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The sequence selectivity that characterizes the DNA bind-
ing of the antitumor drug cisplatin (cis-[PtCl2(NH3)2]) has
been subject to a number of investigations.[1±8] The drug binds
preferentially to guanine residues involved in Gn runs (n� 2),
where it forms N7�N7 intrastrand GG�Pt chelates as the
major adducts. The species actually reacting with DNA are
the hydrolyzed forms of cisplatin, namely, cis-
[PtCl(NH3)2(H2O)]þ (1) and/or cis-[Pt(NH3)2(H2O)2]2þ (2).

As the overall selectivity observed for the cisplatin±DNA
interaction may arise from a combination of individual
binding preferences of the two hydrolyzed species, our goal
is to investigate the factors determining the kinetics of DNA
binding of each complex. Understanding these factors should,
on one hand, give us a clue to the overall sequence selectivity
of cisplatin and, on the other hand, reveal the impact of
exchanging a single ligand on the kinetics of platination. This
latter point is interesting in the more general context of
sequence-dependent binding of electrophiles to DNA.
Our strategy has been to examine the reactions of 1 and 2

with hairpin-stabilized duplex oligonucleotides in which one
to three guanine residues are placed in different local
sequences, while the overall environment is retained. Meas-
uring the rate constants for platination of the individual

guanine residues of these duplexes enabled us to study the
influence of the adjacent bases on the platination of a guanine
within duplex DNA. For the diaqua species 2, we have now
measured the platination rate constants of all the guanines
involved in the duplexes shown in Scheme 1. We demonstrate
here that the rate constants determined for the individual

guanine residues can be accounted for by a kinetic model
consisting of an initial, rapid, and reversible association of 2
on the surface of DNA and a subsequent irreversible ligand
substitution step. Our model considers the molecular electro-
static potentials (MEP) and accessible areas (aa) of the van
der Waals spheres of the N7 atoms as the principal variables
determining the sequence-dependent reaction kinetics. It
differs from the accessible surface integrated field (ASIF)
model introduced earlier by Lavery and Pullman to interpret
sequence-dependent N7-alkylation,[9,10] which combined the
influences of accessibility and electrostatics by calculating the
flux of the electrostatic field through the accessible surface. In
our model, electrostatics is considered mainly to affect the
local concentration of the electrophile on the N7 van der
Waals surface, whereas accessibility determines the kinetics of
the proper ligand substitution step.
From the rate constants shown in Table 1, we infer that

within duplex DNA, the reactivity of a guanine residue G
towards 2 decreases in the series TGG>GGT>TGA�
AGT>GGC�TGT>TGC. This order is similar to but not
identical with the order of the MEP in the vicinity of the N7
atoms of G, as calculated for double-stranded B-DNA
triplets:[11] GGT >TGG >GGC >AGT>TGA � TGT>

TGC. This suggests that one component of the observed
sequence selectivity of 2 may arise from different local
concentrations of 2 on the DNA surface. A reversible
association between the cationic complex 2 and the anionic
DNA has been shown to precede ligand substitution.[12] The
substitution step is expected to proceed with its own sequence
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Scheme 1. Schematic representation of the hairpin-stabilized duplex
oligonuleotides used in the reactions with 1 and 2.

Table 1. Apparent rate constants measured for the reaction of 2 with the
individual guanine residues of the DNA duplexes shown in Scheme 1. The
rate constants correspond to the underscored guanine.[a]

Sequence Duplex kapp [m�1 s�1] Ref.

TGGT I 18(1) [7]
TGGT I 15(1) [7]
AGT II 9(1) [7]
TGA III 9.6(5) [19]
TGGC IV 32(5) [32]
TGGC IV 2.0(5) [32]
TGC V 0.5(1)[b] [32]
TGT VI 1.9(5) [19]

