adducts otrans[Pt(NHj3).Cl;] with d(GTG) and a hairpin-like
structure ofcis-DDP with d(TCTCGGTCTC}¥*45 Rotation
around the exocyclic C5C4 bond plays a key role in
positioning the 5phosphate group relative to the sugar and base
in DNA, thereby dictating to some extent its chemical shift.
Upfield chemical shifts such as those noted above have been
variously explained by hydration of the phosphate, torsional
strain around the torsion angje or the presence of hydrogen
bondsl}3,46,47

Upon coordination to the chiral d(GpG) molecule, the,CH
signals of the diamine linker become inequivalent. For both

General Observations. For the 1,1/t,t complexes the major
product of the reactions with d(GpG) was identified as an N7,-
N7 intramolecular macrochelate, in accordance with our previ-
ous results? The pH dependence of the H8 chemical shift
provided direct evidence for coordination at N7, since no N7
protonation effect was observed around pH3for the [1,1/
t,t]—d(GpG) products (see Figure S1; Figures S1 and S2 are
given in Supporting Information?~4° The H8 protons of all
[1,1/t,t]-d(GpG) macrochelates are shifted downfield compared
to free d(GpG) (see Table 1). The downfield shifts vary with
chain length in the following order: (most downfield) ethyl-
enediamine f = 2) > 1,4-butanediaminen(= 4) > 1,5-
pentanediaminen(= 5) ~ 1,6-hexanediaminen(= 6). The
apparent systematic downfield shift with increasing chain length
is not seen for the 1,3-propanediamime=t 3) product, which
is least shifted in comparison to the other adducts.

In general, the H1signals of the adducts show complicated
patterns indicative of coupling to both Hand H2' protons.
See below for details. These results imply a different sugar
conformation in comparison to that of this-DDP-type chelates,
where a 100% N-type'Ssugar is usually observed, identified (41) Remin, M.; Shugar, [Biochem Biophys Res Commun1972, 48,
by values ofJyr iz < 1 Hz* Interestingly, the [1,1/tn = 63$g4§6uts C. S.; Marzilli, L. G.; Byrd, R. A.; Summers, M. F.; Zon
2]—d(GpC_;) chelate is similar to the structure of cis-DbP G.; Shinozuka, KInorg. Chemn 1988 2%’1 366-376. R '
d(GpG) since a 100% N-type conformation is found for the (43) Gorenstein, D. G. IRPhosphorus-31 NMR: Principles and Applica-

sugar of G(1) Pnr-nz = 0 Hz; see Table 2). tionsd%orenstein, D. G., Ed.; Academic Press: New York, 1984; Chapters
1 and 8.

(37) Bloemink, M. J.; Reedijk, J.; Farrell, N.; Qu, Y.; Stetsenko, AL I. (44) Boogaard, N.; Altona, C.; Reedijk, d.Inorg. Biochem 1993 49,
Chem Soc, Chem Commun 1992 1002-1003. 129-147.

(38) Chottard, J. C.; Girault, J. P.; Chottard, G.; Lallemand, J. Y; (45) Kline, T. P.; Marzilli, L. G.; Live, D.; Zon, GJ. Am Chem Soc
Mansuy, D.J. Am Chem Soc 198Q 102 5565-5572. 1989 111, 7057-7068.

(39) Scheller, K. H.; Scheller-Krattiger, V.; Martin, R. B.Am Chem (46) Lerner, D. B.; Becktel, W. J.; Everett, R.; Goodman, M.; Kearns,
Soc 1981, 103 6833-6839. D. R. Biopolymers1984 23, 2157-2172.

(40) Qu, Y.; Farrell, NJ. Am Chem Soc 1991, 113 4851-4857. (47) Altona, C.Recl Trav. Chim Pays-Basl982 101, 413-433.
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Scheme 1. Pathways of Formation of the (Pt,PQ(GpG)
Intrastrand Adduct of Dinuclear Platinum Complexes

GpG + Pt —Pt
kq (5')lk1 3)
5'GpG3' 5'GpG3'
Pt Pt

o L

k2 (3x‘ ’A (5)

