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Fully optimised HF and DFT transition states of cisplatin binding to adenine and guanine
are presented for the first time. They have similar structure as the recently published transi-
tion states for cisplatin hydrolysis with the angle of about 70° between entering and leaving
ligands and corresponding bonds prolonged up to 0.5 Å. Calculated activation energies are
in the range of 10.5–18 kcal/mol. The lowest activation energies were found for the binding
of cis-Pt[(NH3)2(H2O)(OH)]+ to guanine. The role of hydrogen bonds in recognition of bind-
ing sites, stabilisation of reactants and final yields of individual cisplatin–DNA adducts is
discussed.
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In recent years much work has been done to improve the understanding of
cisplatin–DNA reactivity and recognition. It is known that 60–65% of
cisplatin is bound to d(GG) moiety1,2. Experimental results show that the
rate of the platination reaction is higher for double-stranded oligonucleo-
tides than for the single stranded ones3, and it is increasing with the length
of the oligonucleotide4,5. Furthermore binding to 5′-G is slightly preferred
before 3′-G in GG sequences3,4,6. Therefore the DNA environment influ-
ences substantially the binding of cisplatin. The nature of the adduct is
given mostly by structural properties of both Pt(II)-complex and DNA.
Structurally very distinct adducts can be formed. However in all cases the
first target of the complex attack is the same – the guanine base.

The dichloro form of cisplatin is not able to attack DNA and has to be mod-
ified by hydrolysis or by some S-bound groups of proteins before binding to
DNA. Hydrolytic changes were already studied by Miller et al.7 under physi-
ological conditions. It was concluded that the most probable species inter-
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acting with DNA are mono-charged complexes of cis-Pt[(NH3)2(H2O)Cl]+ (1)
and cis-Pt[(NH3)2(H2O)(OH)]+ (2). Ratio of double-charged cis-Pt[(NH3)2
(H2O)2]2+ complex (3) is negligible (less than 1%)7 under physiological pH
of 7.4 (compare also with pKa values of 5.37 and 7.21 8). However it was
shown for Co-complexes by Black et al.9 that with increasing positive
charge the affinity of metal species increases by an order of magnitude or
even more. That is why double-charged cisplatin can be important in the
DNA binding and we have considered it in our study.

Despite the relative simplicity of the cisplatin molecule, the above-
mentioned aspects of DNA–cisplatin reactivity result from complex interac-
tions, where besides the role of the DNA double helix the influence of sol-
vent should be considered, too. Water and counterions play an important
role in cisplatin binding to DNA.

COMPUTATIONAL METHODS

Choice of Model System

The choice of the model system always reflects a compromise between com-
putational possibilities and natural complexity of the molecular system.
Our model system includes the whole nucleic acid base (adenine or gua-
nine) and one of the three above-mentioned platinum structures (1, 2, 3).

Computational Details

Quantum calculations employ the GAMESS 10 and GAUSSIAN94 11 program
packages. LANL2DZ 12 and SBK 13 valence basis (VB) sets and corresponding
relativistic effective core potentials (ECPs) were used for the platinum atom.
Pt is treated as the 18-electron system in all calculations, with both the n = 5
and n = 6 shells considered as valence electron shells. Due to complexity of
our system we performed all optimisations only on HF/SBK/SBK level, it
means we replaced also all core electrons of main group elements and de-
scribed them by SBK pseudopotentials. Valence electrons are described by
split valence -31G SBK basis set. HF method was also recommended for
cisplatin calculations on larger systems by Pavankumar et al.14 It gives very
reasonable agreement with MP2 and DFT calculations for bond and dihed-
ral angles. Pt–X (X = Cl, N, O) were overestimated by about 0.1 Å but rela-
tive bond changes were well preserved when comparing minima and
transition-states structures15. To prove this statement we have also per-
formed B3P86/LANL2DZ/6-31G* optimisations for selected TS structures.
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To give consistent and comparable picture for all transition states we based
our results on HF structures. B3P86/LANL2DZ/6-31G* and HF/SBK/SBK op-
timised structures are compared in a special paragraph.

