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ABSTRACT: Molecular modeling and extensive experimental studies are used to study
DNA distortions induced by binding platinum(II)-containing fragments derived from
cisplatin and a new class of photoactive platinum anticancer drugs. The major photoproduct
of the novel platinum(IV) prodrug trans,trans,trans-[Pt(N3)2(OH)2(py)2] (1) contains the
trans-{Pt(py)2}

2+ moiety. Using a tailored DNA sequence, experimental studies establish the
possibility of interstrand binding of trans-{Pt(py)2}

2+ (P) to guanine N7 positions on each
DNA strand. Ligand field molecular mechanics (LFMM) parameters for Pt−guanine
interactions are then derived and validated against a range of experimental structures from the
Cambridge Structural Database, published quantum mechanics (QM)/molecular mechanics
(MM) structures of model Pt−DNA systems and additional density-functional theory (DFT)
studies. Ligand field molecular dynamics (LFMD) simulation protocols are developed and
validated using experimentally characterized bifunctional DNA adducts involving both an
intra- and an interstrand cross-link of cisplatin. We then turn to the interaction of P with the DNA duplex dodecamer, d(5′-
C1C2T3C4T5C6G7T8C9T10C11C12-3′)·d(5′-G13G14A15G16A17C18G19A20G21A22G23G24-3′) which is known to form a monofunc-
tional adduct with cis-{Pt(NH3)2(py)}. P coordinated to G7 and G19 is simulated giving a predicted bend toward the minor
groove. This is widened at one end of the platinated site and deepened at the opposite end, while the P−DNA complex exhibits a
global bend of ∼67° and an unwinding of ∼20°. Such cross-links offer possibilities for specific protein−DNA interactions and
suggest possible mechanisms to explain the high potency of this photoactivated complex.

■ INTRODUCTION
Since its serendipitous discovery, the anticancer drug cisplatin
(cis-[Pt(NH3)2Cl2]) has been widely used against various
tumors.1,2 This has stimulated the synthesis and biological
evaluation of many platinum-based drugs and an exploration of
other nearby elements from the periodic table.3−5 Extensive
research has been reported which elucidates cisplatin’s
mechanism of action.2,6−10 Upon administration, the relatively
high concentration of chloride ions in blood (∼100 mM)
maintains cisplatin in a neutral state. Inside the cell, the lower
chloride ion concentrations (∼4−20 mM) facilitate activation of
cisplatin by stepwise aquation and subsequent reaction with
various cellular targets, most notably DNA. The interaction
between platinated DNA and nuclear proteins induces signal
transduction pathways which lead to DNA-damage recognition
and repair, cell-cycle arrest, and apoptosis or necrosis.11,12

Experimental characterization of platinum−DNA adducts
shows the presence of approximately 65% 1,2-d(GpG), 25%
1,2-d(ApG), and 5−10% 1,3-d(GpNpG) intrastrand cross-links
as major components, although interstrand cross-links and
monofunctional adducts have also been identified.11 In all cases,

platinum is bound to the N7 position of purine bases. Formation
of cisplatin adducts significantly alters the structure of the target
DNA by bending, unwinding, and destabilizing the duplex. The
structural details of platinum−DNA adducts are available from
X-ray and NMR studies and from molecular mechanics
simulation.6,13−21 Although these Pt−DNA adducts exhibit
some degree of structural similarity, arising from coordination
to the N7 atom of the purine base, it is clear that each distorts the
duplex DNA in a characteristic manner.5,6 These nuances may
activate distinctive DNA-damage recognition and cellular
processes, which possibly mediate cytotoxicity and anticancer
properties of the compounds via different mechanisms of
action.2,11,12

The PtIV complex trans,trans,trans-[PtIV(N3)2(OH)2(py)2] (1)
is stable in the dark but has remarkable cytotoxicity when
activated with a low dose (5 J cm−2) of visible light (420 nm). In
the presence of guanosine 5'-monophosphate (5′-GMP), the
major photoproduct is trans-[PtII(py)2(5′-GMP)2]

2+ as confirmed
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by 1H and 195Pt NMR spectroscopy.22 Photoactivation promotes
the rapid formation of such bis-guanine adducts whereas, in
thermal reactions involving trans diamine complexes, such trans
cross-links are formed very slowly, if at all.23 Thus, trans-GG
cross-links formed onDNA after photoactivation of trans-diazido
PtIV complexes would be unusual and may contribute to their
high potency toward cancer cells.24

The detailed molecular mechanisms by which cells process
interstrand cross-links are not understood. Recently, experiments
have shown that formation of 1,2-d(GpG), and 1,3-d(GpTpG)
intrastrand cisplatin−DNAadducts in the nucleosome core can alter
nucleosome mobility25 and/or positioning26,27 and compounds
with higher molecular weights display a greater tendency to
target the linker region of nucleosomal DNA.28We report experi-
mental studies involving a specially designed sequence which
confirm for the first time that the predicted trans-[PtII(py)2(G)2]

2+

interstand cross-link may be formed in significant amounts when
complex 1 is photoactivated in the presence of DNA. However,
while the experiments confirm it is possible to generate inter-
strand cross-links, they do not provide detailed structural informa-
tion. Hence, we turn tomolecularmodeling to gain further insights
into the structure and mechanism of action of this novel platinum
lesion.
Quantum mechanics (QM) is too expensive for large systems

like proteins and DNA, and classical techniques such as
molecular mechanics (MM) and molecular dynamics (MD)
are usually used.29,30 However, MD simulations of metal-
containing systems present significant challenges since the d
electrons can have a potent effect on the structure and properties
of coordination complexes. Treating the local coordination
environment around the metal center quantum mechanically
while the rest of the system is handled with MM (i.e., the QM/
MM method) is becoming increasingly popular although the
computational cost of the QM part remains a bottleneck.
Alternatively, the flexibility and precision of quantum mechanics
at the speed of molecular mechanics can be achieved by ligand
field molecular mechanics (LFMM) which has been applied to
the modeling of electronically “difficult” metal ions such as d9

Cu(II) and both spin states of d8 Ni(II) centers for which
conventional MM does not provide a general approach.31−33

Polarizable34 and solid state35 versions of LFMM have been
implemented, and we have estimated that LFMM is up to 4
orders of magnitude faster than the density functional theory
methods which often form theQMpart of QM/MM simulations.36