Gp
Pt/. G\Pt + Polymer

2The scheme is in perfect agreement with the NMR studies. Polymer
formation occurs through reaction of intermediates with free (unplati-

nated) dinucleotide.
Time
M 8h

4h

2h

S

1h

T T T T 1

} ! M‘k_
o [+
7.4 10 6.6

L

Figure 2. Reaction of (1,1/t,tn = 2) and d(GpG) showing H8 and
sugar H1 protons at 37°C in D,O at 5 mM (in reference to TMS):
(O) free d(GpG); 4, A) intermediates £ is platinated G); k) [Pt,-
Pt]—d(GpG) macrochelate. Within 1 h, four peaks appear at 7.88, 7.98,
8.45, and 8.55 ppm, corresponding to the two intermedia®s and
GpG (G represents platinated guaninepG (macrochelate) can be
detected after~2 h.

—

f
9.0 8.6

= 3 andn = 6 derivatives, separate signals were observed for
each unique Ckgroup; (see Table 2).

Kinetic Aspects. The stepwise reaction of the dinuclear
platinum complexes of the 1,1/t,t series with d(GpG) may be

4h

2h

1h

! Y ) ! 7!4 7!0 Y !

ppm
Figure 3. Reaction of (1,1/t,tn = 6) and d(GpG) (5 mM at 37C)
showing H8 and sugar MJrotons (in RO and referenced to TMS):
(O) free d(GpG); 4, A) intermediates 4 is platinated G); k) GpG
(macrochelate). The reaction intermediates @@ and G® (G
represents N7 platinated guanin€gpG can be detected afterl h.

pair#® After 1 h, the spectra become more complicated. The
intermediates gradually disappear while two new distinctive H8
signals appearx), corresponding to the intramolecular mac-
rochelate adduct. Other H8 signals apparent in Figures 2 and
3 are assigned to the competing polymer formation and were
not investigated further. The disappearance of free d(GpG),
and therefore the rate of monoplatination, is essentially inde-
pendent of chain length and no free dinucleotide is apparent
after~8 h. However, the intermediate signals can still be seen
and thus macrochelate continues to be formed even after the
free dinucleotide is all reacted. After 48 h there is no further
change in any of the spectra. The rate of appearance of the
macrochelate is dependent on chain length. ®er 2, the
chelate signals begin to appear aftet h, whereas witim = 6,

the H8 signals of the chelate are apparent already after 1 h.
The qualitative rate of formation of the intramolecular macro-
chelate could be determined from the 1D spectra by measuring
the signal intensity of the macrochelate (as judged by intensity
of signal relative to the other H8 signals). The order is as
follows: n=6>n=5>n=4>n=3>n=2. Theyield

of macrochelate is higher for the longer= 6 diamine chain
while the shorter linkers give relatively more polymer as side
product (See Figure S2). The overall kinetic profile follows
Scheme 1 although no quantitative measurement was attempted
because of the difficulty of separating the competipgndk;
steps (See Scheme 1) as well as the use,0f & solvent. The
first binding step k) is relatively fast compared to the second

represented as in Scheme 1. The initial approach of a dinuclear®action stepky) and is not affected by the chain length of the

platinum complex to d(GpG) must obviously be monofunctional
binding,i.e., platination at either the'% or the 3-G followed
by closure to the macrochelate or competing polymer formation
through chain extension.

The time course of the reactions @¢tfansPtCI(NHs)2} o{ u-
HoN(CH,)NH2} 12T (n = 2 and 6) with d(GpG) followed by
IH NMR spectroscopy are shown in Figures 2 and 3. The

diamine linker. The rate of the chelate closure depends on the
diamine chain length, being more difficult for the sterically more
restricted short chainqi(= 2, 3).

Structural Analysis. 2D-NOESY and DQF-COSYH NMR
spectra in O were used to assign the nonexchangeable protons
of then = 2, 3, and 6 products (Table 2). The diamine linker
spin system and the sugar spin systems could be extracted from

spectra are similar in all cases. The H8 peaks of free d(GpG) the DQF-COSY spectra. The specific assignment of the sugar

appear at 7.75 and 8.0 pp®), Two new signals appear at
7.88—-7.98 ppm 4) and another two appear at 8-48.55 ppm

residues to their respective base was straightforwagda lack
of H5'/H5"—31P coupling for the Ssugar and absence of H3