Relative energies were evaluated by single point MP2/LANL2DZ*/6-31G*
calculations. LANL2DZ valence basis set on the platinum atom was modi-
fied by an extra set of f functions of exponent 0.78 16.

The procedure of determining the transition states has been described
elsewhere15. All structures were carefully optimised (with the maximum
gradient of 0.00001 a.u.) and the nature of the stationary points obtained
was always checked by frequency analysis.

The activation energies are computed with respect to the appropriate
H-bonded minima structures that we call “pre-substitution” complexes.

Labelling Scheme

Structures are referred to as XxxYz, where Xxx is either Ade (adenine) or
Gua (guanine), Y is one of the three above-defined platinum structures 1, 2,
3 and the italic letter z distinguishes various conformers of the same struc-
ture. Transition states are referred to as TS_XxxYz, adopting the same
scheme as the corresponding structures. The TS structure corresponding to
guanine O6 atom bonding in the first step is designated as TS_Gua1a-O6.

RESULTS

Interaction of 1 with Guanine

The “pre-substitution” complex Gua1a can be formed before reaction. In
Gua1a structure the first H-bond connects the N7 atom of guanine with a
H2O ligand (rN7–H = 1.602 Å) and the second one connects O6 atom of gua-
nine with the NH3 ligand (rO6–H = 1.786 Å) (Fig. 1). The first H-bond helps
to keep the platinum central atom of the complex in a relative vicinity of
the future reaction center of guanine – the N7 atom (rPt–N7 = 4.099 Å). Thus,
a good relative position with respect to the transition-state geometry is also
ensured and the probability of the reaction is increased effectively. The
chloro ligand is a “bad” leaving ligand since its interaction with N7 atom of
guanine is repulsive. Although in the X-ray and NMR studies of the
1,2-intrastrand adduct cisplatin–DNA the second H-bond O6···NH3 has not
been observed17,18 its formation is well known in the monofunctional com-
plexes of cisplatin with guanine3. This H-bond is preserved in the course of
the substitution and it further stabilises the complex. In the reaction with
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DNA there is also the third H-bond to the oxygen of the phosphate which
was observed17,18. Its stabilising role is important19 but it is in our opinion
well preserved in the course of the reaction due to flexibility of the phos-
phate chain and it should not affect the mechanism of the substitution. It
may only change the relative conformation of the platinum complex with
the purine base.

The shape of the transition-state structure TS_Gua1a is a distorted
trigonal bipyramid with longer bonds to the entering guanine (rPt–N7 =
2.588 Å comparing with 2.091 Å in the cis-Pt[(NH3)2GuaCl]+ complex) and
to the leaving water (rPt–O changes from 2.022 to 2.451 Å). The angle enter-
ing ligand, platinum atom, leaving ligand is only 71.7°. The angle between
the plane of guanine and that of Pt(II)-complex is about 51°. However this
value can be very different in a real DNA environment (compare also ϕ val-
ues in Table I). The structure is stabilised by a strong O6···HNH2 H-bond.

An internal rotation around the Pt–N7 bond gives another (by about
0.5 kcal/mol less stable) conformation of the transition state TS_Gua1b
with two weaker and non-linear H-bonds resulting from the interaction of
O6 atom with the NH3 ligand of cisplatin and the hydrogen of the leaving
water molecule (see Table I).

We have also checked for possibility of formation of the Pt–O6 adduct in
the first step. Formation of the Pt–O6 bond causes significant changes in
the interaction between guanine and cytosine compared to the Watson–
Crick H-bonding pattern20. It may lead to a point mutation of DNA 21. The
corresponding transition state TS_Gua1a-O6 is by about 2.9 kcal/mol less
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FIG. 1
Structure of the “pre-substitution” complex 1a (left) and the transition state TS1a (right)35
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TABLE I
Comparison of main structural characteristics of transition states for the cisplatin bonding
with guanine and adenine computing by HF/SBK/SBK method (Structures denoted by DFT
are optimised by B3P86/LANL2DZ/6-31G* method. See Fig. 1 for numbering of atoms of
TS1–3a structures; Fig. 2 for numbering of TS1a-O6 and TSII-O6 structures; Fig. 3 for num-
bering of TSAde1 structures. Pt-displacement, displacement of platinum atom from the gua-
nine (adenine) base plane; ϕ, angle between planes of guanine (or adenine) and Pt(II)-
complex; Ea, activation energy for corresponding substitution.)

