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The optimised structures of cis-[Pt(NH3)2-1,2-d{BpB
0}]2þ (B and B0 are guanine and adenine bases in all four

combinations) were determined at the B3LYP/6-31G(d) level of calculations. The optimised parameters of the
[Pt(NH3)2-{GpG}]2þ complex are in very good agreement with the experimental data. The RMS of the
predicted molecular parameters from the crystal structure is approximately 1.0 Å, even less than the difference
between several experimental structures which are available in the NDB database. For the obtained reference
geometries, an estimation of the bond dissociation energies (BDE), stabilisation energies DE stab, and DE stex

together with the natural bond orbital population analysis (NBO) and MO analyses were performed using the
MP2/6-31þG(d) method. The Pt–N7 bond is always stronger in the case of 30-end base than for the 50-end one.
The highest abundance of a Pt-adduct to GpG, known from experiment, was confirmed by the predicted highest
stabilisation of this complex. Also experimentally revealed, 20% of Pt{ApG} bridges simultaneously with
practically no occurrence of Pt{ApA}, and this is in qualitative correspondence with the computed stabilisation.
The explanation of the negligible occurrence of Pt{GpA} could originate in the kinetic and/or sterical
conditions in the DNA chain since the monofunctional platinated complex contains exclusively guanine. Then if
adenine is present above guanine (at the 50-end), the N7 position of adenine is in close proximity of the second
leaving group of cisplatin which increases the probability for the formation of Pt-{ApG}.

Introduction

Since Rosenberg et al.’s1 discovery of the anticancer activity of
cisplatin many platinum compounds involving both Pt(II) and
Pt(IV) were explored. As a consequence cisplatin analogues of
the second and third generations were found to be more active
or less toxic for the human body. Carboplatin is one of the
most often used drugs.2 However, cisplatin serves still as a
‘‘benchmark’’ for the estimation of their activity. Also, the
final adduct of cisplatin, carboplatin and some other platinum
drugs includes the same cis-[Pt(NH3)2-1,2-d{GpG}]2þ frag-
ment or its derivatives. The molecular structure of this com-
plex was solved for the first time by the Dickerson group
with a resolution of 2.6 Å.3 A similar structure, which contains
the cisplatin G–Pt–G bridge,4 was described with the same
resolution. The distortion of DNA under the influence of cis-
platin was revealed by Lilley.5 In addition, the structure of
the interstrand cisplatin bridge was published.6 Recently also
the oxaliplatin 1,2-d(GpG) intrastrand cross-link in a DNA
oligomer was found.7 Some other platinum complexes were
crystallized and described.8,9 The Lippard group was able to
prepare and solve the crystal structure of a DNA oligomer
with cisplatin and HMG-protein.10,11

Six-coordinate platinum(IV) complexes were also extensively
explored.12–16 These complexes are relatively stable and can be
passed through the digestive tract. After absorption in the
bloodstream, they are metabolised and form four-coordinate
Pt(II) cisplatin analogues.17 A summary of the current state
in the treatment of platinum drugs can be found in the studies
of Wong and Giandomenico18 and Reedijk.19 In another
work, Reedijk demonstrates the competition between S-donor

ligands and DNA.20 The interstrand cross-linked binding of
DNA bases with platinum was studied in detail by Brabec
et al.21 The quarternary platinum complexes in solution were
studied by Sigel and Lippert.22 The reaction rates for the
hydration of cis/tranplatin were also explored.23,24 Several
conformers of the cisplatin adduct to GpG with different phos-
phodiester backbones were examined by the Marzilli group,25

where an impressive combination of NMR (1H and 31P), CD
spectroscopy, and MM and MD calculations was presented.
A comparison of platinum–guanine complexes with other

selected metal–guanine cations was also published.26 Interest-
ingly, other groups explore the anticancer activity of some
other transition metals.27–31