(a). These intermediate signals are assigned to the monofunc- P coupling for the 3sugar. From the NOESY data, the 5

tionally platinated GpG moieties giving rise to four signals. This

pattern is expected from Scheme 1, where the two distinct

platinated guanines will be shifted more than the unplatinated

G(1) and 3G(2) H8 signals could be distinguished and their

(48) Lempers, E. L. M.; Bloemink, M. J.; Brouwer, J.; Kidani, Y.;
Reedijk, J.J. Inorg. Biochem 199Q 40, 23—-35.
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Figure 4. H1' and H2/H2" area of the DQF-COSY spectrum of [1,1/ HI"(2) Lo e 2
t,t, n = 6]GG. The reducedlyy—n2> of G(2) indicates a C3endo S o
conformation of the sugar moiety. L a
8.8 8.4 8.0
relative conformationdyn/ant) assigned. The = 3 andn = DI (ppm)
6 spectral sets were examined in more detail. Figure 5. Expanded NOESY spectrum of the [1,1it= 6]GG adduct.
[1,1/tt, n = 6]-d(GpG). The COSY spectrum afforded  Note the presence of a NOE between H8(2) ant{2Jand the absence
values of 3Jyr-nz = 3Jnr-nze = 5.5 Hz for the 5G(1) of NOEs from H8(2) toward H2H2", indicative of asynoriented
deoxyribose. For the'G(2) deoxyribose, the HEH2' coupling guanine.
for 3-G is reduced (3.9 Hz) (see Table 2 and Figure 4). The
sugar ring in DNA molecules is in rapid equilibrium on the rete) e
NMR time scale between S-type (€&hdo, C3exo) and N-type cHz BT [
(C2-exo, C3-endo) conformeré?50 This equilibrium is char- -
acterized by the population of S conformers (% S). In B-DNA : l ®
fragments 86-100% S is found, except for the sugar of the H2' 2y | L~
3'-end residue, which has more conformational freedom and -
occurs in an approximate 600% S/46-30% N equilibriunt*’ | ©
An estimate of the percent of S and N conformers was made, -
using expression 1 for the determination of the fraction of S i .
fs=(315- % 27)/10.9 (1) NP <07
conformersfs).*° Calculation of the sugar conformation using B ::
(1) shows that the deoxyribose ring of G(1) is in a N/S .~
equilibrium (.e., 55% S) and the sugar of G(2) is in g-€ndo HL (1) / o &
orientation {.e., 30% S). Hite2) | by~ e &
For G(1) a strong NOE between H8(1) and'fd2 is present, ® —— oo
characteristic of amnti orientation around the glycosidic bond 8.4 8.3 8.2 8.1 e
(see Figure 5). The absence of the equivalent intraresidual NOE DI (ppm)

between H8(2) and HR) indicates a change toward tegn
conformation for the 3sugar residue, confirmed by the presence
of a strong intraresidual NOE between H8(2) and (Rij1>1-52
[1,2/t,t, n = 3]—d(GpG). A strong NOE cross-peak between
H8(2) and H1(2) is found, suggesting synorientation of G(2)
(see Figure 6)° Since NOE cross-peaks between H8(2) and ;i conformation has been found for the guanine sugar in the

H2'(2) and H3(2) are also present, the orientation can partly ,44,ct of d(AGA) with the monofunctional [Pt(dier. As

be anti. For G(1), a strong intrallre§iduall NOE cr.oss-peak stated above, the inequivalence of the tweNBH, groups
between H8 and H3uggests aanti orientation for this base g 456515 a close orientation of the linker toward d(GpG),
and also a N-type conformation {&ndo) of the sugaf:  ohirmed by the presence of a NOE between the central linker
However, the characteristic NOE between the G(1) H8 and its protons (NHCH,CH*,CH,NH,) and the 55(1) H8 of the

H2' proton is absent. A possible explanation is that the sugar d(GpG) moiety (see Figure 6).

conformation is “high anti”, a variation of the anti conformation
resulting from a near eclipse of they€C, sugar bond with
the G—Cg bond of the puriné® In this case, a larger H8H,'
distance is expected, diminishing any NOE intensity. A high

Figure 6. Expanded NOESY spectrum of the [1,1/t 3]GG adduct.
The relative strong NOE between H8(2) and'(2) suggests ayn
orientation of G(2) (arrow A). Also a NOE between the propanedi-
amine linker and H8(1) is indicated (arrow B).