Conventional force fields have been applied to Pt−guanine
binding using torsional constraints or out-of-plane deformation
terms to ensure the Pt atom remains within the plane of the
coordinated purine. However, ab initio calculations37,38 suggest
the platinum out-of-plane bending force constant is over-
estimated. Here, we first develop new LFMM parameters for
guanine bound to platinum via N7, which in combination with
previous work on modeling of the trans influence in Pt(II)
complexes,38 reproduces experimental bond lengths and bond
angles of small platinum complexes. The new parameters are
then used in dynamics simulations of several Pt−DNA systems.
For development and validation purposes, we consider the well-
characterized 1,2-intrastrand and the interstrand cisplatin−DNA
adducts in which cis-{Pt(NH3)2}

2+ is coordinated to the N7
atoms of guanine bases. For cisplatin, 1,2-intrastrand adducts are
the major DNA products formed and are thought to be
important for its anticancer activity, while the minor interstrand
cross-links prevent DNA strand separation and can block DNA
replication and/or DNA transcription and can be lethal to cells

lacking the ability to remove the cross-link.39 We then explore a
putative P−DNA complex, based on the related {Pt(NH3)(py)2}
monofunctional adduct, but now with a bifunctional trans-
[PtII(py)2(dGua)2]

2+ interstrand cross-link formed by binding of
the major photoreduction product of 1 to two guanine
nucleobases in DNA.

■ COMPUTATIONAL DETAILS
To estimate partial charges of Pt−guanine complexes, the
geometry of a model Pt−guanine complex (Figure 6, vide infra)
was fully optimized using the Amsterdam Density Functional
2007 program (ADF)40 with the BP8641,42 functional in
conjunction withGrimme’s empirical correction for dispersion,43

a triple-ζ plus double polarization basis set (TZ2P) on all atoms
and a scalar ZORA44 relativistic correction. To maintain
compatibility with our previous parametrization, CHelpG45

charges were computed (using the previously optimized
structure) at the HF/6-31G(d) level using the Gaussian 03
program46 with the LanL2DZ47 basis set with an extra set
of f functions using the exponents determined by Frenking
et al. for the metal48 with Pt given a van der Waals radius
of 1.8 Å.
Ligand field molecular mechanics (LFMM) uses a generalized

ligand field theory calculation of the d-orbital energies to
estimate the ligand field stabilization energy (LFSE).33 The
LFSE depends on the complex, the d configuration, and the spin
state and can have a marked effect on a range of thermodynamic
and structural properties. SinceMM is inherently bond-centered,
the most convenient form of ligand field model is the angular
overlap model (AOM).49 Each M−L interaction is parametrized
in terms of local bonding modes of σ or π symmetry, with each
assigned its own parameter (Figure 1).25,26 The full ligand field

potential is then constructed by summing the contributions from
each bonding mode over all ligands and diagonalizing the
resulting matrix. The LFSE and its gradients are then merged
with a more-or-less conventional MM scheme.50 The total
potential energy, Etot, can be modeled by simple contributions
from bond stretching, Estr, angle bending, Ebend, torsional
twisting, Etor, and nonbonding interactions, Enb, where the latter
may include both van derWaals and electrostatic terms. The core
concept of the LFMMmethod is the addition to the conventional
potential energy expression of a new term specifically designed to
describe the effects of the LFSE:31

= Σ + Σ + Σ + Σ +E E E E E LFSEtot str bend tor nb (1)

In other words, LFMM merges conventional MM for the
“organic” parts of a transition metal complex with an AOM
treatment of the LFSE for the metal center. Each molecule is

Figure 1. Definition of AOM parameters in terms of local M−L
bonding.
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divided into two overlapping regions as illustrated in Figure 2 for
a [M(en)2]

n+ complex. The coordination region contains the

metal and its bonded donor atoms (e.g., the MN4 unit) and the
ligand region comprises everything except the metal atom (e.g.,
the ethylenediamine ligands). The LFMM routines focus on the
coordination region and handle the LFSE, Pt−L bond stretching
(via a Morse function), and L−Pt−L angle bending (via an
explicit L−L repulsive term). The program, “d orbital molecular
mechanics in the Molecular Operating Environment” (Dommi-
MOE),51,52 has been designed to take advantage of existing force
fields implemented in MOE, e.g., MMFF,53−57 AMBER,58 and
CHARMM,59 which treat all the interactions in the ligand region.
DommiMOE ligand field molecular dynamics (LFMD)

simulations were carried out at physiological pH and a mean
temperature of 300 K using the LFMM/AMBER94 force field.
Electrical neutrality was ensured by adding sufficient sodium ions
to neutralize the phosphate backbone negative charges.
Simulation 1 (Sim1) was on a 1,2-intrastrand cisplatin−DNA

dodecamer d(5′-C1C2T3C4T5G6*G7*T8C9T10C11C12-3′)·d(5′-
G13G14A15G16A17C18C19A20G21A22G23G24-3′) with a cis-GG
adduct (where G* denotes the location of platinated
nucleotides), derived from the NMR structure (PDB code
1A84), containing 767 atoms solvated in a droplet of 1782 TIP3P
water molecules (∼10 Å thick). Simulation 2 (Sim2) was for an
interstrand cisplatin−DNA decamer derived from the X-ray
structure of d(5 ′-C1C2T3C4G5*C6T7C8T9C10-3 ′)·d(5 ′-
G11A12G13A14G15*C16G17A18G19G20-3′) (PDB entry 1A2E),14

containing 640 atoms solvated in a droplet of 1531 water
molecules. Droplet simulations were employed mainly to test the
performance of the force field in the “local” region immediately
around the Pt center. The AMBER94 force field (in MOE
format) and the LFMM parameter file are provided in the
Supporting Information (files SF1 and SF2).
For Sim1 and Sim2, the cisplatin/DNA system was frozen and

the solvent molecule positions were energy optimized. With
cisplatin/DNA still fixed, the system was then heated to 300 K in
two rounds of 10 ps by coupling to a heat bath using the
Berendsen algorithm followed by 100 ps simulation to
equilibrate the water at a temperature of 300 K maintained by
a Nose−́Hoover thermostat. All atoms were then optimized to
give the starting point for LFMD simulations followed by 5 ns of

production dynamics under NVT conditions. All the atoms were
propagated according to Newton’s equations of motions with a
time step of 2 fs at a mean temperature of 300 K using a Nose−́
Hoover thermostat. Bonds involving hydrogen atoms were
constrained during the simulations using the SHAKE algo-
rithm.60 Nonbonded cutoffs (r1) of 10 Å and an onset (r0) of 8 Å
(the MOE default) were applied to the nonbonded energy terms
with the smoothing function:
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where x = (r − r0)/(r1 − r0).
To explore the “global” structure, periodic boundary

conditions are required,29 and the LFMM method was ported
to DL_POLY2.61 Simulation 3 (Sim3) employedDL_POLY_LF62

and comprised the interstrand cisplatin−DNA complex from Sim2
now with 3941 water molecules in a periodic box of dimensions
48 × 45 × 56 Å.
Finally, simulation 4 (Sim4) comprised an interstrand