As to theoretical calculations, individual conformers of cis/
transDDP were investigated by Pavankumar et al.32 The DFT
method was used in a study by Wysokinski and Michalska33

for a comparison of the structure and vibration spectra of cis-
platin and carboplatin. Mispairs in DNA caused by different
stabilisations of rare tautomers after platination on the N4 site
of cytosine were explored by Šponer et al.34 and the N7 site of
guanine and adenine in the works.35,36 The transition states for
chloride ligand replacement by water and guanine were studied
by Chval and Šip.37 The complex of cisplatin with 1,2-d(GpG)
bases was examined by Carloni et al.38 where also some hydra-
tion aspects of cisplatin were treated using Car–Parrinello MD
simulations. The influence of N7 platination on the strength of
the N9-C10 glycosyl bond of purine bases was also revealed in
this study.39 DFT techniques with the VTZP basis set were
used recently by Deubel40 to compare affinities of cisplatin to
S-sites and N-sites of amino acids and DNA bases. His results
are in very good accord with our previous calculations on the
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thermodynamics of platinum complex hydration.41–43 Cundari
et al.44 developed new force field parameters for platinum
which enable the usage of classical molecular simulation of
extended DNA models.
As mentioned above, despite the differences in leaving sub-

stituents which vary among some of the drugs based on cispla-
tin analogues, there are common features related to their
products when diammine-Pt(II) binds to DNA chains. Here
the most common product is the Pt-bridged complex with
two guanines, cis[Pt(NH3)2-1,2-d(GpG)]2þ. Some other intra-
strand coordinations occur less frequently, namely with the 1,2-
d(ApG) and 1,3-d(GpXpG) bases sequences. However, the
coordination to 1,2-d(ApA) or 1,2-d(GpA) were observed only
very rarely. Recently we performed a study of untethered pur-
ine bases where some geometry discrepancy was noticed in the
cis-[Pt(NH3)2 (N7,N70-diguanine)]2þ fragment due to a missing
phosphate backbone. The present study reveals that these dis-
crepancies are not important when the binding energy is con-
sidered. Moreover, this extended model has basic importance
for establishing the proper reference geometry as is demon-
strated by comparison of the obtained results with crystal
structures.

Computational details

Optimisation of square-planar complexes of cis-[Pt(NH3)2-1,2-
d(BpB0)]2þ were performed using the hybrid Becke3LYP func-
tional45 with the 6-31G(d) basis set. B and B0 represent all pos-
sible combinations of adenine and guanine bases. Stuttgart
energy-averaged relativistic pseudopotentials were used to
describe the Pt46 and P47 atoms. The Pt valence basis set was
extended with a set of diffuse functions as ¼ 0.0075, ap ¼
0.013, ad ¼ 0.025 and with optimised polarisation functions
af ¼ 0.98.41

Because of a possible comparison with previous calcula-
tions, the sugar-phosphate moiety had to be kept neutral.
Therefore, the charge on the phosphate group was compen-
sated by an additional proton. Other possibilities were also
considered, namely neutralisation by a Naþ cation. The opti-
misation of the considered systems with the cation led, how-
ever, to very soft potential energy surfaces which made the
calculations even more computationally demanding. For this
reason a much more localized O–H interaction was finally pre-
ferred. The same ‘‘neutralisation procedure ’’ was also applied
in some other papers where the phosphate moiety was treated
(e.g., refs. 48 and 49) All of the complexes were considered as
2þ charged species in the singlet electronic ground state.
Analogous with our previous work,50 single-point calcula-

tions utilizing the 2nd order perturbation theory (MP2) were
performed on the final optimised structures. Complex stabili-
sation energies and bond dissociation energies for individual
ligands were computed at the MP2(frozen core)/6-31G(d) level
with the inclusion of basis set superposition error (BSSE) by
the Boys–Bernardi counterpoise method.51

The stabilisation energy is defined as

DEstab ¼ � Ecomplex �
X
i

Ei BSSEð Þ
" #

ð1Þ

where Ei(BSSE) labels individual parts of the complex. Ghost
functions are located on the remaining atoms outside the given
part of the complex. There were two different energy analyses
performed on the final complexes: (a) global analysis which
treats the whole complexes as they were optimised and (b) ker-
nel analysis which deals with structures of reduced complexes
where the sugar-phosphate moiety was omitted and where
the N9 sites were anchored by hydrogens. Their bond lengths
and angles were taken from our previous work.50 The kernel
analysis was treated within basis sets extended by diffuse

functions (6-31þG(d)). This results in a better description of
the bonding relation in the vicinity of the Pt atom. Also, a
comparison with optimised cis-[Pt(NH3)2BB