Molecular Modeling. Model Comparisons. To explain the
NMR results and assist in building a three-dimensional structure,
various models of the (Pt,Ptfl(GpG) adducts were built using
the approach of Hambled. As a starting point, three models

(gg) ginkel, L. J\./i/éltpnz_i, ICJ. Biforaol ISt_ruc;‘Dém.Sl%Z 4, 6821—_649. were built with sugar conformations designate@as/syn(i.e.,
VeElag): SECvg\e(Brk, i9g2?'gﬁ§pt%rs 1“1° ellzc anc('j 16.““0“”9 pringer 5-G(1) isanti, 3-G(2) issyr), syn/antj andanti/anti since these

(51) Orbons, L. P. M.; van der Marel, G. A.: van Boom, J. H.; Altona, are the most likely combination of sugar conformations. The

C. Eur. J. Biochem 1986 161, 131—139.
(52) Patel, D. J.; Kozlowski, S. A.; Nordheim, A.; Rich, Rroc. Natl. (53) Admiraal, G.; Alink, M.; Altona, C.; Dijt, F. J.; van Garderen, C.
Acad Sci U.SA. 1982 79, 1413-1417. J.; de Graaff, R. A. G.; Reedijk, J. Am Chem Soc 1992 114, 930-938.
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Table 3. Comparison of Energies for the Conformational Adducts Table 4. Distance Values and Angles of the [1,1/ht= 6]GG of

of [1,1/t,t,n = 6]GG anti/synModel
energy (kJ/mol) Nonbonded Distances (A)
energy component anti/syn  syn/anti  anti/anti g%g% %79 ﬂ%mgg; 32
bond deformation 7.4 7.9 8.4 N7-+-N7 6.6 H8--H2'(5'-G) 3.7
nonbond interaction -7.1 0.0 —6.8 06---N1(NH3)(5'-G) 3.0 H8:-H2"(5'-G) 4.6
valence angle deformation 34.6 36.6 39.3 06++*N2(NH3)(5'-G) 4.7 H8--H2'(3-G) 3.9
torsion angle deformation 447 36.4 36.3 06---N1(NH3)(3-G) 3.0 H8--H2"(3-G) 43
electrostatic interaction —262.8 —249.7 —253.1 06:--No(NH3)(3-G) 4.6
out-of-plane deformation 0.1 0.0 0.1
hydrogen bond interaction ~ —15.2 -10.7 -15.3 Plane Angles (deg)
total strain energy -1984  -179.4  -191.1 (PtNs)o/(PtNs)2 21 (PtN\))2/5'-G 61
5-G/3-G 26 (PtN)./3'-G 65

Scheme 2. Schematic Representation of Observed Base/
Base Orientations in Intrastrand Addutts

= = :[ﬁ

Head-to-Head Stepped-Head-to-Head Head-to-Side

aHead-to-head is “normal” arrangement feis-DDP adducts,
stepped head-to-head is observed for dinuclear platinum adducts, and
the head-to-side arrangement is seen in hairpin adducts. See text for
references.

dihedral angle between the two- coordination planes (Py)\

is 20°, and the dihedral angle between the-Rtcoordination
plane and guanine plane 1860°. The distance between the
two platinum atoms is 6.7 A (see Table 4) and the- W7
distance is 6.6 A.

Discussion

Structure of the (Pt,Pt)—Intrastrand Cross-Link. Because

Figure 7. Ball and stick (top) and stereoview (below) of the anti/syn of the interesting piologipal p“’pefti?s of thPT l’l/t.’t bisplatinum
model of [1,1/ttn = 6]-d(GpG). Note the stepped head-to-head complexes, and in particular their interaction with DNA, the
orientation of the guanines. structure of the (Pt,PHd(GpG) intrastrand adduct of these

helat | highlv flexibl d dont compounds has been investigated in detail. The structures
macrochelate complexes are highly Tlexible and can adopt a 5 ,taineq by molecular modeling accord with the NMR results.
large number of conformations. A number of different con-