Transition
states

Pt–N7 Pt–O1
H-bonds

Å
N7–Pt–O1

°

Pt-
displace-

ment
Å

Φ
°

Ea
kcal/mol

TS1a 2.59 2.45 1.75a 71.7 0.4 51 14.0

TS1b 2.57 2.40 1.91a; 2.17b 74.5 0.0 50 14.5

TS1b-DFT 2.48 2.38 1.90a; 1.90b 73.1 0.5 56 –

TS2a 2.55 2.43 1.84a 71.1 0.6 55 10.4

TS2b 2.58 2.41 1.91b; 2.14a 74.6 0.2 53 11.5

TS3a 2.59 2.45 1.42b 71.2 0.6 70 17.9

TS3b 2.50 2.48 2.02a; 2.47a,g 78.2 0.4 79 21.1

TSAde1a 2.59 2.44 1.87c; 2.58d 75.1 0.0 66 14.5

TSAde1a-DFT 2.50 2.38 1.75c; 2.39d 74.8 0.1 67 –

TSAde1b 2.59 2.44 2.56d 69.6 0.7 88 16.1

TSAde1c 2.62 2.42 2.09e 73.6 0.5 37 16.7

Pt–O6
Å

Pt–O1
Å

H-bonds
Å

O6–Pt–O1
°

Pt-
displace-

ment
Å

Φ
°

Ea
kcal/mol

TS1a-O6 2.43 2.49 1.77f; 2.55b 74.9 1.4 76 16.9

TS1b-O6 2.46 2.50 2.06 63.1 0.6 79 17.1

TSII-O6 2.51 2.55 – 66.2 0.0 31 –

a O6···HNH2 distance; b O6···HOH distance; c N6···HOH distance; d Cl···HN6 distance;
e NH3···N6 distance; f N7···HOH distance; g O6 atom forms H-bonds with both NH3 groups
of cisplatin.



stable than TS_Gua1a structure. Substitution reactions of cisplatin are
kinetically driven giving only a minor importance to the thermodynamic
stability of the product structures. In spite of that we would like to mention
that the reaction on the O6 atom is slightly endothermic (by about 2.2
kcal/mol) while the reaction on the N7 atom it is exothermic for all species.
Our data clearly support the N7 atom as the preferential binding site for
platinum but they are not able to explain fully the zero occurrence of
Pt–O6 adducts. Other factors such as steric hindrance that is not included
in our model can influence the results.

Very similar conclusions are probably also valid for the O6-binding in the
second step after a previous binding of cisplatin to N7 atom to form
N7–Pt–O6 chelate (with corresponding TSII-O6 transition-state structure)
although in this case an increase of energy connected with the deformation
of DNA has to be taken into account for the competitive GpG chelate.
Structures of both transition states for the O6-adduct formation are shown
in Fig. 2 and in Table I.

Interaction of 2 with Guanine

This reaction needs the lowest barrier of about 10.4 kcal/mol to proceed. 2
is more stable than 1 22 and it is also the most probable species to attack
guanine according to our results. OH– group is able to polarize more its
bond with central platinum atom comparing to Cl–. The Mulliken popula-
tion analysis at the MP2/LANL2DZ*/6-31G* level shows that the charges on
the Pt atom for 2a and TS2a (or b) structures are approximately by +0.25 e
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FIG. 2
Structure of transition states for the cisplatin binding on the O6 atom of guanine in the first
step TS1a-O6 (left) and in the second chelation step TSII-O6 (right)
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higher than those for corresponding chlorine complexes 1a and TS1a (or b)
(+0.99 comparing to +0.72 e). However, this difference is overestimated
for the 6-31G* basis set and it is expected to be lower with the extended ba-
sis set22.

