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Abstract: The bifunctional binding of the anticancer drug cisplatin to two adjacent nucleobases in DNA is
modeled using density functional theory. Previous experimental studies revealed that cisplatin binding to
adjacent guanine and adenine is sensitive to nucleobase sequence. Whereas AG 1,2-intrastrand cross-
links are commonly observed, the analogous GA adducts are not known. This study focuses on
understanding this directional preference by constructing a full reaction profile using quantum chemical
simulation methods. Monofunctional and bifunctional cisplatin adducts were generated, and the transition
states that connect them were located for the dinucleotides d(pApG) and d(pGpA), assuming that initial
platination takes place at the guanine site. Our computer simulations reveal a significant kinetic preference
for formation of the AG over the GA adduct. The activation free energies of ~23 kcal/mol for AG and ~32
kcal/mol for GA suggest that bifunctional closure is ~6 orders of magnitude faster for AG than for GA. A
strong hydrogen bond between one of the ammine ligands of cisplatin and the 5' phosphate group of the
DNA backbone is responsible for the stabilization of the transition state that affords the AG adduct. This
interaction is absent in the transition state that leads to the GA adduct because the right-handed helix of
the DNA backbone places the phosphate out of reach for the ammine ligand. We found only an insignificant
thermodynamic difference between AG and GA adducts and conclude that the preference of AG over GA
binding is largely under kinetic control. The puckering of the deoxyribose ring plays an important role in
determining the energetics of the bifunctional platination products. Whereas the 3'-nucleoside remains in
the native C2'-endo/C3'-exo form of B-DNA, the deoxyribose of the 5'-nucleoside always adopts the C2'-
exo/C3'-endo puckering in our simulations. A detailed analysis of the energies and structures of the
bifunctional adducts revealed that the observed sugar puckering patterns are necessary for platinum to
bind in a relaxed coordination geometry.

Introduction ligands!! bimetallic platinum system&, and different metal
centers, most notably Rh4and Rul>-17 Unfortunately, finding
analogous compounds that outperform cisplatin has proved to
be difficult. To date, only two cisplatin-derived drugs have been
FDA approved, namely, carboplatfnand oxaliplatint®20
&)esprﬁe its widespread therapeutic utility, many aspects of the

mode of action of cisplatin remain poorly understood, although
the general reaction patterns are largely agreed 6péh25

cis-Diamminedichloroplatinum(ll) (cisplatin) is a potent
anticancer druly“ that is widely used to treat testicular, ovarian,
head, neck, and small cell lung tum&sAlthough cisplatin
was FDA approved in 1978nd is one of the most successful
anticancer drugs, side effects, natural and acquired resistanc
of patients toward the drug and its limited scope have
motivated searches for structurally and/or functionally analogous

alternatives®1!l These efforts include functionalization of (11 Judson, |.; Kelland, L. RDrugs 200Q 59, 29-36.
Wheate, N. J.; Collins, J. @oord. Chem. Re 2003 241, 133-145.

)
12)
t K i R (13) Clarke, M. J.; Zhu, F. C.; Frasca, D. ®&hem. Re. 1999 99, 2511—-2533.
Indiana University. (14) Koepf-Maier, P.; Koepf, HChem. Re. 1987, 87, 1137-1152.
* Massachusetts Institute of Technology. (15) Chifotides, H. T.; Dunbar, K. RAcc. Chem. Re005 38, 146-156.
(1) Bosl, G. J.; Bajorin, D. F.; Sheinfeld, J.; Motzer, R.@ancer: Principles (16) Clarke, M. JCoord. Chem. Re 2003 236, 209-233.
and Practice of Oncology6th ed.; DeVita, V. T., Hellman, S., Rosenberg, (17) Yan, Y. K.; Melchart, M.; Habtemariam, A.; Sadler, PChem. Commun.
S. A., Eds.; Lippincott, Williams & Wilkins: Philadelphia, PA, 2000. 2005 4764-4776.
(2) Pinedo, H. M.; Schornagel, J. Rlatinum and Other Metal Coordination (18) Reedijk, JChem. Commurl996 801-806.
Compounds in Cancer Chemotheratenum Press: New York, 1996. (19) Lebwohl, D.; Canetta, REur. J. Cancerl998 34, 1522-1534.
(3) Rosenberg, B.; Van Camp, L.; Trosko, J. E.; Mansour, gture 1969 (20) Spingler, B.; Whittington, D. A.; Lippard, S. Ihorg. Chem.2001, 40,
222, 385-386. 5596-5602.
(4) Wang, D.; Lippard, S. Nat. Re.. Drug Disca. 2005 4, 307-320. (21) Carloni, P.; Sprik, M.; Andreoni, Wi. Phys. Chem. B00Q 104, 823~
(5) Go, R. S.; Adjei, A. AJ. Clin. Oncol.1999 17, 409-422. 835.
(6) Jamieson, E. R.; Lippard, S.Ghem. Re. 1999 99, 2467-2498. (22) Zhang, Y.; Guo, Z. J.; You, X. Z1. Am. Chem. So®001, 123 9378-
(7) Sherman, S. E.; Lippard, S. Ghem. Re. 1987, 87, 1153-1181.
(8) Fuertes, M. A.; Alonso, C.; Perez, J. lhem. Re. 2003 103 645-662. (23) T5|p|s A. C.; Sigalas, M. B. Mol. Struct. (THEOCHEWN2002 584, 235~
(9) Akiyama, S.; Chen, Z. S.; Sumizawa, T.; FurukawaAiiti-Cancer Drug
Des.1999 14, 143-151. (24) Chval Z.; Sip, MJ. Mol. Struct. (THEOCHEM200Q 532, 59—68.
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Cisplatin contains two labile chlorido ligands in a cis disposition
to each other that function as leaving groé@p3hese ligands
remain bound to platinum in the plasma due to its high chloride
concentration of around 100 mM. Once inside a cell, however,
the sharply decreased intracellular chloride concentration of
around 4-12 mM causes cisplatin to undergo aquafién,

