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Ab initio quantum-chemical calculations have been carried out to investigate the correlation betwétn N
deprotonation energy and base pairing of modified guanines (neutral 8-oxoguanine (80G) and monocationic
7,9-dimethylguanineH (DMG)) and dicationic platinated guanines. The calculated intrinsic gas-phase trends
are compared with available solution data. In the gas phase, the stability of the base pair increases with
acidification of the N(H,) position; however, the relation is not linear. The guaningas-phase deprotonation
energies are primarily determined by the total charge of the system; however, there is also a nonnegligible
contribution caused by polarization effects, which is especially significant for the DMG. The order of gas-
phase deprotonation energies differs from soluti#i 4o values. However, when assuming that the polar
environment annihilates the ionic-electrostatic contribution, qualitative agreement is seen between the gas-
phase and condensed-phase data. THgyp is primarily determined by polarization effects. In contrast,
very poor correlation has been found between the intrinsic guafiytesine Watson Crick (GC WC) base-
pairing energies and th&sc pusocondensed-phase data, even when separately weighting the ionic-electrostatic
and polarization contributions. The bell-shaped correlation between the solutibadidity of the guanine
derivative and the association constirdoes not reflect the intrinsic gas-phase trends. The lack of correlation
between gas-phase and solution data may be, for example, due to some specific interference with the GC WC
base pairing caused by counteranions or presence of structures competing with the desired base pairing.

Introduction In the gas phase, the studied systems are dominated by the
. — : ) ionic-electrostaticcontributions associated with the charge of
Metal cations significantly influence the structure, dynamics, he system. However, the ionic-electrostatic contributions are
and function of DNA and RNA molecules. The metal cation g pstantially affected (often canceled to large extent) by the
nucleic acids interactions range frqm nor)specmp SCreening go|vent and counteranions in the bioinorganic experiments. The
effects up to highly specific interactions with a binding of & - etat-cation binding is further associated with significant
given cation to a given site of the.blomolecﬂﬂé.  polarization and charge transfer contributions. Although their
Recent advances of computational chemistry resulted in quantum-chemical origin comes from the Coulomb terms, these
extensive applications of computational methods in studies on contributions are frequently quoted in the literaturevaselec-
metal catior-nucleic acids interactior’s3! Because the interac-  trostatic effectsto distinguish them from pair-additive long-
tions of metal cations are characterized by substantial polariza-yange jonic-electrostatic contributions. The nonelectrostatic

tion and charge-transfer effects, the applicability of simple pair- effects are essentially due to electron density redistribution and
additive force fields is fundamentally limited. Thus, computational are much less affected by the environment screening.
studies of metal binding to nucleic acids are often carried out

. . . The present paper compares the gas-phase and condensed-
using quantum-chemical methods. The quantum-chemical data : e e
. . . . . phase effects caused by guanine platination and modification
are usually obtained for systems in complete isolation, that is,

. on its base-pairing and acidase properties. Comparison of

in the gas phase. - ; .
gas-phase and solution trends improves our understanding of

the molecular interactions and helps to separate the intrinsic
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experimental outcome is substantially affected by the interac- drug cisplatin cause mutations that appear to be independent of
tions of the studied systems with the environment and transfer-the primary cytotoxic effect caused mainly by intrastrand cross-
ability of such results is not guaranteed. Notably, many link of two consecutive guanineé8 Acidification of the N—H
experiments investigate small model systems similar to those group of guanine would enhance the rate of a spontaneous
studied by quantum mechanical (QM) computations, and someproton transfer in the GC base pair and stabilize mismatched
experiments are carried out in nonaqueous solutions, such agairs. The same effect can be anticipated in casent-platin,
DMSO and CDCJ.1-36-824 Therefore, the experimental condi-  which is tested in new generation of potential antisense drugs
tions often differ, and analysis of the intrinsic trends is thus and efficiently stabilizes parallel-stranded DN#®!” Platinum

