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The determination of the structures and DNA interactions and the reactions with GSH and ubiquitin of
complexes of the general formulatrans-[PtCl2(Am)(pip-pip)]‚HCl, where pip-pip is 4-piperidinopiperidine
and Am is NH3, methylamine (MA), dimethylamine (DMA),n-propylamine (NPA), isopropylamine (IPA),
n-butylamine (NBA), or cyclohexylamine (CHA), were performed. X-ray structures and NMR studies of
the NH3 and MA complexes showed that both pip rings were in the chair conformation and that the second
pip ring is fluxional. The DNA binding studies showed that these complexes bind to calf thymus DNA
nearly an order of magnitutde more quickly than cisplatin and form covalent adducts that stabilize the double
helix. The binding of the pip-pip complexes to DNA results in high unwinding angles (∼30°) and in the
formation of∼25% interstrand cross-links. The pip-pip complexes reacted with GSH more quickly than
cisplatin and transplatin, and the rate of reaction decreased with increasing steric bulk of the ligand trans to
the pip-pip. The reactions with ubiquitin resulted in monofunctional binding to Met1. Only the NH3, MA,
and DMA complexes reacted with ubiquitin in a slower and less efficient fashion than cisplatin.

Introduction

We have shown thattrans-[PtCl2(Am)(pip-pip)]‚HCla com-
plexes (Figure 1, right) are cytotoxic agents that are effective
especially against cisplatin-resistant cancer cell lines.1 We have
also shown that these complexes are significantly less toxic to
mice than cisplatin. In vivo efficacy studies in nude mice bearing
A2780 and A2780cisR tumors showed that they were less
efficacious than cisplatin but did increase the life span of the
mice by 79% for A2780 and 40% for A2780cisR compared
with 160% and 59% for cisplatin. In the C-26 (colon cancer
model) they were as active as cisplatin (104% and 118%,
respectively). The anticancer activity of platinum agents is
believed to be the result of their covalent binding to cellular
DNA and their ability to distort the DNA structure.2-5 There
are many ways in which the cells can respond to this distortion,
including successful repair of the damaged DNA, which leads

to the survival of the cell, and futile attempts to repair the
damage that culminate in apoptosis.6-9 Thus, it is very important
to study the interactions of the platinum complexes with DNA,
including the binding kinetics and the distortions of the double
helical structure that results from platination of the DNA.

Cisplatin forms mainly 1,2-GpG intrastrand cross-links (CLs),
and transplatin forms mainly interstrand CLs.10,11 We have
shown thattrans-[PtCl2(NH3)(pip)] (Figure 1, left) forms stable
1,3-intrastrand CLs in double-helical DNA that distort the
DNA.12 These adducts are not readily removed from DNA by
the nucleotide excision repair system, and they were not readily
recognized by HMG1 proteins. In addition,trans-[PtCl2(NH3)-
(pip)] is significantly more efficient than cisplatin in blocking
DNA replication.13 Some combinations of these DNA binding
properties probably contribute to its ability to circumvent
cisplatin resistance.trans-[PtCl2(Am)(pip-pip)]‚HCl complexes
have an additional piperidine ring that is positively charged (see
Figure 1, right), and these additional structural features could
significantly affect the DNA binding properties of the pip-pip
complexes relative to those of thetrans-[PtCl2(NH3)(pip)].12,13

Platination of cellular DNA is only one of many competing
platination reactions that take place after the platinum complexes
enter the cell.14-16 In fact, only a small fraction of the
intracellular platinum ends up on the DNA. This can be
understood in terms of the very high affinity of divalent platinum
to sulfur-containing ligands (cysteines and methionines) and to
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Figure 1. Nonclassical transplatinum complexes with nonplanar
heterocyclic amine ligands:trans-[PtCl2(NH3)(pip)] (left) and trans-
[PtCl2(Am)(pip-pip)]‚HCl (right).
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the 500- to 1000-fold excess of intracellular thiols (up to tens
of mM) relative to the intracellular platinum concentrations (low
µM range). The binding of platinum complexes to intracellular
sulfur nucleophiles can serve several functions. The most
commonly accepted role of thiols, in this context, is to prevent
the platinum complexes from reaching the DNA, and hence,
the thiols act as detoxification agents.17,18 One way by which
cells acquire resistance to cisplatin is by increasing production
of cellular glutathione (GSH).19,20 Another possible role of
intracellular proteins is chaperoning the Pt complexes and
delivering them to the DNA.21-25 Therefore, it is important to
study the formation and stability of protein-Pt adducts that are
formed by methionine binding.

In this manuscript we describe the solid state and solution
structural features of thetrans-[PtCl2(Am)(pip-pip)]‚HCl com-
plexes as well as their interactions with DNA including the
binding kinetics and the distortions they confer to the ds-DNA.
In addition, their interactions with GSH and with the model
protein ubiquitin (Ub) are described.

Results

Structural Analysis of the trans-[PtCl2(Am)(pip-pip)] ‚HCl
Complexes Where Am) NH3, MA. X-ray Crystallography.
The structures and labeling schemes oftrans-[PtCl2(NH3)(pip-
pip)]‚HCl andtrans-[PtCl2(MA)(pip-pip)]‚HCl are depicted in
Figure 2. Structurally, the complexes can be divided to four
moieties: the planar diaminedichloroplatinum(II) coordination
sphere comprising N1, N3, Pt1, Cl1, Cl2; the first ring of the
nonplanar piperidinopiperidine ligand, which is bound directly
to the Pt (N1, C1-C5); the second piperidine ring, which is
further removed from the metal center (N2, C6-C10); the ligand
that is trans to the pip-pip. The platinum coordination spheres,

in both structures, are nearly square planar as indicated by the
expected bond distances and bond angles that appear in Table
1.