0]2þ complexes
(where purine bases were untethered by a sugar-phosphate
backbone) from the previous study would be possible. In the
kernel analysis, complexes were treated as five-part species:
the Pt2þ cation and four ligands. The modified stabilisation
energies E stex which exclude the sterical repulsion of the
ligands were evaluated. Here, instead of a sum of total energies
of individual ligand, the energy of complex-optimised structure
without the central Pt atom is used:

DEstex ¼ �ðEcomplex � EL1;...;L4ðBSSEÞ � EPtðBSSEÞ� ð2Þ

A similar formula to eqn. (1) was utilized for the bond dis-
sociation energy (BDE) of the ligands where the energies of
both parts (ligand and the rest of complex) were also BSSE-
corrected. It is expected that errors of energy determination
should remain under 5 kcal mol�1 with such a treatment.
In the global analyses, the complexes are consider as four-

part species since both Pt–N7 bonds have to be split off simul-
taneously. Therefore only DEstex and the energy of complex
cleavage into two parts (both bases with a sugar-phosphate
and Pt(NH3)2

2þ) were evaluated. In the same way, the simulta-
neous cleavage of both unlinked bases was done on the smaller
(kernel) part of the complexes so that the influence of the
sugar-phosphate moiety could be elucidated.
The structures of DNA sequences with a Pt adduct were

found in the NDB database (http://ndbserver.rutgers.edu/
NDB). In refs. 4 and 9, intrastrand Pt bridges in DNA purine
bases (GpG) were solved and published. A comparison of the
corresponding structures was performed by XTALVIEW pro-
gram (http://www.sdsc.edu/CCMS/Packages/XTALVIEW),
and individual RMS’s are discussed in the section with
geometry parameters.
All calculations were performed with the quantum chemical

program package Gaussian 98.52

Results and discussion

The optimisation procedure started from the known geometry
of the crystal structure of the intrastrand [Pt(NH3)2-1,2-
d(GpG)]2þ complex.4 This structure has sugar puckering on
both ends in the 3-endo modes, and both Pt–N7 bonds exhibit
pronounced deviation from the guanine planes (153 and 143
deg) which causes only minor deviation from unperturbed par-
allel guanine planes. Also the platinum ligands remain in pla-
nar arrangement which is contrary to another (newer) crystal
structure10 where pyramidal distortion is visible. In the opti-
mised structures of Pt{GpG} and Pt{ApA}, sugar puckering
preserves the 3-endo mode on the 30-end but reveals a symme-
trical twist C20-exo-C30-endo on the 50-end. Mixed Pt{GpA}
and Pt{ApG} complexes also posses the 3-endo mode on
30-end but an unsymmetrical 3T2 twist (with minor C20-exo)
pucker on the 50-end.53 All final structures are displayed in
Fig. 1. When a comparison between the original Takahara and
optimised Pt{GpG} structure was performed, RMS values of
0.994 and 0.976 were obtained. A slightly worse result was
obtained for Ohndorf’s structure (RMS ¼ 1.116). On the
other hand, mutual comparison between both experimental
structures leads to RMS ¼ 1.157 and 1.173 which gives justifi-
cation for the plausibility of our structures. All four structures
exhibit a similar H-bonding pattern (with three H-bonds):
two of them involve the sugar 5-hydroxy group at the 50-end,
P–O. . .H–O(50) and O(50). . .H–C(8) (for atom numbering see
Scheme 1). The third H-bond connects the electronegative
X6-atom of the base at the 30-end and the proximate ammine
ligand. The values of the H-bond lengths are collected in
Table 1. In the Pt{ApA} complex an additional H-bond from
the other ammine-ligand to O(50) occurs. The other complexes

3586 P h y s . C h e m . C h e m . P h y s . , 2 0 0 4 , 6 , 3 5 8 5 – 3 5 9 0 T h i s j o u r n a l i s Q T h e O w n e r S o c i e t i e s 2 0 0 4

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

04
. D

ow
nl

oa
de

d 
by

 P
en

ns
yl

va
ni

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
16

/0
9/

20
16

 0
9:

23
:1

4.
 