vital. complexes with nucleobases may further be utilized to build

In some cases, clear correlation between gas-phase andip higher-order structures and supramolecular assermblias
solution data was established. For example, intrinsic stability which the effects of metal binding on base-pairing and acid
of base pairing is significantly enhanced because of polarization base properties are of primary interest. For example, deproton-
effects upon Nguanine metalatio®32and this is also seen in ~ ation of Ny guanine position entirely changes its H-bonding
solution33-35 Experiments reveal formation of metal-assisted properties and allows formation of triple-bonded guanine self-
nucleobase imino tautomers upon metal binding to the exocyclic pairs. As part of the ongoing research in the field, the guanine
amino groups of basé§;38 which can be fully explained as a  cytosine WatsortCrick (GC WC) base-pairing association
result of intrinsic molecular-orbital effects caused by the cation constanKgcin DMSO was recently correlated withyN acidity
binding3® QM calculations were also used to analyze the (PKamo) in water for a set of modified and Mplatinated
intrinsic properties of &rans-platinated base pair in solid stdfe.  guanines with varying charges (Schemé®Ijhe experiments
Interactions with the environment were shown to explain show initially a linear correlation; however, with further increase
apparent disagreements between theoretical gas-phase and X-ragf the NiH acidity, there is a spectacular drop of the base-pairing
structures of WatsonCrick base pairé! In contrast, the gas-  stability, resulting in a bell-shaped relation betwé&st pmso
phase protonation energies of metalated adenines are primarilyand Kano (see Figure 8 in ref 35). This was tentatively
determined by the charge of the metal adduct, while the explained as a result of significant reduction of H-bonding
corresponding aqueous solutiok 1,0 values are essentially — capability of Q upon excessive Nacidification, that is, by
independent of the charge. Still, when the ionic-electrostatic intrinsic properties of the nucleobases. In the present paper, we
contribution is subtracted from the gas-phase data, qualitative complement the experimental data using QM calculations and
correlation between gas-phase and solution data is achi¢ved. show, among other results, that the observed condensed-phase
Relation between gas-phase and solution trends was alsodependence cannot be explained on the basis of the intrinsic
investigated for metal binding in proteif&.44 (gas-phase) deprotonation and base-pairing energies.

The effects of metal binding and modifications on guanine
base-pairing and acitbase properties are of interest for a
number of reasons. Mutations caused by many metal species The hydrogen-bonding properties of 1-methylcytosine with
may be the result of nucleobase mispairing induced by the following guanine-base derivatives have been investigated
alterations in acieétbase properties of nucleobase atoms and (Scheme 1): 9-ethylguanine (labeled as struciuire Scheme
groups involved in complementary H-bond formation. Mono- 1 and abbreviated as 9EG throughout this paper), 7,9-dimethyl-
functional adducts (single-site binding) of a potent antitumor guanineH (DMG, structure2), and 8-oxo-9-methylguanine

Computational Details
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(80G, structured), as well as four 9-ethylguanine complexes TABLE 1: Base-Pairing Distances (A}
carrying different Pt(Il) moieties at the N7 position, labeled POG C=0s Ny—Hs Og+-Hs Ni—H; Hy*N3 Co—Ny No—Ho Hye-
(structured), P1G (structured), P2G (structures), and P3G 1210 1009 1920 1006 2036 1336 1002 2017
(structurer). All of the complexes were preoptimized usingthe g9egc 1211 1.008 1.920 1.008 2.042 1.337 1.002 2.005
Hartree-Fock (HF) method in the minimal basis set (STO-3G) DMGC 1204 1.001 2076 1018 1983 1316 1010 1.848
and then optimized with the more accurate 6-31G(d) basis set80SC 1219 1008 1929 1010 2017 1334 1003 1.991

) POGC 1.223 0998 2198 1.020 2005 1311 1012 1.797
except for the largest complex)( that is, P3GC. For the Pt pigc 1223 0998 2193 1019 2015 1312 1011 1.808
atom description, the Stuttgart/Dresden relativistic energy- p2cc  1.220 0999 2150 1.017 2015 1315 1.010 1.828
averaged small core pseudopotentfalgere used. Final energy
evaluation for the first six optimized complexes was done using
the second-order MgllerPlesset (MP2) perturbation approach TABLE 2: Pt(Il) Coordination Parameters 2
with the 6-31G(d) basis set. This compute_ltional Ie_veI is similar PN, PtL, PtLs PtL, torsion H-bond
to what has _been used in many preceding stqdlgs of metal A N A) A (deg) A
nucleobasg interaction and guarantees quqlltatlvely COMECU == 5052 2123 2085 2112 —55.6 1993
results entirely sufficient for the purpose of this papef?24 P1IGC 2067 2057 2076 2118 —489  1.964
Specifically, the MP2//HF results do not qualitatively differ from  pocc  2.074 2091 2.086 2.108 —58.9 2.189