P−DNA dodecamer derived from the X-ray structure of the DNA
duplex (PDB entry 3CO3,63 d(5′-C1C2T3C4T5C6G7T8C9T10-
C11C12-3′)·d(5′-G13G14A15G16A17C18G19A20G21A22G23G24-3′)
(Figure 3). This originally contains a monofunctional adduct of

cis-{Pt(NH3)2(py)}
2+ with G7. After replacement of the original

metal fragment with the P fragment, trans-{Pt(py)2}
2+, and

formation of the interstrand trans-[Pt(py)2(dGua)2]
2+ cross-link

between the N7 positions of the central guanines on the opposite
strands of DNA (G7 and G19), the metal and its coordinated
groups were optimized with the rest of the residues frozen. The
resulting structure which contains 781 atoms solvated with 3400
water molecules in a periodic box of dimensions 45 × 45 × 60 Å
was then reoptimized via multiple rounds of simulated annealing
at 450 K to give the starting point for NPT simulations followed
by 6 ns of production with a time step of 2 fs at 300 K and a
pressure of 1 atm maintained by Berendsen baro- and
thermostats using DL_POLY_LF.61 Long range interactions
were treated using the Ewald summation method. The SHAKE
algorithm was employed to constrain all bonds involving
hydrogen atoms in water molecules. A cutoff of 12 Å was
applied to the nonbonded interaction. The starting DL_PO-

Figure 2. Schematic representation of division into coordination and
ligand regions and force field terms which span the two.

Figure 3. Left and center: X-ray structure of monofunctional adduct
between cis-{Pt(NH3)2py} and DNA (PDB code 3CO3) highlighting
the major-groove platination site (yellow) and the position of proposed
interstrand cross-link for P−DNA (green carbons on left). Right: initial
energy-minimized structure of P−DNA.
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LY_LF geometry file (CONFIG), parameter file (FIELD), and
LFMM file (LFSE.in) are provided in the Supporting
Information (files SF3, SF4, and SF5 respectively).

■ EXPERIMENTAL DETAILS
Materials. A 5 × 10−4 M stock solution of 1 was prepared in Milli-Q

H2O and stored at 4 °C in the dark. The concentration of platinum in the
stock solution was determined by flameless atomic absorption
spectrometry (FAAS). The synthetic oligodeoxyribonucleotides were
purchased from VBC-Genomics (Vienna, Austria) and purified as
described earlier.64,65 T4 polynucleotide kinase was purchased from
New England Biolabs (Beverly, MA, USA); acrylamide, bis(acrylamide),
urea, and NaCN were from Merck KgaA (Darmstadt, Germany).
Dimethyl sulfate (DMS) was from Sigma (Prague, Czech Republic), and
[γ-32P]ATP (adenosine triphosphate) was from Amersham (Arlington
Heights, IL, USA).
Platination of Oligonucleotides. The duplex containing a single,

site-specific interstrand cross-link of 1was prepared and characterized in
the same way as described previously.64,65 Briefly, the single-stranded

oligonucleotide (the top strand of the duplex in Figure 4A) was mixed in
stoichiometric amounts with 1, incubated under irradiation by UVA for
7 min, and repurified by HPLC. The oligonucleotide sample was
irradiated using the LZC-4 V illuminator (photoreactor; Luzchem,
Canada) with temperature controller and with UVA tubes (4.3 mW
cm−2; λmax 365 nm). Irradiance was measured with a Waldmann PUVA
meter, calibrated to the source using a double grating spectroradiometer
(Bentham, UK). The platinated (monoadduct containing) top strand
was allowed to anneal with unplatinated complementary strand (the
bottom strand in Figure 4A) in 0.1 M NaClO4 and incubated for 24 h in
the dark at 37 °C. The resulting products were separated on denaturing
8M urea and 24% polyacrylamide (PAA) gel; the band corresponding to

interstrand cross-linked duplex was cut off from the gel, eluted,
precipitated by ethanol, and dissolved in Tris−HCl (10 mM, pH 7.4).
The cross-linked duplex was analyzed for platinum content by FAAS\z.
Additional quantitation of the cross-linked duplex by UV absorption
spectrophotometry was used to ascertain that the ratio of platinum
adduct per duplex was 1. HPLC purification was carried out using a
Waters HPLC system consisting of a Waters 262 pump, Waters 2487
UV detector, and Waters 600S controller with MonoQ HR 5/50 GL
column. The FAASmeasurements were carried out on a Varian AA240Z
Zeeman atomic absorption spectrometer equipped with a GTA 120
graphite tube atomizer. For FAAS analyses, DNA duplex was
precipitated with ethanol and dissolved in HCl (0.1 M).

Hydroxyl Radical Footprinting of Interstrand Cross Links.The
oligonucleotide duplex containing a single, site-specific intrastrand
cross-link of 1was analyzed by hydroxyl radical footprinting as described
earlier.66,67 Platinated (or unplatinated) oligodeoxyribonucleotide
duplexes (concentrations 6 nM) that had either the top or bottom
strand 32P-labeled at the 5′-end were dissolved in a medium containing
50 mM NaCl and 10 mM Tris−HCl (pH 7.5). Cleavage of the
phosphodiesteric bonds was achieved by incubating the duplexes in
Fe(NH4)2(SO4)2 (0.04 mM), ethylenediaminetetraacetic acid (EDTA,
0.08 mM), H2O2 (0.03%), and sodium ascorbate (2 mM) for 5 min at
20 °C. The reaction was stopped by adding thiourea (15 mM), EDTA
(3 mM), sodium acetate (0.3 M), and tRNA (0.3 mg mL−1). After
precipitation, the samples were resolved on a 24% denaturing PAA/8 M
urea gel, analyzed by autoradiography using the BAS 2500 FUJIFILM
bioimaging analyzer, and the radioactivities associated with bands were
quantitated with the AIDA image analyzer software (Raytest, Germany).
The peak areas corresponding to each band were compared, and when
the difference between the control and platinated lanes was more than
10%, the corresponding base was scored as being protected. Maxam−
Gilbert sequencing reactions were run in parallel.