Otherwise, as expected, the substitution of the Cl– ligand by an OH–

ligand does not change significantly the picture described in the previous
section. Main structure characteristics of the transition states TS2a and
TS2b for substitution of 2 with guanine are given and compared in Table I.
The “pre-substitution” complex 2a can be found in Supporting Information.

Interaction of 3 with Guanine

The diaqua species 3 bearing two positive charges has the biggest affinity to
guanine. However this structure differs not only in its charge but also in its
capability to form H-bonds. The chloride and hydroxo ligands in 1 and 2,
respectively, are potential H-bond acceptor whereas the aqua ligand in 3 is
a H-bond donor. Therefore there is one more ligand that is able to form an
H-bond with O6 atom of guanine and several conformers of 3 with guanine
can be formed. Only the most stable conformer with H-bonds to two aqua
ligands was considered – 3a and 3aw structures (see further text). It leads to
the TS3a TS structure. The transition state TS3b is less stable by about 3.2
kcal/mol due to a weaker O6···HNH2 H-bond.

Due to the double positive charge of 3 the H2O hydrogens are highly
acidic here (pKa value of 5.4 8) comparing with free water molecule hydro-
gens. It can lead to artificial differences between primarily equal hydrogens
in our vacuum-phase calculations if the first of these acidic hydrogens is in-
volved in hydrogen bonding to e.g. guanine or free water molecule and the
second hydrogen is not. To make again both hydrogens equivalent, an ad-
ditional water molecule, bound by H-bond to the second hydrogen of the
water ligand, was included to our quantum chemical system. This approach
was used with success for 3a complex to give complex designated as 3aw
(see Supporting information).

No hydrogen transfer occurs in the TS structures since the H2O···N7 hy-
drogen bond is already disrupted. We were able therefore to perform full TS
optimisations without an additional water molecule (structures TS3a and
TS3b). Optimisations with an additional water molecule were done only for
TS3a to give TS3aw for a comparison with the 3aw minimum.

We have to note, however, that these structures are computed with the
highest error due to the highest unscreened charge. Besides the previously
described problems, it results in short H-bonds (HOH···O6 being only 1.42 Å
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in the TS3a structure). However, what is in our opinion more important,
the covalent bonds are described properly as can be seen from the compari-
son in Table I.

The energy barrier for this substitution is according to our calculations
the highest: 17.9 kcal/mol. The reason may be a better stabilisation of the
double-charged 3aw structure comparing to the stabilisation of the mono-
charged 1a and 2a structures.

Interaction of 1 with Adenine

Amino group of adenine is intrinsically pyramidal due to a partial sp3 hy-
bridisation of its nitrogen atom, which allows forming non-classical inter-
actions: out-of-plane H-bonds and amino-acceptor interactions23. It was
already observed e.g. for the hydrated Mg2+–Deoxyadenosine Monophos-
phate complex19. Another example is shown in Fig. 3. The transition state
TS_Ade1a for N7 binding to adenine has H1 atom of the NH2 group sub-
stantially deviated by about 50° from the adenine plane. A double H-bond
stabilisation of the TS structure and a little higher angle between entering
and leaving ligands of about 75° are observed (see Fig. 3 and Table I). There
is no out-of-plane force acting on the H2 hydrogen of the amino group.
The AT base pair structure will not be therefore influenced. The activation
energy is 14.5 kcal/mol.

Other possible TS-structure conformers are a little less stabilised by only
one H-bond: TSAde1b structure with the NH2···Cl hydrogen bond and
TSAde1c structure with the NH3···NH2 hydrogen bond are about 1.6 and
2.2 kcal/mol less stable, respectively. However, differences are not impor-
tant and the most stable conformation will result from the stabilisations
and/or destabilisations coming from the real DNA environment. The im-
portant feature of our model is the fact that all the structures have the same
main structural characteristics as it is shown in Table I.