The nonplanar piperidine rings can adopt either the chair or
boat conformation. Both X-ray structures show that the two
piperidine rings of the pip-pip ligand adopt the chair conforma-
tion. In principle, the Pt can bind to the first piperidine ring via
the axial or equatorial positions around N1. In both structures
the Pt binds to N1 via the equatorial position (Figures 2 and 3),
probably in order to minimize steric repulsions. One obvious
difference between the two structures is the torsion angles
between the first and second piperidine rings that result from
the rotation around the C3-N2 bond (Figure 3). The torsion
angle H3-C3-N2-H(N2) for thetrans-[PtCl2(NH3)(pip-pip)]‚
HCl is 169.7°, while the same angle for thetrans-[PtCl2(MA)-
(pip-pip)]‚HCl is 64.4°. This indicates that, as might be expected,
there is free rotation around the bond connecting the two
piperidine rings, meaning that the proton attached to N2 can
rotate in search of a hydrogen bond acceptor in its vicinity and
adjust its position for optimal interaction. Because of crystal-
lographic packing considerations, the lattice positions of the Cl3
couterions are different in the two structures (Figures 2 and 3),
forcing different torsion angles between the two rings.

Figure 2. Molecular structure and atom labeling scheme oftrans-
[PtCl2(CH3NH2)(pip-pip)]‚HCl (top) and oftrans-[PtCl2(NH3)(pip-pip)]‚
HCl (bottom). In both cases the dotted line represents the hydrogen
bond between the counterion (Cl3) and the NH proton on the second
piperidine ring.

Table 1. Important Bond Lengths and Angles for
trans-[PtCl2(NH3)(pip-pip)]‚HCl and
trans-[PtCl2(CH3NH2)(pip-pip)]‚HCla

Important Bond Lengths, Bond Angles,
and Torsion Angles for1

Bond Lengths, Å
Cl(1)-Pt(1) 2.307(3) N(1)-Pt(1) 2.08(1)
Cl(2)-Pt(1) 2.321(3) N(3)-Pt(1) 2.05(1)

Bond Angles, deg
N(3)-Pt(1)-N(1) 176.3(4) N(3)-Pt(1)-Cl(1) 89.5(4)
N(3)-Pt(1)-Cl(2) 88.6(3) N(1)-Pt(1)-Cl(1) 87.0(3)
N(1)-Pt(1)-Cl(2) 94.8(3) Cl(2)-Pt(1)-Cl(1) 178.1(1)

Important Bond Lengths, Bond Angles,
and Torsion Angles for2

Bond Lengths, Å
Cl(1)-Pt(1) 2.2966(7) N(1)-Pt(1) 2.064(2)
Cl(2)-Pt(1) 2.2920(8) N(3)-Pt(1) 2.039(2)

Bond Angles, deg
N(3)-Pt(1)-N(1) 178.17(10) N(3)-Pt(1)-Cl(1) 91.76(8)
N(3)-Pt(1)-Cl(2) 87.12(8) N(1)-Pt(1)-Cl(1) 89.03(8)
N(1)-Pt(1)-Cl(2) 92.14(7) Cl(2)-Pt(1)-Cl(1) 177.75(3)

a Standard deviations are given in parentheses.

Figure 3. (a) Stick projection of the X-ray crystal structure oftrans-
[PtCl2(NH3)(pip-pip)]‚HCl clearly showing that both piperidine rings
are in the chair conformation. (b) Stick projection of the X-ray crystal
structure of trans-[PtCl2(CH3NH2)(pip-pip)]‚HCl showing that the
second piperidine ring can rotate relative to the first ring.
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Most of the other structural features of the two compounds
are quite similar. Only some structural details for the MA
complex (with the corresponding parameters for NH3 complex
in parentheses) will be presented. The distance between the Pt
and the protonated N2 is around 6.36 Å (6.44 Å). The cationic
nature of the complex is evident from the crystal structure that
shows that N2 is indeed protonated and that an additional
chloride anion exists in the lattice in order to provide charge
balance. There is a hydrogen bond between the chloride
counterion (Cl3) and the heterocyclic amine (N2), which are
separated by 3.06 Å (3.10 Å), and a C2-N2-Cl3 angle of
106.5° (106.5°). The distance between Cl3 and Pt1 is 7.96 Å
(7.47 Å), the distance between Cl2 and Cl3 is 8.89 Å (8.45 Å),
and Cl3-Cl1 is 7.65 Å (7.22 Å), demonstrating that upon
monofunctional covalent binding of the complexes to the N7
of a guanine in ds B-DNA, the piperidinopiperidine ligand is
capable of forming hydrogen bonds with hydrogen bond
acceptors that are approximately two base pairs away from the
platinum binding site.

NMR Spectroscopy.All the proton and carbon resonances
of trans-[PtCl2(NH3)(pip-pip)]‚HCl andtrans-[PtCl2(MA)(pip-
pip)]‚HCl were assigned by a variety of NMR experiments that
include 1H, 13C, COSY, NOESY, HSQC, and HMBC. The
labeling of the protons and carbons that appears in Figure 2 is
used to describe the NMR results. The proton NMR spectrum
is quite complex because of the magnetic inequivalence of the
geminal methylene protons (on both piperidine rings) and
because of the overlap of resonances from the two rings (Figure
4). trans-[PtCl2(MA)(pip-pip)]‚HCl has only seven resonances
in the13C NMR spectrum (Supporting Information), indicating
that in solution, the pip-pip ligand is symmetric. The assignment
was done by first identifying the1H resonance of H(C3) from
the cross-peak in the edited1H,13C HSQC spectrum (where CH/
CH3 and CH2 peaks have opposite phases). Then, from the
COSY, the1H resonance of C2 and C1 were identified. The
C8 protons were assumed to resonate at the highest field, and
they were used to assign the rest of the protons of the second
piperidine ring from the COSY. The NH2 protons of the

methylamine ligand and the NH proton of the first piperidine
ring (bound to N1) were easily identified in the spectrum, but
the NH proton of the second piperidine ring (bound to N2) was
not observed because of fast exchange with the solvent (Figure
4). The carbons were assigned from the HSQC, and all the
assignments were verified by HMBC. The assignments of all
proton and carbon resonances appear in Table 2.