4250 S
e s Sy o o s P12 0 1 g s e st o) 00
. : . of guanine, L is the other cis-ligand, andslis the trans-ligand to N
6-31G(d,p) method and RI-MP2 (resolution of identity MP2) ot guanine. Torsion angle is defined as N:Pt—N7(G)—Cs(G).
proceduré-52 with extended basis sets of atomic orbitals, as
implemented in the Turbomole co#feThe RI-MP2 method energies, repulsion energy of; rom the rest of the system
gives essentially identical results as the conventional MP2 but (neglecting the cytosine) was estimated using the classical
is considerably fastex’ electrostatic formula:
The cytosine and guanine parts of the studied molecular

a2 Numbering of atoms is taken from Scheme 1.

complexes were also optimized in isolation. Then the (uncor- Oy qieZ
rected) interaction energy between cytosine and the rest of the Erep — 1 ! 3)
complex (the base-pairing energyAE'", is evaluated as dendm Ty
follows: o= TRy
AE"C = E _ EoPt _ popt 1) Parameters} were partial charges taken from NBO analysis.
— compl G C

Interaction between the Nand H atoms was omitted.

where Eqompl is the MP2 energy of the optimized molecular .AII calculations, except of the RI-MP2 data, were obtained
complex while EX' and EX* are the MP2 energies of the with the Gaussian 98 code.

optimized subsystems. Finally to obtain the true interaction
energyAE, the basis set superposition error (BSSE) has to be
eliminated using the counterpoise procedure. Thus, the interac- Structures. The influence of guanine modifications and

Results and Discussion

tion energy is calculated as follows: various platinum adducts on the geometry of GC base pair is
summarized in Table 1. The table shows intermolecular dis-
AEPSSE= Ecompl — EZrost_ gghost ) tances and stretching of the covalent bonds involved in the pair-

ing. The charge donation from different substituents (methyl-,

where Ecompl is the MP2 energy of the optimized molecular ethyl-, oxo-, or platinum adducts) to guanine and the overall
complex andEX™S' (EZ%) the MP2 energy of the guanine electrostatic field of the system have marked effect on the length
(cytosine) subsystem with its geometry taken from the optimized of individual H-bonds. The electrostatic field of the positive
complex and with all dimer basis functions present (by “guanine charge localized around the guaningdtbm affects the position
subsystem” we mean the whole system without cytosine as seerof the cytosine base because of interaction with the cytosine
in Scheme 1). ThAEPSSEvalues do not include the deformation  dipole moment and leads to counterrotation of the bases. The
energies of the monomers. These contributions need to bedifferences in the distributions of electron densities affect the
evaluated separately at the HF/6-31G(d) level that has been usedi-bond lengths through changes of polarization and charge
for the optimizations. transfer. Typically, Hand H hydrogens become more positive,

An attempt was made for obtaining extrapolated data for the and Q oxygen becomes less negative. The counterrotation of
most extended P3GC complex, based on STO-3G optimizationsbases in the GC base pair has been documented in preceding
and HF/6-31G(d) single-point calculations. The same calcula- studies and correlates with the charge of the sysfeiiUpon
tions were tested also for all of the other complexes. However, neutralization, this geometrical effect is reduced; thus the
comparing these geometries and pairing energies with MP2/6-geometry changes in DNA or RNA molecules are considerably
31G(d)//HF/6-31G(d) data we concluded that the simplified smaller than those in the gas ph&de.
procedure was not reliable enough. Thus, the P3G system was The 9EGC system is basically equivalent to the unmodified
finally omitted from the discussion. Nevertheless, all of the data GC base pair. The neutral 80G derivate causes fairly small
for system P3G appear to be similar to the other Pt-containing geometry changes. The monocationic DMG induces an apparent
complexes and are thus not necessary for the following counterrotation of the bases that further increases for the 2
discussion. Pt-adducts. Interestingly, the DMGC base pair shows the shortest

Guanine N gas-phase deprotonation energies were calculatedsum of all three H-bond lengths. This indicates that the DMGC
in absence of the cytosine base as the electronic energybase pairing is accompanied by a relatively larger contribution
difference between optimized G and reoptimized structure of of polarization effects to H-bonding compared to the other
G(—H,)~ at the same level of theory (HF/6-31G(d)). To obtain systems. The order of thes®-H,4 H-bond length is G= 9EG
better insight in the origin of variability of deprotonation < 80G < DMG < P2G < P1G < P0G < P3G, while the
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TABLE 3: Interaction Energies of the GC WC Base Pairing (AE(MP2)), HF-component of the Interaction Energies AE(HF)),
HF Deformation Energies of the Monomers AE®f(HF)), Sum of AE(MP2) and AE%f(HF) (AE(GC)), Hi(N;) Guanine
Deprotonation Energies AE®P) and Aqueous Solution Experimental X, 0 Values in Water and DMSO Association
Constants