whereby the chlorido ligands are replaced by aqua ligands to

form the activated complexes [Pt(NHCI(H20)]" (eq 1) and
[Pt(NH3)2(H20),]%". These complexes bind to various cellular
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components like DNA, RNA, proteins, and membrane
phospholipidg’—31 The major target leading to cell death,
however, is genomic DNA3233 Specifically, the N7 atom of
purine bases is the main binding site, with guanine being
preferred over adeniné.The possible binding modes include
monofunctional binding to a single purine base (eqgs 2 and 4),
intra- and interstrand bifunctional binding (egs 3 and 5), and
DNA—protein cross-linking.Due to the cis orientation of the
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number of reasons. Most importantly, a deep understanding of
the thermodynamics and kinetics of the reactions leading to
bifunctional cross-link formation may provide guidance in future
efforts toward rational design of cisplatin analogtig$ by
exposing electronic and structural features of cisplatin chemistry
that dictate recognition and binding to DNA. Previous experi-
mental studies on DNA oligonucleotides showed a preference
for bifunctional closure toward the-8lirection®> For example,

in DNA containing the ApGpA sequence, after initial platination
of the central guanine, closure to form the bifunctional adduct
progresses exclusively in thé-8irection to afford the ApG
adduct (Scheme ¥, whereas alternative closure in the 3
direction was not observed. Similar conclusions can be drawn
from studies using GpApG fragmerffsPreviously, this prefer-
ence was rationalized by contending that the N7 atom of the
adenine at the'Send is structurally closer (3 A) than the N7
position of adenine to the'@nd (5 A)#6 Although plausible,
this rationalization is not satisfactory because it does not take
into account local distortions upon monofunctional binding that
may occur in solutior.In addition, 1,3-intrastrarfd—° cross-
links are relatively common binding motifs, suggesting that a
reasoning based on PN distance alone is not sufficient.
Another explanation was proposed based on molecular mechan-
ics simulation$? identifying sterically unfavorable interactions
between the monofunctionally bound cisplatin moiety and the
neighboring adenine to be responsible for the preference of
closure to the Bdirection. In the present study, we examined

leaving groups, intrastrand cross-links between two adjacentthe thermodynamic and kinetic properties of bifunctional adduct

nucleobases are most preferred, with GpG addubting the

major and ApG cross-link&37 being the next most abundant
products®®-40 Surprisingly, GpA adducts have not been ob-
served in full-length DNA-42The details of how these adducts

formation using density functional simulations and draw a very
different conclusion.

Computational Details

are formed and what distinguishes them are important for a  All monofunctional, bifunctional, and transition-state structures were

(26) Tullius, T. D.; Ushay, H. M.; Merkel, C. M.; Caradonna, J. P.; Lippard, S.
J.ACS Symp. Sefl983 209, 51-74.

(27) Speelmans, G.; Staffhorst, R. W. H. M.; Versluis, K.; Reedijk, J.; de Kruijff,
B. Biochemistryl997 36, 10545-10550.

(28) Pascoe, J. M.; Roberts, JBlochem. Pharmacoll974 23, 1345-1357.

(29) Akaboshi, M.; Kawai, K.; Maki, H.; Akuta, K.; Ujeno, Y.; Miyahara, T.
Cancer Scil1992 83, 522—-526.

(30) Deubel, D. V.J. Am. Chem. So2004 126, 5999-6004.

(31) Deubel, D. V.J. Am. Chem. So@002 124, 5834-5842.

(32) Harder, H. C.; Rosenber, Bt. J. Cancerl97Q 6, 207-&.

(33) Howle, J. A.; Gale, G. RBiochem. Pharmacoll97Q 19, 2757-&.

(34) Baik, M. H.; Friesner, R. A,; Lippard, S. J. Am. Chem. So2003 125,
14082-14092.

(35) Sherman, S. E.; Gibson, D.; Wang, A. H. J.; Lippard, S. Am. Chem.
So0c.1988 110 7368-7381.

(36) Bowler, B. E.; Lippard, S. Biochemistryl986 25, 3031-3038.

(37) Malinge, J. M.; Schwartz, A.; Leng, Nucleic Acids Red.987, 15, 1779~
1797.

(38) Eastman, ACancer Cell Mon. Re 199Q 2, 275-280.

(39) Eastman, ABiochemistryl983 22, 3927-3933.