The most interesting feature of the NMR study is the NOESY
spectrum that appears in the Figure 5. In phase-sensitive NOESY
of small molecules, where the dominant relaxation mechanism
is the double-quantum relaxation, the NOE cross-peaks are 180°
out of phase relative to the diagonal peaks. In the spectrum of
trans-[PtCl2(MA)(pip-pip)]‚HCl, the phases of all the cross-
peaks of the first piperidine ring (protons 1-3) are opposite to
those of the diagonal peaks while all the cross-peaks originating
from the second piperidine ring (protons 6-8) have the same
phase as the diagonal peaks (Figure 5). This indicates that the
cross-peaks generated by the protons of the second piperidine
ring are not NOE peaks but are exchange peaks, suggesting
that the second ring is fluxional and its conformation is rapidly
changing on the NMR time scale. This flexibility of the second
piperidine ring was previously observed by us fortrans-[PtCl2-
(NH3)(pip-pip)]‚HCl and corroborates the results obtained in
the solid-state X-ray crystal structures.26

Interactions with DNA. One of the crucial events in the
mechanism of action of platinum anticancer agents is the
covalent modification of the DNA by the platinum complexes
and the distortions conferred by this modification to the structure
of the DNA. We chose to study the interactions of five
complexes,trans-[PtCl2(Am)(pip-pip)]‚HCl, where Am is NH3,
MA, DMA, NPA, or NBA, with DNA. We were especially
interested to see whether the large differences between the IC50

values of the NH3 and MA complexes could be explained by
differences in their interactions with DNA. The DNA binding
studies were carried out according to methods as in our previous
work.27-29 The results are summarized in Table 3.

Figure 4. Proton NMR spectrum oftrans-[PtCl2(CH3NH2)(pip-pip)]‚
HCl showing the assignments of all protons.

Table 2. Proton and Carbon Chemical Shifts Assignments fortrans-[PtCl2(CH3NH2)(pip-pip)]+

position

N1 C1 C2 C3 N2 C6 C7 C8 N3 C11

δ 1H, ppm 4.48 2.87, 3.27 1.65, 1.91 3.25 2.87, 3.34 1.59, 1.85 1.33, 1.69 4.12 2.19
δ 13C, ppm 49.9 26.7 61.7 50.1 23.2 21.4 32.6

Figure 5. NOESY spectrum oftrans-[PtCl2(CH3NH2)(pip-pip)]‚HCl
showing the negative peaks in open circles and the positive peaks as
contours. The cross-peaks of the second piperidine ring have the same
phase as the diagonal peaks, testifying to the fluxionality of the second
ring.
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Binding Rates to Calf Thymus DNA. All five complexes
studied are significantly bulkier than cisplatin or transplatin,
having molecular weights from 452 to 508 vs 300 for cisplatin
(40-52 atoms vs 11 for cisplatin). Nevertheless, all the
transplatinum complexes with the pip-pip ligand bound to calf
thymus (CT) DNA significantly more quickly than cisplatin or
transplatin. While thet1/2 (the time it takes for 50% of the
platinum complexes to covalently bind the DNA) for cisplatin
and transplatin was 120 min, thet1/2 values for the pip-pip
complexes were nearly an order of magnitude smaller, ranging
from 13 to 20 min (Table 3). The rate-determining step for the
platination of CT-DNA by cisplatin and transplatin is the
aquation of the first chloride ligand to form the cationic [PtCl-
(H2O)(NH3)2]+, and then the aqua ligand is rapidly substituted
by the N7 of the guanine on the DNA. Substitution reactions
of square planar Pt(II) complexes proceed via an associative
mechanism involving a sterically crowded trigonal bipyramidal
intermediate, which accounts for the significantly slower
substitution rates observed for complexes with bulky ligands.30

We have recently shown thattrans-[PtCl2(NH3)(pip-pip)]+

binds rapidly and directly to CT-DNA without prior hydrolysis,
probably via an initial, rapid, electrostatically driven “preasso-
ciation” of the complex with the ds-DNA that positions the Pt
in the correct orientation for direct substitution of the Cl by the
N7 of the purines.26 The fact that the binding rates of the MA,
DMA, and NBA complexes are very similar to that oftrans-
[PtCl2(NH3)(pip-pip)]+ suggests that these complexes also bind
CT-DNA in a similar fashion. There is only a slight reduction
of the binding rates with increasing steric bulk of the ligand
that is trans to the pip-pip, which is in line with the suggestion
that the position of the charged N2 of the pip-pip relative to
the Pt center is a dominating factor in facilitating the rapid DNA
binding of these complexes.

The binding experiments of the present work indicate that
the modification reactions resulted in the irreversible coordina-

tion of the new analogues of transplatin to polymeric double-
helical DNA, which also facilitates sample analysis. Hence, it
is possible to prepare easily and precisely the samples of DNA
modified by the platinum complex at a preselected value ofrb

(rb is defined as the number of molecules of the platinum
compound bound per nucleotide residue). The samples of DNA
modified by new platinum compounds and analyzed further by
biophysical or biochemical methods were prepared in 10 mM
NaClO4 at 37 °C. If not stated otherwise, after 24 h of the
reaction of DNA with the complex the samples were precipitated
in ethanol and dissolved in the medium necessary for a particular
analysis and therb value in an aliquot of this sample was
checked by FAAS. In this way, the analyses described in the
present paper were performed in the absence of unbound (free)
platinum complex.

Circular Dichroism Studies. CD spectral characteristics were
compared for double-stranded CT DNA in the absence and in
the presence of the pip-pip complexes atrb values in the range
of 0-0.1. There was a decrease in the intensity of the positive
band around 280 nm when the DNA was modified bytrans-
[PtCl2(pip-pip)(NH3)]‚HCl, trans-[PtCl2(pip-pip)(NPA)]‚HCl, or
trans-[PtCl2(pip-pip)(NBA)]‚HCl. The extent of this decrease
was larger with increasingrb values, behavior similar to that of
transplatin (shown in Figure 6A fortrans-[PtCl2(pip-pip)(NPA)]‚
HCl). The decrease in the intensity of this band is attributed to
denaturational changes in the double helix. When the DNA was
modified bytrans-[PtCl2(pip-pip)(DMA)]‚HCl or trans-[PtCl2-
(pip-pip)(MA)]‚HCl, there was an increase in the intensity of
the positive band around 280 nm (shown in Figure 6B fortrans-
[PtCl2(pip-pip)(DMA)]‚HCl). The intensity of the increase was
almost the same forrb values of 0.01-0.05, and only the highest
rb checked, 0.08, caused a decrease in the intensity to a level
that was almost the same as that for unmodified CT DNA. This
behavior is similar to that of cisplatin and is attributed to the