Comparing our results for guanine and adenine, it is clear that different
reactivity is not caused by the difference in stability of their Pt–N7 bond.
The difference of 100 kJ/mol of interaction energies of cisplatin adducts
with guanine and adenine, respectively, was already calculated24. Our cal-
culated value of activation energy for the platinum substitution of adenine
is only by about 0.5 kcal/mol higher than the corresponding value of gua-
nine. TSAde1a structure is very well stabilised by NH2···Cl and H2N···H2O
H-bonds. In 2 OH– group does not offer such an advantageous pattern, we
expect a little higher difference of about 2.0 kcal/mol 25. Anyway the
“pre-substitution” complexes already include the large portion of electro-
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static interaction, which was shown to be responsible for the stronger sta-
bilisation of guanine adducts when compared to adenine26.

DFT Optimised Structures

We have reoptimised TS_Gua1b and TS_Ade1a transition states using
B3P86/LANL2DZ/6-31G* method. As shown in Table I, the DFT computa-
tions provide structures essentially identical with the Hartree–Fock results
despite some systematic differences in bond lengths19. HF bond lengths
Pt–X (X = Cl, N, O) are overestimated by about 0.1 Å what is in a good
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FIG. 3
Three different conformers of transition states for the cisplatin–adenine binding
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agreement with results of our previous study15. H-Bonds are considerably
shorter, too. The 6-31G* basis set enables much better orbital overlap be-
tween donor and acceptor atoms. TS_Gua1b structure is stabilised by two
strong H-bonds of 1.9 Å.

DISCUSSION

An agreement of ab initio calculation results of an isolated vacuum-phase
molecular system with a real liquid-phase experiment is often achieved. It
seems to be the case of Pt(II) transition-states structures as was already pro-
posed by Deeth et al.27, too. The question is whether and to what extent the
results of the present study concerning a system formed by a whole nucleic
acid base (adenine or guanine) and one of the three platinum structures (1,
2, 3) can be extrapolated to a real environment of DNA in solution.

First we would like to stress that all our results (including those from our
previous study15 concerning cisplatin hydrolysis) are in a good agreement
with available experimental data. The second point is the conserved struc-
ture of these transition states, which does not seem to be dependent on the
nature of leaving and entering ligands and of the ligands in the cis-posi-
tions. The TS structure does not even depend on the charge of the system –
compare e.g. transition states for the first and the second step of cisplatin
hydrolysis in our previous study15 – or results shown in Table I of this stu-
dy. In spite of large differences in the description of H-bonds, the double-
charged system TS3a has the same main structure characteristics which are
connected with the Pt(II)-complex itself as the mono-charged complexes
TS1a and TS2a or TSAde1.

Although nonbonding interactions do not have significant influence on
the structure of transition states, they have a key role in molecular recogni-
tion affecting thus reactivity. We would like to touch this interesting and
important theme from the point of view of our results.

In the “pre-substitution” complex structure, the H-bond, which connects
the leaving ligand with N7 atom of guanine, can be significant in this par-
ticular geometry for two reasons: (i) helps to keep the platinum central
atom of the complex relatively close to the future reaction center of atom
N7 which may increase effectively the probability of the reaction and (ii)
right mutual position of the reactants with respect to the structure of tran-
sition state is ensured in this case. To support the second point we would
like to stress that the angle entering ligand-Pt-leaving ligand is low (about
70°) in the TS structures. We have not found any attempt of cisplatin to
spread its coordination sphere. Even in the critical pentacoordinated struc-
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ture of the TS, its electronic structure is indeed that of a slightly disturbed
four-coordinated complex (see also Fig. 4 in our previous study15). There-
fore the reaction could be more precisely described like “pushing away” of
the leaving ligand by the entering one rather than a direct attack of the en-
tering ligand from the direction perpendicular to the coordination plane.

The high electron density associated with N7 atoms in GG pairs appears
to provide major driving force for these reactions with positively charged
complexes28. And it was also stated that H-bonding plays a role in stabilisa-
tion of intermediates formed during the course of the reactions of cisplatin
with nucleotides and it may provide a kinetic driving force toward GpG
cross-links in oligonucleotides29. The question is the relative importance of
different H-bonds, mainly of the H-bond with the O6 atom of guanine.