Maxam-Gilber (DMS) Footprinting of Interstrand Cross Links.
Reaction of the oligonucleotide containing a single, site-specific
interstrand cross-link of irradiated 1 with DMS was performed as
previously described.65,68−71 The binding sites for platinum in the
interstrand cross-linked oligonucleotide were mapped by comparing
autoradiograms of fragments obtained from platinated and unplatinated
duplexes following modified Maxam−Gilbert sequencing reactions.
Base-specific chemical reactions were performed on platinated and
unplatinated oligonucleotide that was 32P 5′-end labeled on its top or
bottom strand. Aliquots (100 cps) were treated separately in the
presence of 1.5 pg of sonicated calf thymus DNA with DMS to give
guanine-specific strand-weakening reactions. Reactions were stopped,
and the solutions were desalted by precipitation, dried, and treated
either with (i) piperidine (1 M, 100 μL, 30 min, 90 °C) or (ii) sodium
cyanide (0.4 M, pH 8.4, 30 μL, 15 h, 45 °C) to remove platinum from
DNA, followed by desalting and piperidine treatment as in (i). After an
alkaline running dye (80% formamide, 10 mM NaOH, xylene cyanol,
bromophenol blue) had been added, samples were resolved on a 24%
PAA/8 M urea denaturing gel and analyzed by autoradiography in the
same way as the fragments generated by hydroxyl radicals.

■ RESULTS AND DISCUSSION

Frequent, although not major, adducts formed by bifunctional
antitumor analogues of transplatin containing a heterocyclic
ligand are interstrand cross-links.66,72 Interestingly, transplatin
forms these cross-links preferentially between G and comple-
mentary C residues,70 whereas quite surprisingly its analogues,
such as trans-[PtCl2(NH3)(quinoline)] or trans-[PtCl2(NH3)-
(thiazole)] (i.e., the trans complexes containing a planar
heterocyclic ligand) form these cross-links between G residues
in the 5′-GC/5′-GC sequences73 (i.e., “cisplatin-like” interstrand
cross-links69). Therefore, it was of interest to identify the
residues involved in the interstrand cross-link formed by
irradiated complex 1.
Diamminedichloridoplatinum(II) complexes react with DNA

in a two-step process.74 Monofunctional adducts are formed

Figure 4. Hydroxyl radical footprinting of the interstrand cross-link
formed by irradiated FM190 in the duplex CGC. (A) Nucleotide
sequence of the duplex CGC. (B) Shown are autoradiograms of
denaturing 24% PAA/8 M urea gel of the products of the reaction
between hydroxyl radicals and the duplex CGC either unmodified or
containing an interstrand cross-link of irradiated 1. The top (left) or
bottom (right) strand was 5′-end labeled. T, G lanes, Maxam−Gilbert-
specific reactions for the unplatinated duplex. Arrows indicate the bands
that had a lower intensity than the corresponding bands seen for
unplatinated duplex. (C) Densitograms representing densities of the
bands in the right gel (bottom strand was 5′-end labeled) shown in
Figure 1B; black and red lines are the traces for a control sample without
interstrand CL and for the interstrand cross-linked duplex, respectively.
See the text for other details.
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preferentially atN-7 atoms ofG residues. These lesions subsequently
close to bifunctional cross-links (intrastrand and/or interstrand).
Considering this fact, we designed the synthetic oligodeoxy-
ribonucleotide duplex CGC (for its sequence, see Figure 4A).
The pyrimidine-rich top strand of this duplex contains a unique
G residue at which the monofunctional adduct of 1 was formed
after this strand was mixed with 1 and irradiated. Thus, the choice
of the duplex CGC allowed for a cross-linking study under
competitive conditions (i.e., interstrand cross-links were in
principle possible between the central G in the top strand and
either complementary C or adjacent (flanking) Gs on the
opposite strand). The top strand of the duplex CGC containing
the monofunctional adduct of irradiated 1was hybridized with its
complementary (bottom), 5′-end 32P-labeled strand. The
mixture was incubated at 37 °C in 0.1 M NaClO4, for 24 h in
the dark and subjected to gel electrophoresis under denaturing
(strand-separating) conditions to separate and quantify the
interstrand cross-linked duplexes.
The interstrand cross-linked sample was further analyzed by

hydroxyl radical footprinting.67 The hydroxyl radicals generated
by reaction of the EDTA complex of iron(II) with hydrogen
peroxide initiate cleavage of the DNA phosphodiester backbone
by abstracting a hydrogen atom from a deoxyribose. The
hydroxyl radicals cleave mixed-sequence DNA nearly equally at
each backbone position.75 The fragments generated by hydroxyl
radicals are then separated on a PAA gel under denaturing
conditions.
If this approach is applied to identification of bases involved in

the interstrand cross-links formed in the duplex CGC by
irradiated 1, then the fragments corresponding to all bases in the
bottom strand from the 5′-end up to the bases involved in
interstrand cross-links should migrate in the gel just as those of
the unplatinated duplex. On the other hand, fragments
corresponding to the bases behind the cross-link in the 3′
direction should migrate with a markedly slower mobility
because the generated fragments are cross-linked to the
complementary strand.
The cleavage patterns for the platinated and unplatinated

oligonucleotides, as well as the Maxam−Gilbert sequencing pat-
terns for the unplatinated oligonucleotide, are shown in Figure 4B.
For the two strands of the unplatinated duplex CGC, a uniform
cleavage was obtained. For the platinated duplex in which the
bottom strand only was 5′-end labeled with 32P, the last fragment
migrating in the same way as that due to the cleavage of the
unplatinated duplex corresponded to the 3′ G adjacent to the C
complementary to the platinatedG in the top strand.However, the
intensity of this band was lower in comparison with the band
corresponding to the same base in the unplatinated bottom strand.
A plausible explanation for this observation is that only a part

of the molecules of the duplex CGC contained the interstrand
cross-link involving this 3′G and that the remaining platinated
duplexes contained the interstrand cross-link involving the
adjacent base in the 5′ direction, i.e., single C (complementary to
the platinated G in the top strand), but also, the intensity of this
band was lower in comparison with the band corresponding to
the same base in the unplatinated bottom strand.
Thus, as deduced above, the sample of the duplex CGC

interstrand cross-linked by irradiated 1 had to contain another
fraction of duplexes containing the interstrand cross-link
involving the adjacent base in the 5′ direction, which is 5′G.
Intensities of the bands corresponding to the latter base and all
other bases in the 5′ direction were not attenuated in comparison
with the bands corresponding to the same bases in the