View Article Online

http://dx.doi.org/10.1039/b317052g


have these ammine ligands substantially further from the sugar
moiety. In the case of the Pt{GpA} complex, interbase
O6. . .H(N6) H-bonding can be seen. This type of H-bond
was observed already in PtAG complexes with untethered
DNA bases.50 However, it was slightly shorter (about 0.08
Å) because of better relaxation of the bases. Remaining inter-
base H-bonds were broken during the optimisation process.
Anothergeneral geometrical featurerevealed in this studycon-

cerns the deviation the of Pt–N7 bond out of the base plane.
Usually Pt–N7 bonds are located nearly in the base plane at
the 30-end side. On the opposite 50-end, the most remarkable
deviation is noticeable in the Pt{ApA} complex, approximately
20 degrees (cf. last part of Table 1).
As to bond distances in the vicinity of the Pt atom, coordi-

nation of Pt-ammine is shorter in the cis position to 30-end
since this ligand is involved in H-bonding to the base. In this
way, some nitrogens in ammonium have slightly larger elec-
tron density available for Pt-donation. An additional interbase

H-bond (from the same N6 site of adenine) weakens the
ammine-adenine H-bond resulting in comparable Pt–
N(ammine) distances in the Pt{GpA} complex. The Pt–N7 dis-
tances are systematically shorter at 50-end which also partially
weakens the ammine ligand in the cis-30-end position due to
trans-effect. The Pt–N7 distances for the 30-end bases exhibit
remarkable length conservation. The longer Pt–N7(50) bond
in the Pt{ApA} complex is probably a result of the greater
deviation of the Pt–N7 bond from the base-plane which par-
tially aggravates the donor-acceptor bonding relations (for
details see Table 1 and Fig. 1). It is interesting to compare
Pt{GpG} with the optimised PtGG complex where the symme-
trical geometry results from the missing backbone. Despite the
unlinked bases, the larger Pt–N7 distance was obtained there
(about 0.03Å for the 50-end and 0.02Å for the 30-end). The rea-
son can be seen in the higher mutual repulsion of both bases in
symmetrical arrangement (cf. discussion below and Table 2).
For other PtBB0 complexes, the differences of the Pt–N
distances remain under 0.01 Å.
Comparing the geometrical changes in DNA bases, one con-

cludes that practically all of the distances were unchanged
(within 0.005 Å). The larger values of the C8-H bonds (by
about 0.01 Å) reflect H-bonding to the sugar O50. According

Scheme 1 Atom numbering in ApG fragment.

Table 2 Kernel analysis - MP2/6-31þG(d) stabilisation energies
DE stab and DE stex, BDE of Pt-ligand, deformation energies DE(def)
and comparison with optimised PtBB systems and global analysis –
DE stex and BDE at MP2/6-31G(d) level (in kcal mol�1)

Kernel analysis GG AG GA AA

DE stex �549.5 �527.3 �529.4 �502.2

DE stab �524.1 �508.2 �513.3 �482.8

BDE(50B) �98.9 �83.4 �111.7 �82.6

BDE(30B) �108.7 �117.7 �95.7 �96.4

BDE(50a) �67.1 �69.2 �68.5 �67.2

BDE(30a) �73.8 �74.2 �73.1 �74.9

DE (def) 7.2 6.3 8.6 7.1

DE (def,50B) 3.0 2.1 3.6 2.7

DE (def,30B) 3.7 3.7 4.7 4.0

Pt{BpB} vs. Pt{BB}

DBDE(50B) �4.3 �11.6 �0.8 �7.2

DBDE(30B) 5.4 5.3 0.7 �1.0

DBDE(50a) �5.8 1.0 0.3 �2.1

DBDE(30a) 1.0 1.2 0.2 0.7

Global analysis

DE stex �589.2 �568.7 �568.1 �552.0

DE (BpB-Pt(NH3)2) �276.0 �257.8 �259.2 �244.8

DE (BB-Pt(NH3)2) �251.0 �229.7 �233.4 �205.8

Table 1 Selected geometry parameters of cis-[Pt(NH3)2-1,2-d(BpB)]
2þ

complexes optimised at B3LYP/6-31G(d) (bond lengths in Å and
angles in �)