Table 3. Summary of DNA Binding Characteristics oftrans-[PtCl2(NH3)(pip-pip)]+ (NH3
+), trans-[PtCl2(MA)(pip-pip)]+ (MA+),

trans-[PtCl2(DMA)(pip-pip)]+ (DMA+), trans-[PtCl2(NPA)(pip-pip)]+ (NPA+), trans-[PtCl2(NBA)(pip-pip)]+ (NBA+), trans-[PtCl2(NH3)(piperidine)]
(t-NH3,pip), trans-[PtCl2(NH3)(piperazine)]+ (t-NH3,pz+), and Transplatin (t-NH3,NH3)

cDDP tDDP NH3
+ a MA+ a DMA+ a NPA+ a NBA+ a NH3,pip b NH3,pz+ b

DNA binding t1/2,c min 120d 120d 13 15 20 14 18 113 20
CD band at 278 nm ince dece dec inc inc dec dec inc inc
unwinding angle per adduct, deg 13f 9 f 30 30 30 30 15 30 15
interstrand cross-linking, % 6g 12 g 26 27 26 20 20 26 18
melting temp (∆tm)h

low ionic strength,°C -2.5 i 9.2 i 14 11 6.1 9 9 7.6 7.9
high ionic strength,°C -4.1 i 0.6 i 1 5.9 3 5 5 -1.9 -1

a This work. b Reference 12.c The time at which the binding reached 50%.d Reference 37.e Reference 38.f Reference 39.g Reference 31.h ∆tm is defined
as the difference between thetm values of platinated and nonmodified DNAs.i Reference 32.

Figure 6. CD spectra of calf thymus DNA modified bytrans-[PtCl2(C3H7NH2)(pip-pip)] (A) or trans-[PtCl2(C2H5NH2)(pip-pip)] (B). CD spectra
were recorded for DNA in 10 mM NaClO4: (1) control (nonmodified) DNA; (2)rb ) 0.03; (3)rb ) 0.05; (4)rb ) 0.1 (in part A) or 0.08 (in part
B).
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assumption that cisplatin causes nondenaturating changes in
DNA, which appear as an increase in the positive CD.

To eliminate the possibility that the changes observed in the
CD spectra result from their binding to the DNA bases rather
than from structural changes to the double helix, we performed
an experiment with denatured CT DNA. The thermally dena-
tured DNA was incubated with the platinum complexes atrb )
0.01-0.08 for 24 h at 37°C. There were no changes between
the CD spectra of the denatured CT DNA before and after
incubation with the platinum complexes, indicating that the
changes observed were indeed due to structure changes in the
double helix.

DNA Unwinding. A compound that unwinds the DNA
duplex reduces the number of supercoils in closed circular DNA
so that their number decreases. This decrease, due to binding
of unwinding agents, reduces the rate of migration through
agarose gel (shown for the NPA complex in Figure 7), which
makes it possible to observe and quantify the mean value of
unwinding per adduct.27-29 The values of unwinding angles are
affected by the nature of the ligands in the coordination sphere
of platinum and by the stereochemistry at the platinum center.
The DNA unwinding angles resulting from the binding of
platinum(II) compounds can be grouped into two main classes:
small unwinding angles (3-6°) that are typical of complexes
that can bind DNA only monofunctionally ([PtCl(dien)]Cl or
[PtCl(NH3)3]Cl); unwinding angles of 9-13° that are associated
with platinum compounds that bind to DNA in a bifunctional
manner. The bifunctional binders include cisplatin (13°), trans-
platin (9°), and dinuclear complexes such as [{trans-PtCl-
(NH3)2}2(µ-H2N(CH2)nNH2)]Cl2, n ) 2-6. Interestingly, the
unwinding angles produced bytrans-[PtCl2(Am)(pip-pip)]
complexes (Table 3 and Figure 7) are considerably higher than
those produced by cisplatin or transplatin. One plausible
explanation for this observation might be that the additional
contribution to unwinding is associated with the interaction of
the piperidinopiperidine group with the duplex upon covalent
binding of platinum, indicating that the pip-pip is well positioned
to interact with the double helix. The results of unwinding
experiments support the view that the pip-pip ligand in these
trans complexes interacts substantially with the double helix
upon covalent binding of the platinum complex.

Interstrand Cross-Linking. Bifunctional platinum com-
pounds that covalently bind to DNA form various types of
interstrand and intrastrand CLs. Considerable evidence suggests
that the antitumor efficacy of bifunctional platinum compounds
is the result of the formation of these lesions, but their relative
efficacy remains unknown. Therefore, we have decided to
quantitate the interstrand cross-linking efficiency of all analogues
of transplatin tested in the present work in the linearized 2464-
bp pSP73 plasmid modified by the platinum complexes. The
samples were analyzed for the interstrand CLs by agarose gel
electrophoresis under denaturing conditions.31 Upon electro-
phoresis, 3′-end labeled strands of linearized pSP73KB plasmid

containing no interstrand CLs migrate as a 2464-base single
strand, whereas the interstrand cross-linked strands migrate more
slowly as a higher molecular mass species (Figure 8). The
experiments were carried out with DNA samples that were
modified by the platinum complexes for 24 h at variousrb

values. The bands corresponding to the more slowly migrating
interstrand cross-linked fragments were seen forrb values as
low as 5× 10-5 (shown fortrans-[PtCl2(C3H7NH2)(pip-pip)]
in Figure 8, lane 2). The intensity of the more slowly migrating
band increased with the growing level of the modification. The
radioactivity associated with the individual bands in each lane
was measured to obtain estimates of the fraction of non-cross-
linked or cross-linked DNA under each condition. The frequency
of interstrand CLs (% ICL/Pt) was calculated as described in
the Experimental Section. The DNA interstrand cross-linking
efficiency of all new analogues of transplatin tested in the
present work was almost independent ofrb (the frequency of
the CLs was in the range 20-27%). Hence, the interstrand cross-
linking efficiency found for the new analogues of transplatin
was considerably higher than that found for parent transplatin
(12%).31