[a] Reaction conditions: 20 8C, 0.1m NaClO4, pH 4.5� 0.1. [b] Rate con-
stant for each individual guanine residue.
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selectivity, and the ordering of the apparent rate constants is
thus likely to correspond to a combination of the selectivities
of both steps. The kinetics of the second step will depend on
1) the accessibility of the N7 atom and 2) its intrinsic
reactivity, which is related to the stability of the transition
state. The energy of the transition state is expected to be a
function of the interactions between the platinum ligands and
the neighboring DNA residues, and also of the MEP, which
will influence the electrostatic component of the Pt�N7 bond
being formed. In our work we have tested a hypothesis
according to which the major factor determining the sequence
dependence of the substitution step is the accessibility of the
N7 center. We show in the following that a simple mathe-
matical model combining the electrostatic effect in the
association step with the accessibility effect in the substitution
step indeed allows one to account for the observed rate
constants.
The two-step mechanism that we considered is shown in

Scheme 2. Since the reversible association step, driven by
diffusion and electrostatic forces, is expected to be very fast,[13]

the apparent rate constant will be equal to the product of the
equilibrium constant K and the rate constant k for the ligand
substitution step. The local concentration of the cationic
platinum complex in the vicinity of a given N7 atom is
proportional to K, which is dependent on the local MEP. This
dependence is accounted for by an exponential term derived
from Boltzmann statistics, that is, K/ exp(�qMEP(eLRT)�1),
where eL is the local dielectric coefficient, q is the unitless
formal charge of the species reacting with DNA, and theMEP

as well as RT are expressed in kcalmol�1. The rate constant k
is considered to be proportional to the accessible area aa on
the N7 van derWaals surface. Thus, the apparent rate constant
is given by Equation (1), where c1 is a proportionality factor

kapp ¼ Kk ¼ c1 aa expð�qMEPð"LRTÞ�1Þ ð1Þ

with the dimensions of m
�1 s�1ä�2 which includes the rate

constant for the proper chemical step (ligand substitution).
In this model, sequence-dependent effects on c1–resulting,

for example, from nonbonding interactions in the transition
state or from structural variations of the double helix–are not
taken into account. Equation (1) can be transformed into
Equation (2).

lnðkapp aa
�1Þ ¼ lnðc1Þ�qMEPð"LRTÞ�1 ¼ c01 þ c02 MEP ð2Þ

The constants c1’ and c2’ can be obtained by plotting
ln(kappaa�1) against MEP (by using the observed rate con-
stants listed in Table 1 for kapp and the calculated values for aa
and MEP) and determining the regression line. The aa and
MEP values were calculated for each guanine environment by
using B-DNA model structures, as outlined in the Exper-
imental Section. In these calculations, the reacting platinum
complex was approximated as a sphere of radius rattack
(Scheme 2) that is considered to roll over the DNA van der
Waals surface.[9,14] The MEP values associated with each aa
were determined for the point on the bisector of the C5-N7-
C8 angle having a distance of (rattackþ rN) from N7 (rN is the
van der Waals radius of the N atom).
Both aa and MEP were calculated for the interval 3.8 ä�

rattack� 5 ä. The lower limit corresponds to the radius of a
spherical van der Waals envelope of complex 2 and the upper
limit to that of an envelope of complex 2 associated axially
with two molecules of water.[15] Within the interval considered
for rattack, the MEP values undergo approximately linear
parallel shifts; thus, only those calculated for one selected
value of rattack (4.9 ä) are shown in Figure 1a. In contrast, the
variations of the accessible areas upon increasing rattack are
clearly nonlinear (Figure 1b) and the relative order changes.
In order to find out for which rattack Equations (1) and (2) work
the best, we have plotted ln(kappaa�1) against MEP and
carried out a linear regression corresponding to Equation (2)
for each considered value of rattack. The root-mean-square
(rms) deviation between the left- and right-hand sides of
Equation (2), determined with the optimized values for c1’
and c2’ over the eight rate constants listed in Table 1, was
plotted against rattack (see the Supporting Information). The
best fit is obtained for rattack¼ 4.88 ä. Deconvolution of the
optimized value of �0.14 mol kcal�1 for c2’ into �q(eLRT)�1

(q¼ 2, R¼ 0.002 kcalmol�1K�1, T¼ 293 K) yields an eL value
of about 24, which seems reasonable for a short-distance
interaction at the DNA surface. The observed kapp values are
plotted against the calculated values (right-hand side of
Equation (1) with c1¼ 9.57m�1 s�1ä�2 and eL¼ 24.4, as opti-
mized for rattack¼ 4.88 ä) in Figure 2. It can be seen that the fit
is fairly satisfactory.
Sequence-selective electrophilic attack on guanine N7

centers of DNA has been observed for N7-methylation with
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Scheme 2. The two-step mechanism considered in the mathematical
model.