unplatinated bottom strand. Thus, it is reasonable to conclude
that interstrand cross-links other than those involving G in the
top strand of the duplex CGC and complementary C or either of
flanking Gs were not formed by irradiated 1.
Hydroxyl radical footprinting only provided qualitative

information about base residues involved in the interstrand
cross-link. Therefore, to obtain information about proportional
representation of individual types of the interstrand cross-links of
irradiated 1, duplex CGC interstrand cross-linked by irradiated 1
was further analyzed by DMS footprinting. In this assay,
platinated and unmodified strands (5′-end labeled with 32P) are
reacted with DMS which methylates the N7 position of guanine
residues in DNA, producing alkali labile sites.76 However, if N7 is
coordinatively bound to platinum, it cannot be methylated. The
oligonucleotides are then treated with hot piperidine and
analyzed by denaturing PAA gel electrophoresis. For the un-
modified oligonucleotides, shortened fragments due to the
cleavage of the strand at the methylated guanine residues are
observed in the gel. However, no such bands are detected for the
platinated guanine residues.
The sample of duplex CGC interstrand cross-linked by

irradiated 1 in which the top strand was only 5′-end labeled with
32P was reacted with DMSwhich does not react with platinated G
residues because N7 is no longer accessible.65,68,70,71 The adducts
were removed by NaCN,68,69 and then the sample was treated
with piperidine. In the unplatinated duplex, the central G residue
in the top strand was reactive towardDMS (Figure 5A, left panel)
whereas it was no longer reactive in the cross-linked duplex. This
observation confirms that the unique G residue in the top strand
remained platinated and was involved in the interstrand cross-

Figure 5.Dimethyl sulfate (DMS) footprinting of the interstrand cross-
link formed by irradiated 1 in the duplex CGC. (A) Shown are
autoradiograms of denaturing 24% PAA/8M urea gel of the products of
the reaction between DMS and the duplex CGC either unmodified or
containing an interstrand cross-link of irradiated 1. The top (left) or
bottom (right) strand was 5′-end labeled. T, G + A lanes, Maxam−
Gilbert-specific reactions for the unplatinated duplex. (B) Densitograms
representing densities of the bands in the right gel (bottom strand was
5′-end labeled) shown in panel A; black and red lines are the traces for a
control sample without interstrand cross-link treated with DMS and for
the interstrand cross-linked duplex treated with DMS and subsequently
NaCN, respectively. See the text for other details.
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link contained in the single fraction of interstrand cross-linked
duplex.65,68,70,71

In additional studies, the interstrand cross-linked duplex CGC
in which the bottom strand was 5′-end labeled with 32P was
examined (Figure 5A, right panel). After the interstrand cross-
linked duplex was reacted with DMS, the samples were then
further treated with NaCN to remove the adducts and finally also
with piperidine. The treatment with piperidine of the control
unplatinated duplex resulted in cleavage at all G sites in the
bottom strand (Figure 5A, left panel). When the cross-linked
duplex treated with DMS and subsequently NaCN was cleaved,
bands corresponding to all G residues in the bottom strand were
observed that had the same intensity as the corresponding bands
seen for unplatinated duplex, except for the G residues flanking
single C (complementary to the platinated G in the top strand)
(Figure 5B). As shown in Figure 5B, the intensities of these bands
were approximately 80% of the intensities observed for the
corresponding bands seen for the unplatinated duplex (the
means calculated from three independent experiments for bands
corresponding to 3′ G and 5′G were 79% and 81%, respectively;
the standard deviations were 2% and 3%, respectively). This
result, along with the results of hydroxyl radical footprinting
(Figure 4B,C), can be interpreted to mean that irradiated 1 forms
three types of the interstrand cross-links, ∼20% of these cross-
links are those between Gs in the 5′-GC/5′-GC sequence, ∼20%
between Gs in the 5′-CG/5′-CG sequence, and the remaining
∼60% between G and complementary C.
Having established the possibility of interstrand G−G cross-

links involving trans-{Pt(py)2}, we set about modeling studies to
obtain atomistic detail. Rather than employ the sequence used
for the experimental studies, which is of unknown structure, we
chose instead to base our studies on a known system which
already had an analogous Pt complex bound, albeit in a
monofunctional manner. However, prior to this, we had first to
construct and validate a suitable LFMM force field.
Partial charges for coordinated guanines were derived by

adding the change in CHelpG partial atomic charges between
isolated and Pt-coordinated guanine to the standard
MMFF9453−57 or AMBER9477 FF partial charges for uncoordi-
nated guanines. Figure 6 displays the complex, cis-[Pt(NH3)2Cl-
(dGuo)]+, used for developing the new LFMM/MMFF94 and
LFMM/AMBER94 charge scheme (Figure 7, with further details

in Table S1 of the Supporting Information). The charge on Pt,
qPt, can be computed from the total charge transferred by all the
ligands to Pt(II), ΔQ:

= − Δq Q2Pt (3)

Having fixed the partial charge scheme, LFMM requiresMorse
function parameters for Pt−L bond stretching (D, r0, and α), and
ligand−ligand repulsion parameters (ALL) for L−Pt−L angle
bending. The Cambridge Structure Database78 (CSD) was
searched for X-ray structures of complexes that could be used to
optimize new Pt−guanine parameters. Fifteen structures were
selected and, in conjunction with the existing LFMM parameters
for Pt-NH3 and Pt−Cl,

38 Pt−guanine parameters were manually
optimized to reproduce experimentally observed structures with
a target deviation in all Pt−L bond lengths of less than 0.05 Å and
G−Pt−Gbond angles of less than 3°. Overlays of the LFMM and
X-ray structures are depicted in Figure 8, and the Pt−L distances
are given in the Supporting Information (Table S2).
Apart from cis-diammine-bis(9-ethylguanine)-platinum(II)