. ) Both NMR data and molecular modeling are consistent with a
formf_mons were con_S|dered and many others are undoqbtablychange around the glycosidic bond towarslyaorientation for
possple. For the ref_lned models, the strain energy O.am¢ G(2), whereas G(1) remaimsiti. This is a principal difference
syn oriented model is lower than thgyn/anti and anti/anti with respect to theisDDP adduct where the platinated GG
models but the energy differences are such that in solution all

id be ad q q Fortihe 6 models. th moiety usually shows the well-describadti,anticonformation
would be adopted to some degree. Fori models, the for both guanines in a head-to-head fashion with th&5
two most energetlc-ally favorable modfals weredhé/syn(most deoxyribose ring adopting a 100% N-type conformatioi:226
staf)les) an_:_hrl;tlll a:?t' Vﬂth dan enebrgy ddlftf)erence QEE =7 I_(J/ Thus, the structure of the dinuclear platinum intrastrand GG
mod (HSEIHa e )'f ydrc_)ger;l ondsl etwgent ?bmn'neh cross-link differs markedly from itgis-DDP analog. Asyn

an 3 were found in all models and contribute to the o iation of G(2) is generally not observed for the GG chelate
low energy level. Because the NMR results indicated the

oo : ; of cis-DDP, although a few platinated hairpin-like structures
likelihood of aanti/synarrangement of the sugars, we discuss do show aranti/synarrangement resulting in a “head-to-side”
the structural parameters for this model.

formation of the G bases (See Schemé&)55 Interest-
The Anti/Syn Model for the 1,1/t n — 6-d(GpG) Adduct,  coriormation of the G bases (See Schem&2)-* Interes

. ) ! . ingly, the repeated'ayn— 5'-anti motif in d(CGGy) oligo-
Figure 7 shows the stereoviews Of.the energetically favars nucleotides has recently been shown to produce hairpin-like
syn_macrochelate, and Table 4_g|ves_ the structural parameterSgi cture$t These results suggest the utility of dinuclear
derived. In the structure, the orientation of the two guanines is 4 in inducing and maintaining a hairpin-like structure
best described as “tectonic” or “stepped head-to-head”. Thein such sequences
two gu_anines are still oriented in a head-to-head fashion but The sugar conformations of G(1) and G(2) are also different
are shifted compared to a regular head-to-head structure (Se(?rom the cis-DDP structure. The sugar conformation of G(1)
Scheme 2). The H8H1' distances are close to 3.5 A for the ’

G(1) and 2.5 A for G(2) (Table 4). This result is consistent ~ (54) Yohannes, P. G.; Zon, G.; Doetsch, P. W.; Marzilli, L. J5Am

with the observations of NOEs between H8 and Itk the Chgg)?oc 1993 }wl&'algS—gllg. 1. Marzili L GL Am Chem S
v wamoto, ., MukKunda, S. J.; Marzill, L. . AM em So0C
3'-G(2) but not the 5G(1). _ 1994 116, 6238-6244.
Table 4 shows that a small dihedral angle of 2etween (56) Mitas, M.; Yu, A.; Dill, J.; Haworth, I. SBiochemistryL995 34,

the two guanine planes is found in thasiti/synmodel. The 12803-12811.



Dinuclear Platinum Complexes J. Am. Chem. Soc., Vol. 118, No. 39, 19853

is not 100% N-type in [1,1/t,t]GGn(= 3 and 6), although itis  the ones induced by the 1,1/t,t compounds, and protect these
for [1,1/t,t, n = 2]. Compared to unplatinated DNA, which  adducts from repair.

generally has 86100% S, the population of S conformer of  The induction and maintenance of tegnconformation of a
both G(1) and G(2) is significantly reduced upon binding of platinated guanine could also have consequences for the
1,1/t,t complexes. structures of (Pt,Pt) interstrand cross-links. The formation and
Biological Implications. The steric demands of bifunctional  jyreversibility of Z-form poly[dG-dC] poly[dG—C] induced by
binding of cis-DDP to two adjacent guanines contribute to the  ginyclear platinum complexédft64 as well as the influence

rigid directed bend in DNA induced by the intrastrand addict.  of monofunctional compounds such as [Pt(dien)] on the &
This situation is reflected in the N-type conformation of the ¢ 4nsitionss-67 is most likely to involve asynconformation of