(40) Fichtinger-Schepman, A. M. J.; van der Veer, J. L.; den Hartog, J. H. J.;
Lohman, P. H. M.; Reedijk, Biochemistryl985 24, 707—713.
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modeled as dinucleotides with-Bydrogen phosphate ant3ydroxyl
terminations. Sodium ions were added as counterions for each phosphate
group to avoid artificial electrostatic effects that may interfere with
the platinum binding. In reality, solvent screening and/or ion-pair
formation minimizes such interactions. Thus, our model carries a

(41) Inagaki, K.; Kidani, Y.Inorg. Chim. A: Bioinor.1983 80, 171-176.

(42) Van Hemelryck, B.; Girault, J. P.; Chottard, G.; Valadon, P.; Laoui, A,;
Chottard, J. Clnorg. Chem.1987, 26, 787—795.

(43) Zamble, D. B.; Mu, D.; Reardon, J. T.; Sancar, A.; Lippard, S. J.
Biochemistry1996 35, 10004-10013.

(44) Zamble, D. B.; Lippard, S. Jrends Biochem. Scil995 20, 435-439.

(45) Vanderveer, J. L.; Vandenelst, H.; Denhartog, J. H. J.; Fichtinger-Schepman,
A. M. J.; Reedijk, JInorg. Chem.1986 25, 4657-4663.

(46) Dewan, J. CJ. Am. Chem. S0d.984 106, 7239-7244.

(47) Garderen, C. J.; Houte, L. P. Eur. J. Biochem1994 225 1169-1179.

(48) Brouwer, J.; Putte, P. V. D.; Fichtinger-Schepman, A. J.; Reedifk,ak.
Natl. Acad. Sci. U.S.A1981], 78, 7010-7014.

(49) Marcelis, A. T. M.; Denhartog, J. H. J.; Reedijk,1.Am. Chem. Soc.
1982 104, 2664-2665.

(50) Hambley, T. Winorg. Chem.1991, 30, 937-942.
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Figure 1. Computational model utilized in this work.

molecular charge of 2 (Figure 1). Water was used as the fourth
platinum ligand for monofunctional structures and as the leaving group
in the transition states. The starting structures for geometry optimizations
were obtained by modifying cisplatin-bound structures published
previously! (PDB: 5BNAS? 1SKB). Attempts were made to explore

different structural motifs, and the ones adopted generated lowest energy

structures that displayed no obvious structural strains or other unreason
able distortions.

All calculations were carried out using density functional th&bty
as implemented in the Jaguar %.8uite of ab initio quantum chemistry
programs. Geometries were optimized using the B3t"¥#unctional
with the 6-31G** basis set. Platinum was represented by the Los
Alamos LACVP basi$?t° which includes relativistic effective core
potentials. The energies were reevaluated by additional single-point
calculations at each optimized geometry using Dunning’s correlation-
consistent triplez basis set cc-pVTZ(-f} with the standard double set
of polarization functions. In these single-point calculations, Pt was
described by a modified version of LACVP, designated as LACV3P,

where the exponents were decontracted to match the effective core

potential with the triples quality basis. Single-point energies of all
stationary points on the potential-energy surface for bifunctional closure
were also evaluated using the PBEunctional with the cc-pVTZ(-f)

the accurate computation of absolute solvation energies remains a
challenge and potentially requires careful inspection of the empirical
parameters, the differential solvation energy is expected to be less
sensitive owing to a significant error cancellation when the same
empirical parameters are used. Thus, the differential solvation correc-
tions are most likely more reliable than the absolute energies of
solvation. Because all continuum solvation models only give free
energies of solvatior3(Solv), simply adding the electronic energy
E(SCF) and the free energy of solvation gives a fictitious en&(@pl)
that is, in principle, physically not meaningful. In cases where the full
vibrational analysis could not be done, this energy serves as a substitute.
It is prudent to recognize the limitations of the modeling approach
we have taken in this work. In addition to the necessarily small size of
the quantum chemical model mimicking full-length DNA, there are
other more fundamental concerns. For example, we only sampled the
electronic energy landscape and take a simplistic approach by adding
gas-phase entropies at the computed geometries to approximate free
energies. We thus assume that the free energy and electronic surfaces
are sufficiently similar, which may not necessarily be true. Solvent

effects are treated in a similarly crude fashion with a continuum model.
More sophisticated reaction dynamics models that incorporate, for
example, transition path ensemi§feand require Monte Carlo sampling
are currently out of reach for reactivity studies of transition-metal
complexes of realistic sizes. Given these limitations, it is important to
interpret the results with caution. We refer to reaction barriers and
energy differences between reactants and products as “kinetic” and
“thermodynamic” properties of the reaction, respectively, throughout
the study with the explicit realization that our computed values are
approximations. The main goal of this work is not to construct a
quantitative model of the chemistry that will allow for calculation of
reliable reaction rates but to recognize qualitatively plausible concepts
of cisplatin binding.