Melting Temperatures. The values of melting temperatures
(tm) for the pip-pip complexes were obtained as previously
described.30 The results appear in Table 3 indicating that at low
ionic strength the complexes cause a significant stabilization
of the double helix as indicated by an increase of thetm by
6.1-14 °C. At the high ionic strength, the increase of thetm
values was only in the range of 1-6 °C. The effects of
platination on the thermal stability of the DNA were attributed
to several factors; the positive charge on the metal moiety and
the formation of interstrand CLs contribute to the stabilization
of the DNA (highertm), while the destabilizing effects were
attributed to conformational distortions such as intrastrand CLs
induced by platinum coordination. An increase oftm observed
at low salt concentration (Table 3) can be interpreted to mean
that under these conditions “stabilizing” effects such as inter-
strand CLs and positive charges on platinum moieties dominate
over the “destabilizing” effects of conformational alterations
induced by the adducts oftrans-platinum compounds.32 That
the adducts of new analogues of transplatin tested in the present
work change the conformation of DNA is supported by the
results of DNA unwinding and CD experiments (vide supra).
An interesting question is why high salt concentration appears
to result in lower overall stabilization due to the binding of the
trans compounds. It is possible that the observed smaller increase
in tm at high ionic strength is a consequence of the smaller
contribution of “stabilizing” effects of the adducts of transplatin
analogues. At high salt concentration the stabilizing effects are
reduced because electrostatic effects of the platinum compounds
are apparently lowered with increasing concentration of Na+

Figure 7. Unwinding of supercoiled pSP73 plasmid DNA modified
by trans-[PtCl2(C3H7NH2)(pip-pip)]: (1, 16) control, nonplatinated
DNA; (2) rb ) 0.001; (3)rb ) 0.005; (4)rb ) 0.01; (5)rb ) 0.015; (6)
rb ) 0.02; (7)rb ) 0.025; (8)rb ) 0.03; (9)rb ) 0.04; (10)rb ) 0.05;
(11) rb ) 0.06; (12)rb ) 0.07; (13)rb ) 0.08; (14)rb ) 0.1; (15)rb

) 0.12. The top bands correspond to the form of nicked plasmid (oc)
and the bottom bands to closed negatively supercoiled plasmid (sc).

Figure 8. Formation of the interstrand CLs bytrans-[PtCl2(C3H7NH2)-
(pip-pip)] in pSP73 plasmid linearized by EcoRI. Shown is the
autoradiogram of denaturing 1% agarose gels of linearized DNA, which
was 3′-end labeled. The interstrand cross-linked DNA appears as the
top bands (marked as ICL) migrating on the gel more slowly than the
single-stranded DNA (contained in the bottom bands and marked as
ss): (1) control, nonmodified DNA; (2-7) DNA modified by Pt-NPA;
(2) rb ) 0.000 05; (3)rb ) 0.0001; (4)rb ) 0.0003; (5)rb ) 0.0005;
(4) rb ) 0.0007; (5)rb ) 0.001; (6)rb ) 0.0015; (7)rb ) 0.002.
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counterions; nevertheless, the stabilizing factors still dominate
over the destabilizing effects of conformational changes induced
by their adducts. The melting of DNA modified by platinum
compounds is a complex process that may involve other factors
not considered in the present work.

Interactions of trans-[PtCl2(Am)(pip-pip)] ‚HCl Complexes
with GSH. All the pip-pip complexes reacted with GSH
significantly more quickly than cisplatin. Thet1/2 values of the
1:1 and 1:5 reactions of the Pt complexes with GSH are listed
in Table 4. Thet1/2 values in the pip-pip series correlated with
the steric bulk of the Am ligands trans to the pip-pip. The
ammine and methylamine are the fastest to react with GSH (t1/2

≈ 10 and 11 min) followed by the more bulky ligands NBA,
NPA, IPA, and DMA (16-22 min) and finally by the CHA
(41 min). Thet1/2 for cisplatin was measured at 1150 min, which
is more than 100-fold slower than the ammine and methylamine
complexes and about 25-fold slower than the CHA complex.
Assuming that the substitution of the chloride ligand of the
platinum complexes occurs via an associative mechanism with
a pentacoordinate intermediate, then the steric bulk is expected
to slow down the substitution rates and thet1/2 values of the
pip-pip complexes can be rationalized in terms of the molecular
structure. It is true that because of the stronger trans effect of
the chloride compared to the amine, it is expected that trans
complexes will react more quickly than their cis counterparts.
To separate the possible effects of charge and steric bulk from
the trans effect, we measured the binding rates of transplatin to
GSH. As can be see from Table 4, thet1/2 for transplatin is 28
min, which means that despite its lack of bulky ligands, it reacts
with the GSH somewhat more slowly than the DMA complex
but more quickly than the CHA. The fact that the much bulkier
pip-pip complexes (except CHA) react with GSH more quickly
than transplatin could be due to the positive charge on the ligand
that may expedite the interaction with the negative charged GSH.
Thus, the cationic charge of the ligand increases the binding
rate to GSH relative to the neutral transplatin, but within the
series of cationic complexes the bulkier the ligand that is trans
to the pip-pip, the slower is the binding to GSH. When the
reactions were carried out using a 1:5 ratio of Pt/GSH, a similar
picture was obtained (see Table 4)

In the cytosol there is approximately 500- to 1000-fold excess
of GSH relative to cisplatin (and other Pt drugs), which means
that more than one GSH may bind to a given platinum complex.
To study this possibility, increasing amounts of GSH were
reacted with the platinum complexes and we followed the
formation of Pt-S bonds by UV. The results are depicted in
Figure 9. For all the complexes the UV absorption at 250 nm
increased with the addition of GSH and leveled out after an
amount of 2 equiv of GSH was added, indicating that under
these conditions two GSH molecules were bound to each Pt
center. To verify this finding, we have examined by the final
products of the 1:1 and 1:5 reactions between the CHA complex

and GSH by HPLC and by195Pt NMR spectroscopy. The HPLC
chromatogram of the end of the 1:5 reaction showed a single
peak at∼14 min and a single resonance in the195Pt NMR
spectrum at-3195 ppm corresponding totrans-[Pt(GS)2(CHA)-
(pip-pip)]. The 1:1 reaction had two peaks in the HPLC
chromatogram at 14 and 16 min and two peaks of equal intensity
in the 195Pt NMR spectrum at-2874 and -3195 ppm
(Supporting Information). This indicates that in the 1:1 reaction
two products were formed: the 1:2 Pt/GSH complextrans-[Pt-
(GS)2(CHA)(pip-pip)] and the 2:1 Pt/GSH complextrans-
{[PtCl(CHA)(pip-pip)]2(GS)}. It seems reasonable to conclude
that it is very likely that when there is large excess of GSH
relative to the platinum complex, like there is in the cell, the
1:2 Pt/GSH complextrans-[Pt(GS)2(Am)(pip-pip)] will domi-
nate.