The H-bond to the O6 atom is well known from the monofunctional
cisplatin–DNA adducts and its possible stabilisation role was already pro-
posed3. Interaction with NH2 group of adenine has a much lower stabilising
effect24. The H-bond towards the O6 atom was not observed in the bi-
functional adducts of cisplatin with DNA 17,18 but already bonded guanine
may play its stabilisation role for the chelation step. In this case the
Pt(II)-complex is already well anchored to the chain and the O6 atom is not
necessary for the stabilisation. Therefore cisplatin can chelate very easily
also to adenine if it is close enough. This is the case, indeed, for 1,2-intra-
strand ApG adducts with the 25% occurrence ratio.

Previous consideration is in a good agreement with the common hypoth-
esis that the presence of at least one N–H group to bind O6 atom of gua-
nine is a prerequisite for the drug anticancer activity30. However this
hypothesis was scrutinised recently. It was shown26 that a net stabilisation
due to this H-bond formation is only 4.2 kcal/mol for [Pt(NH3)3(9-methyl-
guanine)]2+. After experiments on DNA adducts with dichloro-N,N′-di-
methylpiperazineplatinum(II), which lacks N–H functionalities, it was
concluded that the very small size of the NH group, not its H-bonding abil-
ity, is responsible for the good activity exhibited by Pt compounds with
ammine carrier ligands with multiple NH groups31.

Moreover the theoretical study of interactions of hydrated divalent cat-
ions with purine nucleotides reveals that the interaction with the O6 atom
of guanine is apparently weaker19 comparing to strong bridges between the
cation and anionic oxygen atoms of the phosphate group.

The H-bonding to the phosphate oxygen was observed for adducts of
mononucleotides32 up to adducts of real DNA 17,18. It was shown e.g. that
5′-GMP reacts with cis-[Pt(H2O)2(NH3)2]2+ more rapidly than 3′-GMP, G, or
dG 33. The interaction with the phosphate backbone changes certainly con-
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formations of our optimised structures. We expect mainly some internal ro-
tation of the platinum complex around Pt–N7 bond and the angle between
the purine base plane and the plane of the platinum complex will be
changed. However, the high flexibility of the phosphate chain should allow
neglecting changes of interaction energies connected with these H-bonds in
the course of the reactions.

The higher strength of the H-bond of N7 atom of guanine is directly con-
nected with its higher electron density comparing to the electron density of
N7 atom of adenine.

To conclude this section, we should like to stress the importance of the
H-bonding with N7 atom in the “pre-substitution” complex followed by
H-bonds with phosphate oxygens and the O6 (NH2) atom. The latter two
are well preserved during the reaction. The main role of the O6 atom in
guanine is in our opinion in the enhancement of a negative electric field in
the vicinity of the N7 atom as can be seen from a molecular electrostatic
potential comparison34. N6 atom of adenine is a nucleophile, too, when the
amino group becomes pyramidal-rotated but in the adenine plane the N6
atom is shielded by its hydrogens.

CONCLUSIONS

Our reaction model of the cisplatin binding to guanine supposes:
1) Formation of the “pre-substitution” complex which is stabilised by

three H-bonds connecting N7, O6 and phosphate with proper ligands of
Pt(II)-complex. However the H-bond to phosphate is neglected in our study
supposing to be well preserved in the course of the reaction and not having
significant influence on the mechanism of the reaction. The H-bond con-
necting the leaving ligand with the reacting center of the guanine (N7
atom) ensures a good mutual position of reactants with respect to the TS
structure.

2) Substitution proceeds via a pentacoordinated transition state with a
low angle of about 70° between entering and leaving ligands and corre-
sponding bonds prolonged up to 0.5 Å. It has the same structural character-
istics as our previously reported transition states for cisplatin hydrolysis15.

3) The activation energy for Pt–adenine binding is slightly higher by
about 0.5–2.0 kcal/mol than the activation energy for Pt–guanine binding.
This number reflects mainly differences in orbital energy stabilisations and
only a small portion of electrostatic contribution. The preferential binding
site for Pt(II)-complexes resulting from our calculations is as expected the
N7 atom of guanine.
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Supporting Information Available
Tables containing HF total energies, thermal corrections, and Cartesian co-
ordinates of all stationary points discussed in this study, in ASCII format,
are available on request.
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