GpG ApG GpA ApA

Pt-bonds

Pt–N7(50) 2.038 2.036 2.026 2.057

Pt–N7(30) 2.049 2.050 2.042 2.042

Pt–N(50a) 2.088 2.090 2.092 2.097

Pt–N(30a) 2.081 2.087 2.094 2.093

H-bonds

H(a1)� � �O6 1.763 1.810 2.081 2.039

H(O50)� � �O(P) 1.894 1.874 1.878 1.820

H(C8)� � �O50 2.034 2.014 2.009 1.967

H(N6)� � �O6 3.174 2.095 3.515

H(a2)� � �O50 2.216

Torsions

N9-C8-N7-Pt (50) 175.0 170.0 169.7 158.0

N9-C8-N7-Pt (30) 169.0 173.0 178.0 174.4

Fig. 1 Optimised geometries of all four Pt{BpB0} complexes. (a)
Pt{ApA}, (b) Pt{ApG}, (c) Pt{GpA}, and (d) Pt{GpG}.
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to these prolongations, it can be guessed that these bonds are
relatively strong despite a ‘‘C–H’’ H-bond character. The
other (more pronounced) changes concern C6-X6 (X=O, N)
bonds of the 50-end base. They are shortened (by about 0.02
Å) in comparison with complexes without a sugar-phosphate
moiety. This clearly points to missing interbase H-bonds in
ApA and ApG complexes and the ammine� � �O6 bond in
GpG complex in the 50-end bases. Thus, no electron density
of the X6 atom is transferred out of the C6-X6 bond. From
this point nothing was changed in the Pt{GpA} complex where
the interbase H-bond remains. Thus, no change can be noticed
comparing the untethered and linked complexes.
Energy analyses of the kernel parts are summarized in the

first part of Table 2. As could be expected, the largest stabi-
lisation energy is predicted for the Pt{GpG} complex. Sur-
prisingly, the Pt{ApG} conformer is less stable than its
Pt{GpA} analogue. This can be regarded as a consequence
of the relatively strong Pt–N7 bond of the 50-end guanine
which is stronger by more than 10 kcal mol�1 than the same
dative bond in the Pt{GpG} complex. Also, when sterical
repulsion is neglected, the Pt atom is more firmly coordinated
to the {GpA} structure (where this repulsion is the smallest).
From Table 2, it can be seen that the 30-end bases are coordi-
nated to the metal cation more strongly than the 50-end bases.
The higher strength is partially supported by the H-bonds
between ammine-ligand and the X6 position of the base. It
can be seen that these Pt–N7 bonding energies do not correlate
with the corresponding bond lengths which are longer for the
30-end bases in all guanine-containing complexes (cf. the above
discussion). Indirect confirmation of the larger BDE of the
30-end bases is also noticeable from the deformation energies.
Larger deformation reflects stronger interaction. Interestingly,
the strongest Pt-guanine coordination occurs in the Pt{ApG}
complex where all of the BDE’s reach their maximal values.
The BDE energies of ammine ligands are practically indepen-
dent of the base (approximately 68 kcal mol�1 for the ligand in
the cis position to the 30-end and up to 74 kcal mol�1 for the
50-end ligand). This is also in good accord with the conclusion
concerning the stronger 30-end base coordination to Pt which
influences the corresponding ammine ligand through the
trans-effect.
In the middle section of Table 2, a comparison with the pre-

vious model is made. Clearly, the energy differences are not
large. The BDE of the Pt-guanine bonds in Pt{GpG} points
to the disproportion of the ‘‘averaged’’ Pt–N7 coordination
energy of the symmetrical [Pt(NH3)2(N7-guanine)2]

2þ complex.
The decreased BDE of NH3(cis to 50-end) is connected with the
vanishing of the corresponding H-bond interaction. The rela-
tively large difference for the Pt{ApG} complex reflects the lar-
ger geometry reorientation since the PtGA complex was used
for comparison. Thus, an increase of BDE for Pt-guanine at
the 30-end in the Pt{ApG} complex occurs simultaneously with
the decrease for the 50-end adenine. The good results for the
Pt{GpA} complex justify the much simpler model used pre-
viously. In the Pt{ApA} complex, the BDE for the geometry
with linked bases does not have the same strength of BDE
for isolated AA bases, and this fact is a result of a geometry
relaxation which is worse for adenine bases under sugar-
phosphate linkage mainly at the 50-end.
From the global energy analyses of the whole complexes, the