Results and Discussion

basis set; practically identical relative energies were obtained. The PBE  One rationalization for why cisplatin prefers to close in the
results are summarized in the Supporting Information and not further 5'- over the 3-direction in an AGA sequence is that the adenine
discussed. Vibrational frequency calculation results based on analyticalneighbor at the 'Sposition is geometrically closer to the platinum
second derivatives at the B3LYP/6-31G**/LACVP level of theory were center bound to G than the adenine neighbor at 't.im)smon46
used to confirm proper convergence to local minima and first-order Thig purely geometric rationalization was based on the X-ray
saddle points for equilibrium and transition-state geometries, rESpec'crystaI structure determination of B-DNA containing the AGA
tively, and derive the zero-point energy (ZPE) and vibrational entropy (oo jenc4 and assumed that there is no structural distortion
corrections at room temperature. Unscaled vibrational frequencies were o . L . .

upon initial monofunctional platination. This approximate

used for these corrections. Vibrational frequency calculations are .
computationally very demanding. We performed these calculations for (réatment revealed that the distance between the presumed
position of Pt and the N7 of adenine to thieside of AGA is

the dinucleotide models~80 atoms), but the trinucleotide models . i
(~110 atoms) are beyond reach for currently available computational ~3 A, whereas the PtN7 distance for the adenine in the 3

resources. Solvation energies were evaluated by a self-consistendirection is ~5 A. Although plausible, neglecting structural
reaction field (SCRF} ¢ approach with a solvent-excluding surface  distortions upon initial monofunctional binding of cisplatin to
cavity, based on accurate numerical solutions of the PoisBoltzmann G is difficult to accept. In addition, intrastrand 1,3-cross-links
equatiorﬁs'esln the results reported beIOW, solvation calculations were are We” known to be one Of the platination productS, indicating
carried out gt the ggs-phgse geometry using the 6-31G**/LACVP basis 5+ cisplatin can overcome notably longer-R distances.

and employing a dielectric constant ©f= 80.37 for water. Whereas Computer models offer a unique opportunity to address these
guestions in greater detail and with higher precision.

(51) Sherman, S. E.; Gibson, D.; Wang, A. H. J.; Lippard, Sclencel985

(52) 2\/3% 41R2—;‘r/|1_7-P_ura b.: Drew, H. R.; Dickerson, R, EMBO J.1984 3 Monofunctional Adducts. Our unrestricted geometry opti-
1208 1506, e T Drews L R T ‘ ’ mizations of the monofunctionally platinated d(pApGpA) frag-

(53) Marzilli, L. G.; Saad, J. S.; Kuklenyik, Z.; Keating, K. A.; Xu, ¥. Am.
Chem. Soc2001, 123 2764-2770.

(54) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and Molecules
Oxford University Press: New York, 1989.

(55) Baerends, E. J.; Gritsenko, O. ¥. Phys. Chem. A997 101, 5383~
5403

ment identified two reasonable isomers. The basic platinum

(63) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.; Ringnalda,
M. N.; Sitkoff, D.; Honig, B.J. Phys. Chem1996 100, 11775-11788.

(64) Friedrichs, M.; Zhou, R. H.; Edinger, S. R.; Friesner, RJIAPhys. Chem.
B 1999 103 3057-3061.

(65) Edinger, S. R.; Cortis, C.; Shenkin, P. S.; Friesner, Rl.A&Rhys. Chem.
B 1997 101, 1190-1197.

(66) Tannor, D. J.; Marten, B.; Murphy, R. B.; Friesner, R. A.; Sitkoff, D.;
Nicholls, A.; Ringnalda, M. N.; Goddard, W. A., Ill; Honig, Bl. Am.
Chem. Soc1994 116, 11875-11882.

(67) Dellago, C.; Bolhuis, P. G.; Chandler, D.Chem. Physl999 110, 6617—
6625.

(56) Jaguar 5.5 Schralinger, Inc.: Portland, OR, 2003.

(57) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(58) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(59) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.

(60) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

(61) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023.

(62) Perdew, J. P.; Burke, K.; Ernzerhof, Mhys. Re. Lett. 1996 77, 3865—
3868.
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(a) _» (b)

1a 1b
Pt-N7(5") 4.98A 4.16A
Pt-N7(3) 517A 433A

1 1
a (AE(SCF) = 15.31 kcal/mol) b

(AE(Sol) = 11.39 kcal/mol)
Figure 2. Optimized geometries of the two isomers of the monofunctionally platinated d(pApGpA).

coordination geometry is consistent with structures found

previously#686%nd displays a strong hydrogen bond between The hydrogen-bonding network iba requires a change of
the ammine N-H and the C6=0 group of guanine. In the lower ~ Sugar puckering in the adenosine fragment at thpdsition.
energy isometla (Figure 2a) the dihedral angle between the The deoxyribose transforms from the standard-@®idC3-
molecular planes of guanine and the cisplatin fragments i€ 45.1 exopuckering of B-DNA to a C2exdC3-endopuckering. This

and the aqua ligand points to thedirection. Because of the feature is of general importance for bifunctional adduct forma-
right-handedness of the DNA helix, this coordination geometry tion, as discussed below. Itb, all nucleosides maintain G2
places the aqua ligand close enough to the backbone phosphat@nNddC3-exopuckering. The distances between Pt and the N7
groups to form strong hydrogen bonds with the phosphate positions of the neighboring adenine bases are 4.98 and 5.17 A
oxygen atoms. In the alternative structate where the cisplatin ~ for the 3- and 3-adenine bases, respectively,lia In 1b, on
fragment is coordinated such that the aqua ligand points to thethe other hand, the N7 positions of the &nd 3-adenines are

3 direction, however, the phosphate groups are too far away to4-16 and 4.33 A away from the platinum center, respectively.
serve as hydrogen-bond acceptors. Instead, the aqua ligand form¥vhereas the previous speculation that the N7 of adenine at the
hydrogen bonds with the N7 atom and the C6 amino fragment 5'-position is geometrically closer to the platinum is correct
(Figure 2b). As a result, isomdib is ~15 kcal/mol higher in based on our calculations, the magnitude of the difference (0.19
energy thanla Adding solvation free energy decreases the and 0.17 A inlaand1b, respectively) is smaller than estimated
energy difference slightly to give a preferencelaf over 1b before.