nitrogen mustards.[16] For the least bulky nitrogen mustard,
mechlorethamine, the relative rates of methylation roughly
correlate with the MEP calculated at the N7 lone pair. For
methylation of tRNAPhe with dimethylsulfate, Lavery and
Pullman found that a reactivity index combining steric and
electrostatic factors, called accessible surface integrated field

(ASIF), yields a qualitative correlation with relative methyl-
ation rates of individual guanines of tRNAPhe.[9]

For DNA platination, we[7,17] and others[18] have previously
suggested that hydrogen bonds between platinum ligands and
DNA residues in the transition state could be responsible for
the observed sequence selectivity. However, our later at-
tempts to correlate the rate constants listed in Table 1 with the
energies calculated for the corresponding pentacoordinate
transition states were unsuccessful.[19] The results presented
here suggest that the main factors determining the sequence
dependence of DNA platination with 2 are electrostatic
potential and accessibility, while effects of noncovalent
interactions in the transition state are probably of secondary
importance. Hydrogen bonds from platinum ligands certainly
do influence the reaction kinetics, as the reactivity of
complexes cis-[PtL(NH3)2(H2O)]nþ (n¼ 1, 2) towards a given
DNA guanine residue increases with increasing hydrogen
bonding capacity of the ligand L.[7] However, as our present
results suggest, and also in agreement with recent model
calculations by Hambley,[20] these interactions may be rather
sequence-unspecific. For example, sequence-neutral hydro-
gen bonds from the platinum ligands to the 5’-phosphodiester
group probably favor the approach of the platinum complex
to any guanine N7 site, as indicated by the fact that a 5’-
phosphate accelerates the platination of guanine nucleo-
tides[21,22] and dinucleotides.[23]

The way our kinetic model accounts for electrostatic effects
is principally different from Lavery©s ASIF approach used to
quantify the rate of guanine methylation by CH3

þ cations
generated from dimethylsulfate.[9] The ASIF model considers
the rate constant to be proportional to the flux of the
electrostatic field through the accessible surface fragment of
the van der Waals sphere around the N7 atom. In this model,
the crucial variable is the radial component of the electric
field at the center of the attacking sphere rolling over the van
der Waals surface. We have calculated the sequence-depend-
ent variations of this component within the interval 3.8 ä�
rattack� 5 ä and found them to be rather small (� 13%) and
almost independent of rattack (not shown). Thus, multiplication
of each accessible surface element with the radial field
component modifies the sequence dependence of the acces-
sible area around N7 only slightly. As a result, we found that
the correlation of the experimental rate constants (Table 1)
with the ASIF values is not better than that with the accessible
areas only. At variance with ASIF, our present model
considers that the electrostatic forces mainly determine the
local concentration of the cationic species at the DNA surface,
which depends on the MEP, a scalar entity. The corresponding
function, exp(�qMEP(eLRT)�1), undergoes sequence-de-
pendent variations up to a factor of 6. Thus, the influence of
electrostatics on the rate constant is significantly more
important in our model than in the ASIF model.
As already mentioned, the MEP is expected to affect not

only the preassociation equilibrium constant K but also the
rate constant k for the substitution step, since a large electron
density at the N7 lone pair will strengthen the Pt�N7
bond being formed. Thus, the exponential term in Equa-
tion (1) may contain some influence of the MEP on k, even
though the refined eL value of 24 agrees reasonably well
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Figure 1. a) The molecular electrostatic potentials calculated for guanine
residues in the sequences of the duplexes shown in Scheme 1 at rattack¼
4.9 ä (see the Experimental Section and Scheme 2). The MEP value for
TGC was set arbitrarily to zero. b) Accessible areas aa around N7 atoms
calculated as a function of rattack for the same sequences.