influence of a sugar-phosphate backbone can be elucidated.
Here only the stabilisation energy without sterical repulsion
DEstex and the energy of simultaneous splitting of both Pt–
N7 bonds were estimated. In the bottom part of Table 2, a
comparison of BDE(Pt{BpB}) and BDE(PtBB) at MP2/6-
31G(d) is presented. The higher stabilisation, in the case of
nucleotides, can be explained by the additional electrostatic
interaction of the negatively charged phosphate group and
metal cation. This term represents about 25 kcal mol�1 in all
guanine-containing complexes. Surprisingly, the substantially

large influence of the backbone is remarkable in the case of
diadenine, about 40 kcal mol�1. The same conclusion follows
from a comparison of the DEstex energies despite the slightly
different basis sets used.
We are aware of the fact that treatment of the Pt(NH3)2

2þ

species in the frame of BDE calculations is not completely jus-
tified since the electron configurations differ in four-ligated and
two-ligated complexes, and this also affects the electronic ener-
gies. Nevertheless, from previous calculations, it can be seen
that the same trends follow from the reaction energies where
the regular purely four-ligated square-planar Pt(II) complexes
are treated with the BDE calculations according to the formula
above. One aspect of the calculations of the Pt{ApG} and
Pt{GpA} complexes deals with the order of stability of both
systems. While the Pt{ApG} complex is presented exclusively
in the experimental data, our calculations reveal Pt{GpA} as
being the more stable complex. Only at the DFT level optimi-
sation, the total energy of the Pt{ApG} system is negligibly
higher (approximately 0.5 kcal mol�1). Nevertheless, this value
is within the range of computational error. At all single-point
MP2 calculations performed using the obtained reference
geometries, all types of energy comparisons (total energies,
stabilisation DE stab or DE stex energies) slightly prefer the
Pt{GpA} complex.
Estimation of stacking interaction is not performed in this

study since the geometries of the DNA bases were changed
only marginally in comparison with the previous model with-
out the sugar-phosphate backbone; the same energies for
this interaction can be expected.50,54 Moreover, it is clear that
the role of H-bonding will be overestimated in a gas phase
environment and with stacking interaction suppressed.55,56

NBO population analyses were performed for Pt complexes
with both untethered bases and with bases connected by a
sugar-phosphate backbone. Table 3 provides a comparison
of the electron densities at different levels of calculation:
MP2 and B3LYP, with and without a sugar-phosphate con-
nection. The stability of NBO analysis is demonstrated in this
example. All five central atoms exhibit the same trend when
involved in various combinations of the DNA bases. Also,
only marginal influence of the sugar-phosphate on the electron
distribution in the vicinity of the Pt atom is noticeable.
From MO analyses, basically all conclusions found in a pre-

vious work were reproduced here. However, an interesting fea-
ture concerns the fact that HOMO is always p orbital-localized
on the 50-end base (the 168th MO for the Pt{GpG} complex, in
Fig. 2d) leaving the corresponding 30-end-base p orbital slightly

Table 3 NBO population analyses of Pt and the closest N atoms (in e)

GpG ApG GpA ApA

NBO at MP2/6-31G(d)

Pt 0.675 0.655 0.666 0.657

5G-N7 �0.494 �0.517 �0.490 �0.520

3G-N7 �0.481 �0.488 �0.502 �0.504

5NH3 �1.036 �1.038 �1.039 �1.046

3NH3 �1.048 �1.048 �1.051 �1.045

NBO at B3LYP/6-31G(d)

Pt 0.705 0.686 0.696 0.684

5G-N7 �0.519 �0.543 �0.517 �0.546

3G-N7 �0.507 �0.516 �0.527 �0.534

5NH3 �1.039 �1.042 �1.043 �1.054

3NH3 �1.054 �1.055 �1.057 �1.050

NBO at B3LYP/6-31G(d) untethered BB

Pt 0.708 0.688 0.699 0.688

5G-N7 �0.515 �0.538 �0.512 �0.541

3G-N7 �0.504 �0.513 �0.524 �0.529

5NH3 �1.041 �1.043 �1.044 �1.051

3NH3 �1.052 �1.053 �1.054 �1.049
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lower in energy (0.2–0.5 eV). Thus, it is in accord with the lar-
ger BDE of Pt–N7 for the 30-end base. This fact also points to
the larger reactivity of the 50-end base. Another confirmation
for a stronger Pt–N7 of the 30-end base can be seen in the lar-
ger donation from the base s orbital to the virtual dx2�y