Interactions of trans-[PtCl2(Am)(pip-pip)] Complexes with
Ub. The interactions of the pip-pip complexes with Ub were
studied by ESIMS as previously described.33,34 All the com-
plexes that formed a covalent bond with Ub formed 1:1 adducts
with the protein. The mass of the adducts corresponded to the
sum of the masses of the protein and the complex minus one
chloride atom. This indicates monofunctional binding to the
protein to yieldtrans-[PtCl(Ub)(Am)(pip-pip)]. From a chemical
affinity point of view, the platinum complex has two preferred
binding sites on Ub: Met1, which in slightly buried in the folded
protein; His68, which is completely exposed on the surface.
To determine the binding site of the complexes, we oxidized
the protein with hydrogen peroxide in acetic acid, thereby
selectively converting the Met1 thioether (-CH2SCH3) into the
sulfone (-CH2SO2CH3), which is incapable of binding metal
complexes. The complete conversion of the thioether to the
sulfone was verified by ESIMS where the peak of the native
Ub at 8656 amu was completely converted to the peak of the
oxidized Ub (UbOx) at 8688 amu. When the complexes were
reacted with UbOx, no covalent binding of the complexes to
the protein was observed, indicating that the complexes bound
exclusively to Met1. Thus, we conclude that the adducts that
were formed were of the typetrans-[PtCl(S-Met1-Ub)(Am)-
(pip-pip)]. It is interesting to note that over a 1 week period no
translabilization/aquation of the chloride that is trans to the sulfur
was observed, which would have resulted in the formation of
another peak in mass spectrum that is 17 amu less than the mass
of the adduct.

The binding curves for cisplatin and thetrans-[PtCl2(Am)-
(pip-pip)] complexes with Ub are depicted in Figure 10.
Contrary to what we observed with GSH, cisplatin binds to Ub
significantly more quickly than thetrans-pip-pip complexes.
Within the trans-pip-pip series there are two groups of
complexes: NH3, MA, and DMA, which bind significantly more
quickly than the NPA, IPA, NBA, and CHA complexes that
show very little binding to the protein. This pattern of reactivity
may be due to the fact that the NPA, IPA, NBA, and CHA
ligands extend further away from the Pt center than do the NH3,

Table 4. The t1/2 (min) for the Binding of the Platinum Complexes to
GSH in PBS at 37°C

Pt/GSH ratio

Pt complexes 1:1 1:5

trans-[PtCl2(MH3)(pip-pip)] 10( 1.3 4( 0.4
trans-[PtCl2(MA)(pip-pip)] 11 ( 1 6 ( 0.7
trans-[PtCl2(NBA)(pip-pip)] 16 ( 1.5 9( 1.1
trans-[PtCl2(NPA)(pip-pip)] 18( 1.5 10( 1.3
trans-[PtCl2(IPA)(pip-pip)] 19( 1.3 10( 1
trans-[PtCl2(DMA)(pip-pip)] 22 ( 1 12( 1.3
transplatin 28( 3 13( 1.5
trans-[PtCl2(CHA)(pip-pip)] 41( 2.5 22( 1.3
cisplatin 1150( 62.4 600( 66.1

Figure 9. Binding of the pip-pip complexes to increasing concentra-
tions of GSH.
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MA, and DMA ligands. Cisplatin, on the other hand, forms
several types of adducts with Ub and does not bind exclusively
to Met1.35 These factors and its smaller size could be responsible
for its much faster binding to the protein.

Since the binding of the complexes to Ub was monitored over
nearly a week, we examined the stability of the protein over
that time period. We measured the ESIMS of Ub in 100% water
daily over a period of a week and obtained the identical spectrum
with no sign of any type of deterioration. Ubiquitin is a tightly
folded protein with 13 basic sites that can be protonated during
the ESI process. When the protein is folded, only 7 or 8 sites
are accessible to protonation. When the protein is denatured,
up to 13 sites can be protonated, and by examination of the
undeconvoluted ESIMS data, it is easy to deduce whether the
protein is folded or denatured. We have examined the unde-
convoluted data to look for any changes in the folding of the
protein and found that the protein remained both intact and
tightly folded during the entire week. The undeconvoluted
spectra of the adducts were displayed on the+7 and+8 charge
states, indicting that platination by these compounds did not
result in denaturation of the protein.

Discussion

From the many studies that were carried out by several
groups, it has become clear that the nature of the amine ligands
in trans-diaminedichloroplatinum(II) complexes has a crucial
impact on the cytotoxicity of the compound. The cytotoxicity
is the resultant of many events, beginning with the cell
accumulation and proceeding through detoxification by thiols,
DNA modification, and cellular responses to the DNA damage.
It is not a simple task, and it is probably incorrect to attribute
the cytotoxicity of a given platinum complex to a single property
of the compound. Nevertheless, it is important to explore how
structural features of the platinum complexes affect the binding
of the compounds to cellular nucleophiles such as proteins,
peptides, DNA, etc. In the previous paper1 we have seen that
trans-[PtCl2(NH3)(pip-pip)]‚HCl is twice as potent astrans-
[PtCl2(MA)(pip-pip)]‚HCl in two resistant cell lines (CH1cisR
and 41McisR), although they only differ by one methyl group.
This could be due in part to the somewhat higher cellular
accumulation and cellular DNA platination exhibited bytrans-
[PtCl2(NH3)(pip-pip)] or perhaps due in part to differential
interactions with cellular nucleophiles.