Figure 2. Observed apparent rate constants kapp (from Table 1) for the
reactions between the individual guanine residues of the DNA duplexes
shown in Scheme 1 and complex 2, plotted against values calculated by
using Equation (1), with the optimized constants c1¼ 9.57 m�1 s�1ä�2 and
eL¼ 24.4. The aa and MEP values were calculated with rattack¼ 4.88 ä.



with what would be expected for an outer-sphere preassoci-
ation.
Some striking features of the sequence-selective binding of

2 to DNA (Table 1) can now be interpreted on the basis of our
kinetic model. First, the very low reactivity of the TGC
sequence seems to be a combined effect of the steric bulk
exerted by the flanking pyrimidines and of the low negative
MEP. Second, the high reactivities of TGG and GGT are
apparently also a combined effect of that of high aa and highly
negative MEP. Finally, the similar reactivities of TGA and
AGT towards 2 appear to originate from a compensation
between the higher negative MEP of AGT and a higher
accessibility of TGA. Interestingly, this compensation occurs
only at rattack> 4.65 ä, since below this value both aa andMEP
favor AGT (Figure 1). Size and charge of the attacking species
are therefore expected to affect selectivity.
In conclusion, the sequence dependence of guanine N7

platination with complex 2 can be accounted for by a
combined effect of the molecular electrostatic potential,
considered in our kinetic model to determine the local
concentration of 2 at the DNA surface, and the steric bulk
of the neighboring bases, quantified as the accessible area of
the van der Waals sphere around the N7 atom. The good fit
that we obtain between calculated and experimental rate
constants suggests that other effects, such as nonbonding
interactions in the transition state, are less important. This
result is interesting for two reasons. First, it indicates that
accessibility is a main factor determining the sequence-
dependent binding of platinum complexes to DNA. This is
further supported by our preliminary results showing that the
same kinetic model holds also for the N7 platination by the
monocationic complex 1. Second, our model delineates a
concept of treating the influence of electrostatics and
accessibility in a simple mathematical formula which is
formally in accord with the two-step mechanism (Scheme 2)
generally accepted for ligand exchange reactions on metal
complexes.[24] This concept may be applicable–with eventual
extensions, for example, to include the effects of solvation on
the MEP[25,26] or the influence of sequence-dependent varia-
tions of DNA structure on both the MEP and aa[10]–to other
metal complex±DNA systems, and possibly to DNA alkyla-
tion by organic electrophiles as well.

Experimental Section

The accessible areas (aa) around guanine N7 atoms and the associated
molecular electrostatic potential (MEP) were calculated for the duplex
parts of the hairpins shown in Scheme 1; canonical Arnott B-DNA
structures were constructed by using the NUCGENmodule of AMBER,[27]

and the helices were truncated on both sides after the third base pair from
the central G�C base pair. (Thus, the calculations were carried out on
double-stranded DNA heptamers.) The principle of the determination of
aa has been outlined by Lavery and Pullman.[9,28] Briefly, the reacting
complex is approximated by a sphere of a radius rattack which is considered
to roll over the van derWaals surface of the molecule. The accessible area is
defined as the surface that the center of the sphere describes while the
sphere is in contact with the van der Waals sphere of the N7 atom; aa was
calculated by using the Korobov method[29] to generate a regular
distribution of points on a sphere of the radius (rN7þ rattack) around the
selected N7 atom. (We used a Korobov index of 26, generating 196418
points.) Subsequently, we employed the algorithm by Lavery and Pullman[9]

to check for each point whether it lay within the van der Waals distance

(rXþ rattack) of any atom X. The fraction of points outside all van der Waals
contacts multiplied with 4p(rNþ rattack)2 finally yielded aa. The MEP was
calculated for the space point at the C5-N7-C8 bisector at the distance rNþ
rattack from the N7 atom (rN is the van der Waals radius of N), as the sum
332�qi/ri [kcalmol�1] calculated over all atoms, qi [e] being the charge of
atom i and ri its distance from the space point in ä. For convenience, all
MEP values were shifted so as to set the MEP for TGC to zero. (This offset
modifies c1 and c1’ but not c2’ or eL.)

The MEP and aa values plotted in Figure 1 were determined using the van
der Waals radii and ESP atomic charges of Lavery and Pullman.[28]

Alternative use of van der Waals radii and/or atomic charges from the
AMBER force field[30] or of van der Waals radii by Bondi[31] modified the
numerical aa and MEP values but did not appreciably affect their sequence
dependence.
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