(DEGXAO) where LFMM places one of the ammine ligands
0.075 Å further from the metal than that observed experi-
mentally, reproducing the PtL4 structure accurately is relatively
straightforward. The planar geometry is a function of the low-
spin d8 configuration and arises naturally and automatically from
the LFSE inherent in LFMM.31 However, an equally, if not more,
significant feature to consider is the local geometry around
guanine N7, in particular, by how much the metal is displaced
from the ligand plane.
Most of the complexes in Figure 8 do not explore this feature

very well since the κ1 binding mode makes it easy for the Pt to lie
in the guanine plane. The one that does, the κ2N diammine-
(deoxy-guanylyl-guanylyl-N7,N7′)-platinum(II) (DETLIX), has
some problems. There are the five separate CSD entries for
DETLIX, some of which show disorder. The two examples
included in Figure 8, DETLIX0179 and DETLIX20,80 show fairly
large variations of what should be the same bonds (Table S1 in
Supporting Information). We conclude that the differences
between LFMM and experiment may be attributable to the
quality of the experimental data. Thus, we turn to theoretical
studies to validate the FF further.
First, the vibrations of cis-[Pt(NH3)2(Cl)(dGuo)]

+ (Figure 6)
calculated using LFMM and additional density-functional theory
(DFT)/BP86 were compared. The computed values of the low
energy frequencies are similar (Table S3 in Supporting
Information) and while the detailed atomic motions vary
somewhat, the comparable energies, and hence force constants,

Figure 6. Model compound, cis-[Pt(NH3)2Cl(dGua)]
+, used to derive

the new charge scheme for Pt-binding guanines.

Figure 7. New LFMM/MMFF94 and LFMM/AMBER94 charge
schemes for N7-platinated deoxyguanosine (dGua(Pt)), derived from
CHelpG charges of the model compound, cis-[Pt(NH3)2Cl(dGua)]

+, in
Figure 6.
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suggest that the LFMD trajectories should be realistic. Second,
the energy required to bend a model guanine system,
[Pt(MeGuanine)(terpy)]2+ (terpy = 2,2′,2″-terpyridine, Figure 9)
was calculated.

The minimum-energy structure places the Pt in the ligand
plane. Bending the guanine 20° off the Pt−N axis (Figure 9,
bottom) raises the DFT energy by 6.5 kcal mol−1 versus 8.8
kcal mol−1 for MMFF94 and 7.8 kcal mol−1 for AMBER94. Thus,
the FFs are a little “stiffer” than DFT but not drastically. Finally,
further comparisons were made between LFMM results and
previously reported QM/MM data.
Gkionis and Platts81 employ the ONIOM method with the

quantum part comprising Becke’s half-and-half functional,

6-31+G** basis sets on the light atoms and the Stuttgart−
Dresden SDD ECP/basis on platinum, with the AMBER FF as
the MM part. As expected, for the PtL4 moiety, LFMM bond
lengths and bond angles accurately reproduce QM/MM. The
largest absolute difference between LFMM and QM/MM Pt−L
contacts is 0.03 Å with the average error of ∼0.02 Å (Table S4 in
Supporting Information). However, the bending at the N7
positions is less for LFMM than for QM/MM. For single strand
model systems (Figure 10, left), the overall agreement remains

reasonably good, but for double stranded systems (Figure 10,
right), where the bending strain is higher, the spacing between
the base planes is increased.
However, while the LFMM certainly gives “flatter” Pt−

guanine coordination, there remain examples with significant
distortions (Figure 11). Hence, the current approach appears
capable in principle of accommodating the necessary geometrical
variations.

The parameter development described thus far mostly
employed the MMFF94 force field since it has a richer set of
ligand types. However, for DNA simulations, we wish to use an
AMBER force field. Transferring LFMM parameters from
MMFF94 to AMBER94 is straightforward, as shown previ-
ously,82 and involves only some minor adjustments of the partial
charges (see Figure 7) and renaming of the atom types.

Droplet LFMD Simulations of the 1,2-Intrastrand and
Interstrand Cisplatin−DNA Complexes. The DommiMOE
simulation of the 1,2-intrastrand cisplatin−DNA adduct started
from the NMR dodecamer structure (PDB code 1A84) to which
counterions and water molecules were added as described above.
The potential energy converges after ∼2.5 ns (Figure S1 in
Supporting Information). Thus, the first 2.5 ns of the trajectory
were excluded, while the remaining 2.5 ns were used in
computing the average structure, distances, and angles. A
comparison between LFMD, previous QM/MM results,83 and
experimental data is given in Table 1. These include three root-

Figure 8. Overlays of energy-minimized LFMM (colored by element)
and X-ray (cyan) structures with CSD refcodes.

Figure 9. Perpendicular views of the model system to assess the
energetics of guanine bending. The guanine is shown bent 20° off its
minimum-energy position. (Nonpolar hydrogens are not shown.)

Figure 10. Overlay of QM/MM (green carbons) and LFMM (yellow
carbons) for single strand (left) and double-strand (right) GpG model
system.

Figure 11.Detail of LFMMN7 coordination for double-strandedmodel
of Figure 10.
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mean-square deviations (RMSDs) for, respectively, Pt−L bond
lengths, the heavy (nonhydrogen) atoms of Pt(II) and its ligands
NH3 andGua, and the entire Pt−DNA system. Figure 12 displays

an overlay of the LFMD and experimental structure. As expected,
the local geometry around the Pt center is well reproduced. The
DommiMOE LFMD RMSDs for Pt−L bond lengths, heavy
atoms of cisplatin−guanine, and the cisplatin−DNA complex are
0.041, 0.554, and 0.917 Å, respectively. The QM/MM
simulations for the same adduct have RMSDs of 0.04, 1.50,
and 4.20 Å.83

The droplet simulation of the 1,2-interstrand cisplatin−DNA
adduct started from the X-ray structure (PDB code 1A2E).
Again, a reasonable degree of the potential energy convergence
was obtained after ∼2.5 ns (Figure S2 in Supporting
Information), and therefore, the average structure was generated
using the last 2.5 ns of a 5 ns simulation. As shown in Table 2, the
droplet LFMD local geometry around the metal agrees well with
the experiment.