The structures of both compounds are essentially identical,
and in both cases the pip-pip binds to the Pt through the
equatorial position of the first pip ring and both piperidine rings
adopt the chair conformation. Both X-ray crystallography and
NMR studies indicate that for both complexes, the second pip
ring is flexible, allowing it to optimize electrostatic and hydrogen
bond interaction with anionic nucleophiles.

In terms of the binding kinetics to CT-DNA the cationic
charge on the pip-pip is the dominant factor in determining the
rate of covalent modification of the DNA. All the charged
complexes bind to CT-DNA 6-10 times more quickly than the
neutral cisplatin, transplatin, andtrans-[PtCl2(NH3)(pip)]. We
have recently shown thattrans-[PtCl2(NH3)(pip-pip)]+ does not
require hydrolytic activation for covalent modification of DNA.
Since all the pip-pip complexes have very similart1/2 values
for binding CT-DNA, we suggest that their binding to DNA
proceeds via a rapid preassociation with the DNA that is
followed by direct substitution of the chloride ligand by a purine.
The unwinding angles of these nonsymmetric complexes are
around 30°, which does not correspond to the typical values
obtained for monofunctional adducts (3-6°) or bifunctional
adducts (9-13°) but is similar to the angles reported fortrans-
[PtCl2(NH3)(pip)] and trans-[PtCl2(NH3)(4-picoline)], which
contain only one heterocyclic ring. The higher unwinding angles
were explained by the additional contribution to unwinding
associated with the interaction of the heterocyclic ligand with
the duplex upon covalent binding of platinum. It is interesting
to note that for the more symmetric transplatinum complexes
containing two heterocyclic rings, where the rings flank the
platinum center as intrans-[PtCl2(4-picoline)(pip)] andtrans-
[PtCl2(4-picoline)(pz)]+, the unwinding angles are significantly
lower (13° and 16°) and closer to those yielded by cisplatin
and its antitumor analogues. Thus, it is not only the volume of
the complex that affects the unwinding angle but also the
symmetry of the complex and the distribution of the bulk around
the Pt. The DNA melting studies suggest that the binding of
the pip-pip complexes to DNA stabilizes the double helix where
the stabilization is more pronounced under low salt conditions.
This indicates that both the positive charge of the ligand and
the formation of interstrand CLs contribute to the stabilization
of the double helix

On the basis of the results described, it seems that the unique
structural features of the pip-pip ligand (positive charge and
flexibility), as elucidated by X-ray crystallography and the NMR
studies, are important in determining the DNA binding proper-
ties. On one hand, we attributed the very fast binding to CT-
DNA to the ability of the ligand to interact rapidly with the
double helix prior to the covalent modification of the DNA
(preassociation), while on the other hand the high unwinding
angles and thetm values indicate that the ligand interacts with
the double helix after the covalent modification. Clearly the
structural features of the pip-pip ligand facilitate rapid binding
to CT-DNA and facilitate interactions with the double helix that
result in the stabilization of the helix by electrostatic interactions
and formation of interstrand CLs.

There are significant differences in the binding rates of the
complexes to a thiol-containing tripeptide (GSH) and a small
tightly folded protein having a thioether binding site (Ub). While
cisplatin is the slowest to bind to GSH (by a factor of 100), it
is the fastest binding complex to Ub and achieves the highest
level of Ub modification. Also, the NPA, NBA, and IPA
complexes bind to GSH more quickly than the DMA complex,
but when it comes to binding to Ub, the pattern is reversed and
the DMA complex reaches 25% modification of the protein
while the NPA, NBA, and IPA complexes hardly bind to Ub.
We think that the main reason for these differences is the
accessibility of the platinophile in GSH vs Ub to the Pt moiety.
GSH is small and flexible and the SH is easily accessible to
the Pt, while the Ub is tightly folded in solution and its Met1
thioether is less accessible, being slightly buried in the protein.
Therefore, in the case of GSH, the steric bulk in the proximity

Figure 10. Binding curves of the pip-pip complexes to ubiquitin.
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of the Pt center (DMA, IPA) may be more effective in
attenuating the reaction rates of the complexes because it
interferes with the formation of the five-coordinate intermediate.
In the case of Ub binding, where the thioether is less accessible,
the Pt has to be able to get sufficiently close to the thioether to
allow for bond formation. Complexes with the longer ligand
span (NPA and NBA), in which the ligands extend further away
from the platinum, are unable to position themselves in a way
that allows the metal center to approach the thioether, probably
because of the steric repulsion between the ligand and the protein
surface. In the NH3, MA, and DMA complexes, there is only a
short extension trans to the pip-pip that allows for an effective
interaction with the thioether. Thus, it is risky to use amino
acids or small peptides as models for protein binding by Pt
complexes. Moreover, since protein binding is probably strongly
dependent on the accessibility of the platinophile, which in turn
is dependent on the tertiary structure of the protein, it is very
difficult to extrapolate the results from one protein to another
or to generalize about “protein binding”.

For Pt-Met adducts to be able to act as a reservoir for
subsequent platination of DNA, the Pt-Met adducts have to be
stable in the presence of GSH and should be able to form
protein-Pt-DNA ternary complexes that transform to Pt-DNA
adducts. We recently showed that Ub adducts withtrans-[PtCl2-
(Am)(pip-pip)]‚HCl, trans-[Pt(Ub)Cl(Am)(pip-pip)], are not
stable in the presence of GSH and react rapidly to form the
ternarytrans-[Pt(Ub)(GS)(Am)(pip-pip)] that proceed to degrade
to produce the unplatinated native Ub.36 The ternary complexes
with dGMP,trans-[Pt(dGMP)(Ub)(Am)(pip-pip)], form readily
but are stable for long periods of time and do not release Pt-
dGMP adducts. Moreover, the ternary Ub-Pt-dGMP com-
plexes are quite stable in the presence of excess GSH. Despite
the fact that the pip-pip complexes bind only to Met1 of Ub,
the Ub-Pt adducts are not able to safely transfer the Pt moiety
to the DNA.