by ~11 kcal/mol (Figure 2). It is important that we consider  In principle, the most obvious approach to modeling the 1,2-
differential solvation energies in this case because interactionscross-linking process is to utilize the monofunctionally platinated
with solvent water may disproportionately stabilie, where ~ ApPGpA fragment. After much exploration, however, we found
fragments that are involved in less than ideal hydrogen-bonding that the flanking adenine moieties are structurally too flexible,
networks may interact more strongly with solvents to give a giving rise to a number of undesirable and physically meaning-
lower overall energy. Using a continuum solvation model, we less artifacts. Most importantly, the structural changes that occur
capture some of these effects. However, we must not overin-when the reaction progresses toward the product cause the
terpret this approximate approach to including solvation effects. adenine moiety that is not involved in the reaction to move away
In addition to general reservations about how accurately from its initial geometry and converge to one of many possible
continuum models reproduce solvation effects, our solvation local minima. Itis practically impossible to construct comparable
energies are most likely exaggerated. In reality, many atoms of models for the 5 and 3-closure reactions where the energy
the purine bases are not solvent accessible because they argenalties introduced by the dangling adenine groups cancel in
buried in the DNA duplex, but our model places the entire @ consistent fashion. In addition, the size of the model (110
trinucleotide fragment in a continuum solvation field. It is atoms) renders impossible the vibrational frequency calculations
reasonable, however, to draw the conclusion that there isthat are needed to check the convergence to stationary points
significant preference for the monofunctional adduct adopting and derive vibrational entropy corrections. Therefore, it was

a geometry that places the aqua ligand closer to tzel&nine, necessary to simplify our computer model even further. Starting

i.e., structurela is preferred over structurgb by at least 11 from 1a, the 3-adenosine was removed to afford a dinucleotide

kcal/mol. AG model2a; removal of the 5adenosine gave a GA model,
labeled a2b (Figure 3).

(68) Raber, J.; zhu, C.; Eriksson, L. A. Phys. Chem. 2005 109 11006- In general, the dinucleotide models display more distorted

(69) Robertazzi, A.; Platts, J. Anorg. Chem 2005 44, 267—274. structures than the trinucleotide models discussed above, which
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Figure 3. Monofunctional adducts (a) ApG and (b) GpA.
Table 1. Computed Energy Components of All Species Shown in 0T
Figure 3 (in kcal/mol)
AE(SCF) AH AG(gas) AG(Sol)
2a 0.00 0.00 0.00 0.00 10 )
2b 6.20 5.24 2.56 —4.70 S pex 3
2a-TS 23.31 22.42 23.35 27.92 -8.72)
2b-TS 35.88 34.80 34.51 33.17 en_ — AG :
G Pt [-15.18]
3 9.25 5.22 —8.72 —15.18 3 5
4 11.58 8.06 -5.13 -10.74 GA e
S
/Pt
GQﬂ

s eXpe.CtEd because the la.Ck.(.)f constraints by the fl_ank_ing Figure 4. Computed reaction energy profile for the bifuncfional adduct
adenosine allows fO!‘ _more significant structural re(_)rgamzatlon formatioh reaction. Gas-phase and solution-phase free energies are given
to take place. Specifically, removal of thé-@lenosine leads  in round and square brackets, respectively. The labels “ex” and “en” refer
to a more pronounced tilting of the platinated guanine group, to C2-exdC3-endoand C2-enddC3-exq respectively.
as illustrated in Figure 3a, decreasing the distance between P
and the N7 position of adenine to 3.80 A. Similarly, removal
of the B-adenosine leads to a-PN7 distance of 4.95 A. The
energy difference between these two models is small, 2ath
being 2.56 kcal/mol lower in gas-phase free energy tRlan
Inspecting the structures shown in Figure 3, the origin of this
small energetic difference becomes obvious2#the strong
hydrogen bonding between the phosphate and aqua ligand o
the cisplatin fragment is maintained, whereas only one such
hydrogen bond occurs i2b due to truncation of the model.
Moreover, the ammine ligand of cisplatin2ais also positioned
to form a hydrogen bond with the termindtBhosphate, while
in 2b the ammine ligand points away from the nucleobases and
cannot participate in a similar hydrogen-bonding network. It
should be noted, however, that the ammipéosphate hydrogen
g,c_) ggalziiilsvfhirss ur::;; Lhee eg;Zg;eerrirelithiﬁrilucrjIztr?wglﬁer; (::];2; and becpme more prono_unced_ upon bifunctional closure_.

’ . .~ Reaction Energy Profiles. Figure 4 shows the reaction
Because these structural differences leave the water and ammine ) . . .
. . . . . ., energy profiles for bifunctional adduct formation, where closure
ligands and the terminal phosphate available for interacting with . T . .