The droplet protocol is good for examining the structure in the
immediate vicinity of metal centers.84 The use of a Morse
potential to describe the “conventional” force field contribution
to M−L bonding allows, in principle, for the M−L bond to
effectively dissociate.85 Hence, if our treatment of the Pt lesions is
grossly incorrect, we would anticipate computing anomalously
long Pt−L contacts. However, the droplet method introduces a
surface effect which tends to restrain the “global” geometry. Such
surface effects can be alleviated using periodic boundary
conditions, and hence, the same interstrand cisplatin−DNA
complex was simulated with periodic boundary conditions using
our LFMM implementation in DL_POLY (Figure S3,
Supporting Information). The RMSD for Pt−L bond lengths,
the {Pt(NH3)2(dGua)2}

2+ fragment, and overall heavy atoms
certainly increase to 0.044, 0.823, and 2.488 Å, respectively, while
the overlay of computed and X-ray structures (Figure 13, right)

highlights the movement of the backbone during the simulation.
Compared to the periodic boundary DL_POLY_LF simulation,
the solvent droplet LFMD simulation is “stiffer”. To try to assess
just how big the surface effects might be, we removed the cis-

Table 1. Comparison between Selected LFMD, QM/MM,83 and Experimental Pt Bond Distances and Angles and Atomic RMSDs
for 1,2-Intrastrand Cisplatin−DNA Complex PDB 1A84

method N7−Pt−N7 (deg) Pt−N (Å) Pt−N′ (Å) Pt−N7 (Å) Pt−N7′ (Å) RMSDsa (Å)

NMR 90.1 2.049 2.050 2.046 2.051
QM/MM 86 2.11 2.09 2.06 2.03 0.04/1.50/4.20
DommiMOE 88.9 2.022 2.024 1.986 2.011 0.041/0.554/0.917

aRMSDs for Pt−L bond lengths, heavy atoms of {Pt(NH3)2(Gua)2}
2+, and heavy atoms of whole cisplatin−DNA complex.

Figure 12. NMR structure (green) of the 1,2-intrastrand cisplatin−
DNA complex: PDB 1A84 with the sequence d(5′-C1C2T3C4T5G6-
*G7*T8C9T10C11C12-3′)·d(5′-G13G14A15G16A17C18C19A20G21A22G23G24-
3′) where the -G6*G7*- site has been modified by cisplatin, superimposed
upon the averaged droplet-simulation LFMD structure (colored by
element; Pt2+ in magenta). Pt2+ and its directly bounded atoms are
displayed in ball and stick mode.

Table 2. Comparison between Selected LFMD and Experimental Pt Bond Distances and Angles and RMSD of Geometrical Data
for Interstrand Cisplatin−DNA Complex PDB 1A2E

method N7−Pt−N7 (deg) Pt−N (Å) Pt−N′ (Å) Pt−N7 (Å) Pt−N7′ (Å) RMSDa (Å)

X-ray 86.8 2.010 1.997 2.000 1.999
DommiMOE 87.9 2.033 2.037 2.000 2.001 0.023/0.265/0.494
DL_POLY_LF 90.2 1.963 1.966 1.953 1.950 0.044/0.823/2.488

aRMSDs for Pt−L bond lengths, heavy atoms of {Pt(NH3)2(Gua)2}
2+, and heavy atoms of whole cisplatin−DNA complex.

Figure 13. Crystal structure (green) of the cisplatin−DNA complex
PDB 1A2E with the sequence d(5′-C1C2T3C4G5*C6T7C8T9C10-
3′)·d(5′-G11A12G13A14G15*C16G17A18G19G20-3′), where G* denotes
the location of platinated nucleotides, superimposed upon the average
LFMD structure (colored by element; Pt2+ in magenta) derived from
simulations with (a) a solute molecule inside a “drop” of solvent and
with (b) periodic boundary conditions. Pt2+ and its directly bounded
atoms are displayed in ball and stick mode.
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{Pt(NH3)2}
2+ fragment and carried out a further 6 ns droplet

LFMD simulation to see whether the DNAwould straighten out.
The global bending angle does decrease from 47.2° to 24°, but
the distorted duplex is unable to return to a B-DNA
conformation on this time scale since one of the bases has
rotated out of alignment with its complementary base (Figure S4,
Supporting Information).
Periodic Boundary LFMD Simulation of the Interstrand

P−DNA Complex. The simulation of the interstrand P−DNA
complex (DL_POLY_LF with periodic boundary conditions)
started from the modified X-ray structure (PDB entry 3CO3) as
described above. Analysis of the α and γ backbone torsion angles
(see Figure S4, Supporting Information) shows little variation
apart from those for C6 which display g+ to t transitions and α for
A15 which changes from g+ to g− after about 4 ns. The average
structure generated from the last 2 ns of a 6 ns simulation is
displayed in Figure 14a, and an expanded view of the platinum-

binding site is shown in Figure 14b. The binding of the trans-
{Pt(py)2} fragment completely disrupts the hydrogen bonding
between C6 and G19 such that the former becomes much more
solvent exposed (vide infra) which accounts for the α/γ
variations.
A more detailed analysis of the local and global structural

parameters for nucleic acids can be generated using the program
Curves+.86 The results for the DL_POLY_LF simulations of
1A2E and P−DNA are presented in Figure 15.
Coordination of the trans-platinum fragment trans-{Pt-

(py)2}
2+ to G7 and G19 causes disruption of the T5-A20, C6-

G19*, and G7*-C18 base pairs and a propeller twist of the
platinated central base pairs by ∼120°, resulting in the formation
of hydrogen bonds between G19NH2 and G21O6, G19 O6 and
A20 NH6, G21 O6 and T5 NH3, and G7 NH2 and 3′ oxygen of
the sugar moiety 6. On the other hand, C6 and C18 are more
solvent-exposed than in B-DNA, a feature similar to that found in
the X-ray structure of the interstrand cross-link, PDB 1A2E
(Figure 14b). The local distortions lead to a global bend of the
duplex of∼67° and a helix unwinding of∼20°. The larger RMSD
of the {Pt(NH3)2(dGua)2}

2+ moiety from those in the starting

structure, as compared to the RMSD of the heavy atoms for the
rest of the complex, indicates a metal-binding site which is less
rigid than the rest of the DNA.
Figure 15 summarizes the minor groove width (Min-W) and

depth (Min-D), the C5′−C4′−C3′−O3′ (δ) torsion angles, and
the local interbase pair parameters: rise, tilt, and twist for the two
interstrand platinated duplexes in this work. Unlike the wide and
shallow features on either side of the platination site in cisplatin−
DNA complexes, the minor groove in P−DNA complex is wide
and shallow on one side and narrow and deep on the other. Sugar
puckers can be inferred from the δ torsion angles. Such an
analysis as that of Figure 15c shows that the P−DNA complex
displays a more A-DNA-like C3′-endo conformation at the
platinated site compared to the structure of 1A2E. The asym-
metric helix unwinding on the two strands of the P−DNA
complex is related to the decreasing interbase twist angles at the
metal-binding site (Figure 15d).
In the X-ray structure of the monofunctionalized {Pt-

(NH3)2py} adduct used as the starting point from which a
P−DNAmodel was constructed (PDB 3CO3), the Pt(II) complex
binds in the major groove of DNA. However, in our simulation of
the P−DNA complex, the platinum group which cross-links the
interstrand guanine bases via their N7 positions protrudes into
the minor groove of the DNA duplex, and these N7 atoms
located initially in the major groove are now also in the minor
groove. The simulations therefore predict for P−DNA that
platinum compaction in the minor groove leads to a bend toward
the minor groove as in the X-ray structure of the interstrand
cross-link, 1A2E.
While this prediction awaits definitive experimental verifica-

tion, we believe that starting with a system as close to our target
as possible and then using dynamics, as apposed to simple energy
minimization as was done for the first cis-platin-DNA
simulations, is a better way of exploring the potential energy
surface in order to generate suitable models. Further extensions
of this work would be to construct LFMM parameters for Pt-
cytosine binding and to explore other possible inter- and
intrastrand binding modes.