2 AO
of Pt. This s-donation is asymmetric, more pronounced in the
case of the 30-end base. The 114th MO represents a smaller
donation from N7 of the 50-end to Pt (smaller expansion coeffi-
cients on the N7 and Pt atoms) than in the case of the 116th
MO (cf. the 114th and 116th MOs, in Fig. 2a and b). Back-
donation is realized by only one MO dxy (139th MO, in Fig.
2c) and is substantially more symmetrical.
The HOMO/LUMO gap was found to be approximately

4.5 eV (slightly smaller in the case of adenine) at the B3LYP
level. These values substantially differ from the analogous data
of a recent study of similar complexes.38

Conclusions

Different Pt-bridged models with tethered DNA purine bases
were investigated in this study. For the calculations, only
HH (head-to-head) orientation of the bases was chosen. It
was found that the optimised geometry (at the B3LYP/
6-31G(d) computational level) of Pt{GpG} is in very good
correspondence to the experiments. It does not deviate sub-
stantially from the known crystal parameters. The deviations
remain within a range of error in which various experimental
structures differ.
Pt bonding is more pronounced to the 30-ended base than to

50-ended base. This is confirmed by the values of the BDE
energies, lower partial charges on the N7 site (better donation),
and direct donation from MO analysis.
Calculated preferences for GpG over ApG, GpA, and ApA

are in qualitative agreement with the literature57 (about 65%
abundance of G–Pt–G bridges). According to the experimental
data, one should expect that 20% of Pt{ApG} bridges simulta-
neously with practically no occurrence of Pt{GpA}. This find-
ing is not in agreement with the calculated results, but an
explanation of this fact is found in the kinetic and/or sterical
conditions in the DNA chain. The first interaction, which cre-
ates the monofunctional platinated complex, leads predomi-
nately to a Pt-adduct with guanine. Then if adenine is
present above guanine (at the 50-end), the N7 position of
adenine is in close proximity of the second leaving group

(H2O or Cl) of cisplatin which increases the probability for
the formation of Pt-{ApG}.58

Using the Boltzmann distribution law, the relative occur-
rence of individual complexes in a DNA environment should
be confirmed. However, differences of several orders might
be received based on the stabilisation energies. It can be
expected that the consideration of a correct environment will
cause a large screening not considered in ‘‘ in vacuo ’’ calcula-
tions which means that the energy differences for the Pt–N7
bond between guanine and adenine (mainly based on the Cou-
lomb interaction) will be decreased as mentioned in our pre-
vious works where a series of calculations with different total
charges of the complexes were performed.35,36 It was demon-
strated that passing from 2þ charged to neutral complexes,
the energies of the Pt–N7 bonds for guanine and adenine are
decreased to a very similar limit (about 50 kcal mol�1). Thus,
according to the experimentally known distribution, the
screening factors (or ‘‘external ’’ total charge) which would
reproduce the corresponding differences in stabilisation ener-
gies for the considered environment can be estimated. The
influence of a sugar-phosphate chain onto Pt-bridged com-
plexes can be seen in the higher stability of the examined
complexes or in comparison of the DE(BpB–Pt(NH3)2) and
DE(BB-Pt(NH3)2) rows in Table 2. This fact can be explained
mainly by the relatively large coulomb interaction between the
positively charged Pt atom and the negative phosphate group.
Despite the increased interactions, the basic trends remain
unchanged. The most pronounced effect is visible in the diade-
nine complex where the sugar-phosphate backbone exhibits
the largest influence due to larger polarisability as was already
mentioned several times in other studies where the trans-effect
of guanine and adenine was explored.
The conclusions of our previous results on the interaction

with untethered DNA bases remain practically unchanged
from an energetical point of view. Even the relatively large
sterical repulsion in the diguanine complexes, which was
discussed as an artefact of the model used, was changed only
partially (by 3 kcal mol�1). Moreover, the repulsion of the
diadenine complex increased by about 4 kcal mol�1 due to
the geometrical restrictions of the sugar-phosphate backbone.
We believe that the present study highlights the details of the

interactions between Pt complexes and DNA bases, reveals the
particulars of geometrical arrangement, and undoubtedly
confirms previously found trends.
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