. . I in the B-direction is modeled starting fror®a and closure in

solvent, we can expect modalh to experience high stabilization

. . . the 3-direction is probed using mode&lb. Gas-phase free
by solvation. The continuum solvation treatment should be able energies are plotted in Figure 4, and the corresponding solution-
to capture this difference, and we found this to be the case, as :

enumerated in Table 1. Our calculations indicate that the phase free energies are given in square brackets. Although the

. . | numbers ar mewh ifferen ifferential
solvation energy foRb is greater by 7.26 kcal/mol. As a result, absolute numbers are somewhat different due to differentia

. ; Ivation energi i ve, the most importan
structure2b is preferred by 4.70 kcal/mol on the solution-phase solvation energies, as discussed ‘f"b° e t € O.St 1po tant
N . features of the reaction energy profiles are maintained in both

free energy surface. Although it is important to consider

solvation energy corrections, we must interpret them with gas- and solution-phase free energy curves. The electronic
. ray ’ P . (E(SCF)) energies were also re-evaluated using the PBE

caution, as discussed above. Fortunately, we found that this ) . .

S - . . functional, and the results are in very good agreement with those

intrinsic deficiency of our model makes no physically meaning-

ful difference to the overall conclusions (vide infra). (70) den Hartog, J. H. J.; Altona, C.; van der Marel, G. A.; ReedjjEuL. J.
i i Biochem.1985 147, 371-379.
A S‘?btle, but |mportant ,Observatlon relates to the ,Suqar (71) den Hartog, J. H. J.; Altona, C.; Chottard, J. C.; Girault, J. P.; Lallemand,
puckering in our dinucleotide models. As observed in the J. Y.; de Leeuw, F. A. A. M.; Marcelis, A. T. M.; Reedijk, Jucleic
; f _ B ; B Acids Res1982 10, 4715-4730.
trinucleotide mOdeq'a’ the 3-adenosine _|r2a dlsplays a Cz (72) Neumann, J. M.; Tran-Dinh, S.; Girault, J. P.; Chottard, J. C.; Huynh-
exdC3-endopuckering, whereas the platinated guanosine shows Dinh, T.; Igolen, JEur. J. Biochem1984 141, 465-472.

tthe C2-enddC3-exo puckering expected for standard nucle-
otides in B-DNA. In2b, on the other hand, the platinated
guanine, now at the' position of the GA model, switches sugar
puckering to C2exdC3-endq while the 3-adenosine remains

in the C2-enddC3-exo configuration. Thus, given a higher
degree of structural freedom the nucleoside at thede always
1prefers to adopt the unusual ‘@xdC3-endopuckering. Sugar
puckering of the 5nucleoside in bifunctional 1,2-cross-links

is commonly observed to display the '@XdC3-endo
puckering’°1.70-72 A simple rationale for this behavior is that
the change in sugar puckering at then&icleoside allows for
the N7 binding sites of neighboring nucleoside to be closer by
pushing the 5base to the ‘3direction. The driving force for
this structural change is already present at the monofunctionally
platinated stage where stronger hydrogen bonds can be formed
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(a) < \#% (b) - solvation energy corrections changes this energy difference only
- . slightly to 2.18 kcal/mol.

[ P05 m Given the prominent role of thé-phosphate group described
% LAPC F o bove, itis prudent t itically wheth t the model
p oo o . k{ﬁiﬁ above, itis prudent to assess critically whether or not the mode
--==--Q=D| A\ e that we utilize is appropriate. Could the additional hydrogen
o a |, .--'-"'J\‘. 3 . . .
e : ) :o_.____}@ _%?'f%ﬁz‘(k Ao bond'lng between the §X|al N;I.-and the §phosphate group
i ib—/ —L i ~d' S possibly be a computational artifact resulting from an unrealisti-
r’ (w) 3 cally flexible phosphate group in our mod& ™ other words,
— is a structural distortion that would place tHephosphate group
2a-TS 2b-TS in hydrogen-bonding distance to the-Rimmine ligand realistic
Figure 5. Optimized structures of the transition stafss TS and2b-TS. in full-length DNA? To address this question, we overlaid our

calculated transition-state struct@a TS (red in Figure 7) onto

from B3LYP (see Supporting Information). Our calculations the high-resolution crystal structure of a full-length DNA
indicate that closure in the'8lirection is associated with a  containing a Ptd(pGpG) adduct (gray in Figure 73.The two
barrier of 23.35 kcal/mol. Addition of solvation energies structures were centered at the platinum positions, and the C1
increases this barrier by 4.57 kcal/mol to give 27.92 kcal/mol positions of the two nucleosides were used as alignment points.
(Table 1). Bifunctional closure to the-8irection, on the other  These alignment anchors are shown as red and gray balls in
hand, is computed to require a free energy of activation of 31.95 Figyre 7. The experimental bifunctional adduct structure is of
and 37.87 kcal/mol in gas and solution phase, respectively, course more compact than the transition state, and accordingly,
relative to the corresponding monofunctional adduct. Thus, after the C1 atoms are notably closer to each other in the experi-
initial platination of guanine in an AGA sequence, closure t0 mental structure than i#a-TS The ammine and'Ephosphate
the 3-adenine is preferred by9—10 kcal/mol at the transition  groups that form the key hydrogen bond i8a-TS
state over closure to the-8denine, which translates to a faster gre highlighted in green, and the corresponding phosphate
reaction by~6 orders of magnitude. group in the experimental crystal structure is shown in blue.