Experimental Section

X-ray Crystallography. Yellow crystals of approximate dimen-
sions 0.2 mm× 0.2 mm× 0.1 mm were coated by epoxy glue,
attached to the end of a glass fiber, and mounted on a Philips 1100/
20 diffractometer. Mo KR (λ ) 0.710 69 Å) radiation with a
graphite crystal monochromator in the incident beam was used.
The unit cell dimensions were obtained by a least-squares fit of 24
reflections in the range 11° < θ < 15°. Data were measured by
using anω-2θ motion. Data were corrected for Lorentz and
polarization effects. Intensity data were corrected for absorption
using the empirical absorption program DIFABS, incorporated into
TEXSAN (Single-Crystal Structure Analysis Software, version 5.0;
Molecular Structure Corp., The Woodlands, TX, 1989). The heavy
atoms were located by using the results of a SHELXS-86 direct-
method analysis. Structure refinement was carried out with the full-
matrix least-squares program of TEXSAN. The structure was
refined to convergence, using anisotropic thermal parameters for
all non-hydrogen atoms. All crystallographic computing was done
on a VAX 9000 computer at The Hebrew University of Jerusalem.
Details of the crystallographic determination are given in the
Supporting Information. Crystallographic data excluding structure
factors for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication number CCDC-266822 and CCDC 606085. Copies of
data can be obtained, free of charge, on application to CCDC 12
Union Road, Cambridge CB2 1EZ, U.K. (fax,+44-(0)1223-336033;
e-mail, deposit@ccdc.cam.ac.uk).

NMR Spectroscopy.All NMR studies were carried out on a
Varian Inova 500 MHz spectrometer equipped with either a 5 mm
broadband probe or a 5 mmtriple resonance probe. All the proton,
carbon, and 2D experiments were measured in D2O using standard

VNMR software pulse sequences at 25°C. The data were referenced
externally to dixonae. All data were processed using the VNMR
software; for the 2D spectra, a sinebell apodization was used in
both dimensions for the absolute value experiments and cos2

apodization was used in both dimensions for the phase-sensitive
spectra. Linear prediction in the second dimension was applied.
195Pt NMR spectra were processed with a 300 Hz line broadening
and were referenced externally to K2PtCl4 (-1624 ppm).

Unwinding of Negatively Supercoiled DNA.The unwinding
of closed circular supercoiled pUC19 plasmid DNA was measured
by an agarose gel mobility shift assay.35 The unwinding angle,Φ
induced per Pt-DNA adduct, was calculated upon the determination
of the rb value at which the complete transformation of the
supercoiled to relaxed form of the plasmid was attained. Samples
of pUC19 plasmid were incubated with platinum compounds for
48 h, precipitated by ethanol, and redissolved in TAE buffer (0.04
M Tris-acetate+ 1 mM EDTA, pH 7.0). An aliquot of the
precipitated sample was subjected to electrophoresis on 1% agarose
gels running at 25°C in the dark with TAE buffer with a voltage
set at 30 V. The gels were then stained with ethidium bromide,
followed by photography on Polaroid 667 film with a transillumi-
nator. The other aliquot was used for the determination ofrb values
by FAAS.

Interstrand Cross-Linking. Platinum complexes at varying
concentrations were incubated for 24 h with 500 ng of pSP73 DNA
(2464 bp) linearized by EcoRI 3′-end labeled by means of the
Klenow fragment of DNA polymerase I and [R-32P]dATP. The
platinated samples were precipitated by ethanol, the pellets were
dissolved in 18µL of 30 mM NaOH with 1 mM EDTA, 6.6%
sucrose, and 0.04% bromophenol blue, and samples were im-
mediately analyzed for platinum content by FAAS and for DNA
interstrand CLs in the same way as described in recent papers.
Briefly, the amount of interstrand CLs was analyzed by electro-
phoresis under denaturing conditions on alkaline agarose gel (1%).
After the electrophoresis was completed, the intensities of the bands
corresponding to single strands of DNA and interstrand cross-linked
duplex were quantified. The frequency of interstrand CLs, % ICL/
Pt (the number of interstrand CLs per adduct), was calculated as
% ICL/Pt ) XL/4928rb (EcoRI fragment of pSP73 plasmid
contained 4928 nucleotide residues). XL is the number of interstrand
CLs per molecule of the linearized DNA duplex, which was
calculated by assuming a Poisson distribution of the interstrand CLs
as XL ) -ln A, whereA is the fraction of molecules running as a
band corresponding to the non-cross-linked DNA.

DNA Melting. The melting curves of CT DNAs were recorded
by measuring the absorbance at 260 nm. The melting curves were
recorded in a medium containing 10 mM or 0.2 M NaClO4 with 1
mM Tris-HCl/0.1 mM EDTA, pH 7.4. The value of thetm was
determined as the temperature corresponding to a maximum in the
first-derivative profile of the melting curves. Thetm values could
be thus determined with an accuracy of 0.5°C.

Reactions with GSH.The reactions of the Pt complexes with
GSH were monitored by UV using an Ultraspec 2100 pro UV/
visible spectrophotometer with 1 cm quartz cells. The absorbance
was monitored at 250 nm at 37°C. The 1 mM solutions of the
complexes were prepared in 100 mM PBS (pH 7.0). GSH solutions
of 10 mM (for the 1:1 reactions) or 50 mM (for the 1:5 reactions)
were prepared in 100 mM PBS. The appropriate volumes of the
complexes and GSH were mixed, and the reaction was monitored
by UV.

Protein Binding Studies.Platination reactions were carried out
at 1-2 mM concentrations in 10 mM phosphate buffer, pH 6.4, at
37 °C. Excess platinum was removed by ultrafiltration using
Microcon YM-3 centrifugal filter devices at 4°C and 12 000 rpm,
prior to all adduct reactivity studies. Protein binding profiles by
ESIMS were measured directly on the reaction mixtures following
ZipTip (C18, Millipore) treatment.

ESIMS was measured on a ThermoQuest Finnigan LCQ-Duo
in the positive ion mode. In most cases, elution was in a mixture
of 49:49:2 water/methanol/acetic acid at a flow rate of 15µL/min.
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Samples of the platination reactions and adduct reactivity studies
were diluted by 100-fold prior to ESIMS analysis. Data were
processed using ThermoQuest Finnigan Xcalibur biomass calcula-
tion and deconvolution ESIMS software.
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