■ CONCLUSIONS
In this work, we have extended the LFMM parameters for Pt(II)
to allow simulations involving the metal bound to the N7
position of guanines in DNA. LFMM provides a relatively
sophisticated description of metal−ligand bonding which
captures most of the essential physics around the metal center.
For low-spin d8 Pt(II) systems such as those studied here, the
square-planar geometry of the platinum fragment is generated
automatically. Also, the computational efficiency of LFMM
allows relatively extensive molecular dynamics simulations from
which a detailed description of global DNA parameters can be
extracted. Compared to QM/MM, LFMD appears to afford
closely comparable accuracy but around 4 orders of magnitude
faster.36

Inevitably, how well platinum−DNA complexes can be
modeled is based on the interplay between LFMM for the
metal center and conventional MM for the “organic” parts. Our
choice to use AMBER94 in this work is partly based on its
performance and partly dictated by what is available in the MOE
package. We acknowledge that more recent force fields are
available and that these might describe some of themore intricate
structural parameters of DNA better. However, our experience
with the LFMM versions of AMBER94 and MMFF94 suggest
that the structure in the vicinity of the transition metal binding is

Figure 14. The average LFMD structure derived from simulations of
interstrand P−DNA complex, an interstrand cross-link on the DNA
duplex with the sequence d(5′-C1C2T3C4T5C6G7*T8C9T10C11C12-
3′)·d(5′-G13G14A15G16A17C18G19*A20G21A22G23G24-3′) containing the
trans-{Pt(py)2}

2+ fragment coordinated to G7 and G19, with periodic
boundary conditions. (a) The P−DNA complex. (b) An expanded view
of the platinum-binding site. Pt2+ and its directly bounded atoms are
displayed in ball and stick mode.
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quite similar despite the quite different forms of the functions in

each force field energy expression, so we believe our conclusions

would not be significantly altered using a different force field.

Given the observed formation of trans-[PtII(py)2(5′-GMP)2]
2+

upon irradiation of the anticancer prodrug trans,trans,trans-
[Pt(N3)2(OH)2(pyridine)2], we undertook extensive experi-
mental studies to establish that trans-{Pt(py)2} does form GG

Figure 15. Graphical representation of base pair parameters from Curves+ analysis as a function of base pair for the two of interstrand platinated
duplexes. Sequences are presented from residue 2 to 9 and residue 3 to 10 in strand 1 for 1A2E and P−DNA complex, respectively, to provide an
illustrative comparison between structures with different DNA sequences in (a) and (b), whereas the complementary sequences are presented from
residue 20 to 11 and residue 24 to 13 in strand 2 for 1A2E and P−DNA complex, respectively, in (c) and (d).
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interstrand DNA cross-links. These were both 5′-CG/5′-CG
cross-links and 5′-GC/5′-GC cross-links, as well as cross-links
between G and the complementary C. We then explored a
possible GG cross-linked system derived from the experimentally
characterized monofunctional adduct involving cis-{Pt-
(NH3)2(py)}.
The most interesting features of the structural deviations in

DNA induced by platination are the global bend of the double
helix and the deformation of the minor groove. Inspection of the
overall helix bend angle and the variation in minor groove width
using the program Curves+86 reveals the average LFMD
structure of P−DNA exhibits more bending (67°) and less
unwinding (20°) than an the interstrand cisplatin−DNA adduct
(bent by 60° and unwound by 81°) as well as less bending than a
reported transplatin interstrand cross-link (bent by 26° and
unwound by 12°).39 The P−DNA simulations further suggest
that Pt binding induces a bend toward the minor groove which is
also observed in the X-ray structure of the cisplatin interstrand
cross-link (PDB code 1A2E) but contrasts with the major groove
binding motif of the monofunctional adduct used as the basis for
building a P−DNA model. Overall, the proposed photoadduct
bears a closer resemblance to the intrastrand cisplatin−DNA
adduct, PDB 1A84, (bent by 83.2° and unwound by 36°) which is
of potential importance in the molecular mechanism of action of
this photoactivatable complex.
A quantitative analysis of the influence of nucleosomal core

proteins on specific drug−DNA interactions using a Taq DNA
polymerase stop assay has revealed that larger platinum
compounds generally display a greater tendency to target the
linker region of the nucleosomal DNA and have less access to
nucleosomal core DNA.28 For example, dichloro(N-[3-[(2-
aminoethyl)amino]propyl]-9-aminoacridine-4-carboxamide)-
platinum(II) with a molecular weight of 603 produces a higher
average linker-core ratio (L/C ratio) of 2.52 compared to
cisplatin (molecular weight of 300, L/C ratio of 1.32). Upon
binding to the linker region of the nucleosomal DNA, the
platinum modification could (i) enhance the binding of histone
H1 and the high mobility group (HMG1) protein87 and shield
the damage site from recognition by DNA repair machi-
nery11,39,87 by having a dramatic effect on the global curvature
of the DNA similar to a cisplatin 1,2-intrastrand lesion, increasing
the flexibility of the helix at the local site of the interstrand cross-
link, (ii) attenuate the negative electrostatic potential of
backbone phosphates by widening the minor groove at one
end of the platinated site, and (iii) change the groove landscape
by deepening the minor groove at the opposite end of the
platinated site together with A-DNA-like conformations and
the above structural factors and thus affect the formation of base-
specific hydrogen bonds in the major groove and the electrostatic
potential in the minor groove, two general mechanisms for
protein−DNA recognition.88 The compound can also access
nucleosomal core DNA. With a striking similarity to the global
shape of the intrastrand cis-{Pt(NH3)2}

2+ 1,2-d(GpG) cross-link,
the trans interstrand P−DNA adduct may influence the
rotational and translational positioning of DNA in nucleo-
somes.26
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