Figure 5 shows the transition stat2a-TS and2b-TS. The The phosphate groups are structurally very close to each
platinum center displays the trigonal-bipyramidal coordination other in the overlaid positions. This comparison suggests
geometry expected for a ligand substitution reaction via an that the structural change required for the proposed hydrogen
interchange mechanism with associative character, in goodpond is reasonable and lends support to the validity of our
agreement with previous worR.In both cases, we found that  small model for the structural features present in full-length
the phosphate groups of the DNA backbone play a crucial role pNA.
in stabilizing and directing the water ligand, which is the leaving  gjfunctional Adducts. Having established the kinetic prefer-
group of the subsitution reactions. At the transition s2de  ence for closing to the'Sirection, another remaining question

TS the Pt-OH, bond is nearly broken at a distance of 2.38 A s whether or not there is also a thermodynamic preference for
and the Pt N7 bond with adenine is almost formed at a distance forming AG over GA cross-links. Figure 8 shows fully

of 2.62 A. Similar bond distances were found &ir-TS. These optimized geometries of both possible bifunctional adddcts

structural features are consistent with previous studies and areynq4, Comparing these structures to previously reported results

not further discussed here. that utilized smaller model$76 we note that the presence of
Why Is 2a-TS So Much Lower in Energy Than 2b-TS?  the sugarphosphate backbone introduces a directional distor-

Examining the structures of the transition states more carefully, tion resulting from the structural confinement of the DNA

one prominent difference is the presence of a strong hydrogenpackbone (Figure 8).

bond between the axial ammine ligand and the phosphate group  gpergetically, our calculations indicate that there is a slight

in 2a-TS. In 2b-TS, the axial ammine necessarily points away  gjectronic preference & over4 by 2.33 kcal/mol. Addition of

from the phosphate group and therefore cannot participate ingniropy and solvation corrections gives a free energy preference

hydrogen bonding. As conceptualized in Figure 6, this feature ¢ 4 44 kcal/mol (Table 1). Thus, our calculations indicate that
is a general structural property of right-handed double-helical iqre is a slight thermodynamic preference of the AG over the

DNA. Here the hydrogen-bond-accepting phosphate groups of Ga adduct. However, the energy difference-at—4 kcal/mol
the DNA backbone lie closer to the axial ammine when it points 5 150 small to justify the exclusive observation of AG over

o the S-direction compared to the analogous attack from the G on thermodynamic arguments alone. Moreover, these results
3-direction. _ N are in disagreement with those reported by Burda and co-
To test further the hypothe3|s that the additional hydrogen yorkers76 who report a slight thermodynamic preference for
bond between the ammine hydrogen and the phosphate grougne GA adduct over the AG adduct. Instead, it is more plausible

determines the observed transition-state energy difference, Wenat the barrier of bifunctional closure to the-drection of
conducted a"fcomputaﬂonal experiment”. The phosphate group 3238 kcal/mol for the GA sequence is too high to play a
at the 3-position was replaced by a methyl group in b@e physiologically meaningful role, whereas the barrier for AG

TS and2b-TS, thus removing all hydrogen-bonding interactions. josure is low enough to be overcome under physiological
We found that the electronic energy differenc®E(SCF)) conditions.

decreases by 9.73 to give 2.84 kcal/mol, confirming that the

ammine-phosphate hydrogen bonding is the dominating term (74) we thank one reviewer for raising this interesting question.

of the energy difference (see Supporting Information). Adding (75) Takahara, P. M.; Rosenzweig, A. C.; Frederick, C. A.; Lippard, Satlre

1995 377, 649-652.
(76) Zeizinger, M.; Burda, J. V.; LeszczynskiRhys. Chem. Chem. Phy04
6, 3585.

(73) Deeth, R. J.; Elding, L. llnorg. Chem.1996 35, 5019-5026.
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(b) 5

@

Figure 6. Conceptual cartoon illustrating the hydrogen-bonding network in the transition states. Water and ammine ligands that form strong hydrogen
bonds are shown in red.

2a-TS (N-H-+-0-P): 1.83 A
1AIO (N-H-~0-P): 2.05 A

Figure 8. Optimized structures of the two possible bifunctional adducts.

conclusions must be reevaluated. Our computed structures are
in good agreement with the previous study in the sense that the
ammine ligand of the cisplatin moiety is close to the amine
group of the neighboring adenine. However, in the molecular
mechanics framework that was used in the previous study, the
amine group of the adenine cannot serve as a hydrogen-bond
acceptor. In contrast, our quantum mechanical treatment allows
for a rehybridization of the amine moiety, exposing the lone
pair in a pseudo-tetrahedral geometry to hydrogen-bond donors.
As a result, this interaction that was previously recognized as
unfavorable on steric grounds becomes weakly favorable.
Figure 7. Structural comparison between the computed transition tate Moreover, this StUdy reasoned that the same steric interaction
TS (red line) and the bifunctional cisplatin adduct to a full-length DNA ~may persist at the transition state, increasing the kinetic barrier
(gray line) containing a d(pGpG) motif (1AIG}. The most important  for GA compared to AG. Again, due to the limitations of the
ammine and phosphate ligands are highlighted in green and blue. computational method used in that study, this feature could not
Another previously proposed explanation for the exclusive be addressed explicitly. Our calculations suggest that there are
preference of the AG vs GA platination is that there is an neither steric nor any other interaction between the amine group
unfavorable steric clash between the Nifoup of the 3adenine of the adenosine and cisplatin in the transition state.
and one of the ammine ligands of cisplatin in the case of GA,  Sugar Puckering.In agreement with common experimental
whereas in AG this repulsive interaction is replaced by a highly observationg?72 our calculations consistently show that the
favorable hydrogen bond between the O6 of thguBanine and 5'-nucleoside adopts a GBxdC3-endo sugar puckering,
the corresponding ammine ligand of cispldiirin light of the whereas the'anucleoside maintains the more natural-€8dd
structural features examined in this study, those previous C3-exopuckering of standard B-DNA. We found this effect to
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Table 2. Relative Energies (kcal/mol) of Hypothetical Bifunctional
Adduct Complexes with Enforced C2'-endo/C3'-exo Sugar
Puckering