5'-G and theanti/anti sugar arrangement. Fois-DDP analogs, the guanine bases upon Pt binding, since an alternainig

deviation from these structura_l featgres may result in unusual (cytosine)-syn(guanine) repeating unit is required for induction
conformations such as the hairpin-like structures observed by ;¢ ihe |eft-handed forr® The unusual structures of 1.2-

Marzilli. 5545 The bending of a site-specific (Pt,P9(GpG) interstrand cross-links elucidated recently 3y NMR spec-
intrastrand adduct is characterized as a flexible ¥8nbh the troscopy for both mononuclearisDDP%® and one of the

present case, the inherent flexibility caused by monofunctional i, clear compound® may in part be a reflection of theyn

binding (t)f b?rﬁh Ptt at(t)ms tqr:]helrt respzc::ve dg?ar;]lnedbasefs 'S sugar conformation. Thus, these studies demonstrate that it is
apparent In e structureé. 1he stepped head-to-néad configu-,,sqinie to design a drug that alters DNA binding and may,

ratflfc_)n_ W?;fld E(I)tt be.ti).(p?r?te; to _be s:]er_lcaltlryl/ ;'g'r?'. 'Il'her(teh|s thereby, alter antitumor activity and protein recognition or repair
sufficient flexibility within the diamine chains that chain length, comparison to cis-DDP.

while it may affect some details of dinucleotide binding, does
not alter greatly the bending in an oligonucleotide.

Bending induced by thecisDDP intrastrand adduct is
recognized by proteins containing the HMG-domain motif. A
critical feature for such protein recognition is directed bending
of DNA into the major groové®5” The flexible bending caused
by dinuclear platinum complexes allows us to identify a
structural feature (flexibility) that woulg@reventsuch bending
and thus allow for systematic “bypass” of protein recognition. ) ) ) ) )
The presence of such a bypass could be of great importance in  Supporting Information Available: Figures of chemical
contributing to the cytotoxicity of dinuclear platinum complexes Shift of H8 versus pH for the GG-N7,N7 macrochelate structures
in cisDDP-resistant cells, where the mechanism of resistance (S1) and 1D'H NMR spectra of final products of the reaction
involves enhanced repair of tiois-DDP intrastrand addué#:5® of 1,1/tt complexes with d(GpG) (S2) (2 pages). Ordering
A very interesting observation is the reduced binding affinity information is given on any current masthead page.
of the HMG-protein to the global DNA lesions of 1,1/tt jag61823k
complexed®2l The present results may help explain the
structural basis for this observation. The biological role of HMG (61) Johnson, A.; Qu, Y.; van Houten, B.; Farrell,Nucleic Acids Res
and its relevance with respect to cytotoxicity, resistance, and 1992 20, 1697-1703. )
repair is, at present, not known. Interaction of HMG with 54(%)7!"2‘12'5 -+ van Houten, B.; Qu, Y.; Farrell, Bl.Inorg. Biochem1994
platinated DNA could initiate the repair process or, alternatively, ~ '(63) wu, P.; Kharatishvili, M.; Qu, Y.; Farrell, NJ. Inorg. Biochem
protect the platinated site from repair protel& The observa- 19%@4?%h9—1§.h i M. Ou, F.: Farrell, NBiochemistry submitied
tion that 1,1/t,t lesions are not recognized by HMG but do show araushvili, M.; Qu, =.; Farrell, Nol Istry submitted.
antitumor activity in cDDP-resistant cell lines suggests that, for Aci(gg )RLésshlagyé; ig'égigt_e;?ég M- Grunberger, D.; Lippard, Silkcleic
these cells, HMG binding is not required for antitumor activity. (66) Malfoy, B.; Hartmann, B.; Leng, MNucleic Acids Res1981, 9,
Perhaps in cDDP-resistant cells, HMG binding induces the repair 5659-5669.

. - i : (67) Parkinson, G. N.; Arvanitis, G. M.; Lessinger, L.; Ginell, S. L,;
process instead of shielding the cross-links from repair. One ; . ' Gaffney, B.: Berman, H. NBiochemistry1995 34, 15487

might even speculate that in cDDP-resistant cells proteins otheris49s.

than HMG are present, which recognize other lesions, such as (68) Wang, A. H.-J.; Quigley, G. J.; Kolpak, F. J.; Crawford, J. L.; van
Boom, J. H.; van der Marel, G.; Rich, Aature1979 282, 680-686.
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