AE(SCF) AE(Sol)
3 0 0
4 2.33 3.18
5 12.52 7.92
6 n/a n/a
RS- S S ﬁ(})
P \‘? ! Cs ) ! o~
(Na) % ;ﬁ‘\ﬁ% b 'wss g%
I'\E?/’. &;&g-\ _.% : - ..\P!,_l- W0 (,b; - 'T == Pty,-\
I\Tﬁf‘xa.gzl' O (' ., p 5481
AA YAAD

bw)% 5

Figure 9. Computed structures o8 and 5. Distances are shown in
angstroms.

s quiii.”)

Figure 10. Coordination geometry of Pt i and5.

be present both in AG and GA adducts. To delineate the
energetic and structural impact of the sugar puckering on
bifunctional cisplatin binding, we recomputed the bifunctional
structures enforcing the G2nddC3'-exo puckering for both
nucleosides to afford the hypothetical AG and GA complexes
5 and 6, respectively. To our surprise, we found that the AG
complex5is 12.52 kcal/mol higher in energy electronically than
its analogued. Addition of solvation energies gives an energy
difference of 7.92 kcal/mol (Table 2).

For the GA adduct we were unable to find a stable structure
because the guanosine moiety spontaneously adopted the C
exdC3-endo sugar puckering. Figure 9 compares the most
salient structural features of the compleX@and5. Overall,
enforcing the C2enddC3-exopuckering for both nucleosides
pushes the platinum moiety farther away from the sugar
phosphate backbone. By the distance between the platinum

center and the central phosphate moiety of the dinucleotide is

7.59 A, whereas irb the distance is 8.35 A. The G1-C1'
distances are 6.92 and 5.48 Adrand5, respectively, reflecting
the vertical contraction that is coupled to the horizontal
elongation. Figure 10 illustrates the impact of this structural
distortion on the coordination geometry at cisplatin. The
structural arrangement of the nucleobases3iallows for a

greater tilt angle of the two purine bases, which leads to a less Supporting Information Available:

constrained N7Pt interaction. The GPt—A binding angle is

90.7, and the adenine moiety can adopt a nearly planar binding

mode with a PtN7—purine angle of 1725 The glycosidic
linkage is also fairly relaxed, and we found the' €M9—purine
angle to be 17538 In contrast, the distance between the purines

5030 J. AM. CHEM. SOC. = VOL. 129, NO. 16, 2007

is decreased, and they adopt a more parallel arrangemént in
enforcing a smaller “bite angle” between the two purine bases.
As a consequence, the—<Pt—A binding angle is slightly
strained at 88.7 and the P£N7—purine dihedral angle is
significantly distorted at 156°4from the ideal planar arrange-
ment. The glycosidic linkage is similarly distorted with a'€1
N9—purine angle of 161% as illustrated in Figure 10. In
summary, our calculations suggest that theé-€2/C3-endo
sugar puckering of the'Swcleoside is crucial for formation of

a structurally relaxed and properly hydrogen-bonded bifunctional
adduct. Because the underlying considerations relate to simple
and basic structural necessities of the oligonucleotides in general,
we expect our findings to be generally valid for all bifunctional
adducts of platinum complexes and probably for other 1,2-cross-
links of similar complexes.

Conclusion

We determined how cisplatin binds to DNA containing an
AGA sequence to give the physiologically important bifunc-
tional adduct using quantum chemical molecular simulations.
In good agreement with experimental observations, we found
that cisplatin prefers to react with thé-&denine after initial
platination at the central guanine site. Thermodynamically, both
AG and GA adducts are similar in energy with AG being slightly
preferred by 2-4 kcal/mol. The preference of AG over GA
binding of cisplatin is attributed to a significantly higher reaction
barrier for the GA closure over the alternative AG binding motif.
Our calculations estimate the energy difference at the transition
states to be in the range of~20 kcal/mol. With a reaction
barrier of at least 31.95 kcal/mol, formation of the GA adduct
starting from the monofunctional &Pt complex is predicted
to be prohibitively slow. The main difference between the two
transition states lies in the presence of a strong hydrogen bond
between the axial ammine ligand and the phosphate backbone
in the transition state that leads to the AG adduct. Due to the
right-handedness of the DNA-helix, this interaction cannot
be formed in the GA transition state. Examining the structures
of the bifunctional adducts, we found that the deoxyribose of

o the nucleoside at the-position must undergo a sugar puckering

change to adopt the G2xdC3-endo configuration, which
allows for a greater tilt angle of the two purine bases and gives
rise to a more relaxed coordination geometry at the platinum
center.
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