KGC/DMSO
AE(MP2y AE(HF) AE%(HF) AE(GC) AFEdeprot PK a0 (expt)
9EGC —26.24 (-31.09§ ~15.55 -2.58 —23.66 352.46 9.54 6.9
DMGC —35.89 (-41.66) ~25.07 -2.13 ~33.76 262.87 7.27 8.8
80GC —26.95 (-22.49) -17.78 -1.80 ~25.15 345.14 8.77 12.6
POGC —38.04 (-44.14) —28.79 -2.19 ~35.85 204.91
P1GC —36.23 (-42.38) -30.78 -2.15 —34.08 210.72 8.14 13.0
P2GC —34.58 (-40.74) —24.48 ~2.39 -32.19 218.50 8.23 2210

2 All data are in kcal/mol® Values in parentheses are without the BSSE correctibiP2 results for GC base pair are26.30 kcal/mol, taken
from ref 9.9 Experimental values are taken from ref 35.

TABLE 4: NBO Partial Charges on Selected Atoms of

reversed order is seen for the-HO, H-bond. The length of Studied Complexes

the middle bond shows the trend DMG&P0G= P3G < P1G

= P2G= 80G < G < 9EG, but the differences are smaller GC 9EGC DMGC 80GC POGC PIGC P2GC
(within 0.06A) in comparison with @--H, (0.28 A) and H-+-O, total 0 0 1 0 2 2 2
(0.22 A) distance variations. The shifts of electron densities have N7z(gua) —0.450 —0.457 —0.288 —0.619 —0.501 —0.503 —0.502
marked effect on the N-H; bond length. Extension of the-A\H Ng —0.568 —0.394 —0.333 —0.453 —0.338 —0.336 —0.343
bond is clearly correlated with the strength of the H-bonding, EZ/O 8-%2? 8-%91’3 8-328 ogggo 02-42822 02-52636 0(2)-52732
namely, the strer_lgthenl_ng via the guanine poIgnz_anon. Note O¢ 8 0635 —0.641 —0.606 —0.675 —0.678 —0625 —0.612
that the DMG derivate with charge 6f1 causes a similar NH Ny —0.650 —0.649 —0.636 —0.634 —0.620 —0.625 —0.632
stretching as the Pt-adducts with charg€s An analogous trend  H; 0.454 0.453 0.472 0.456 0.476 0.455 0.451
is seen for the BH; bond, while the cytosine N-H; bond G 0.628 0.635 0.651 0.633 0.647 0.648 0.646
shows the reverse trend. N —0.837 —0.837 —0.787 —0.832 —0.775 —0.795 —0.801
) . Ho 0439 0438 0453 0439 0456 0.434 0431

Table 2 shows bond lengths between coordinated nitrogensH,, 0.421 0.419 0.435 0.422 0.441 0.454 0.451
and the central Pt atom. It was reported eatfigrat ammonium N3 —0.587 —0.602 —0.584 —0.585 —0.568 —0.557 —0.562
has smaller trans effect due to its inability of back-donation. It Nycyt) —0.616 —0.435 —0.424 —0.434 —0.417
represents relatively weak competition compared to guanine, Oz —0.653 —0.665 —0.677 —0.665 —0.675
and it results in the strongest-AXl; interaction in POG derivate. ~ Ns —0.637 —0.636 —0.649 —0.638 —0.652

Corresponding characteristiethe shortest PtN; distance H“ 78'122 700'743310 70(.)723870.(7)%124970%9228
(2.052 A) and relatively long PtL,4 bond from the trans site ! ' ' ’ ' '
of square planar Pt(ll) arrangement are apparent. The Iongestﬁt(l_z)b _f'gs _00563‘;2 _O%elsge
Pt=N bond occurs also in this complex: -Hty; Ls is the N(L3)® —1.019 —0.823 —0.806
ammonium ligand in trans position to Nithat forms a H-bond N(Lg)P —1.040 —0.630 —0.645
to t,he Q site of guanine. Here’ smaller screening of the N, atom . Numbering of atoms is taken from Scheme 1, and the ligands are
by its hydrogens leads to a firmer-A¥l bond (2.085A), pushing  marked according to Table 2L is the cis-ligand H-bonded (see the
the opposite ligand further away from Pt. last column) to the @site of guanine, kis the other cis-ligand, and
The 1,5_diaminepentan_3_azo ||gand of P1G par“a”y re- L4 is the trans-ligand to Nof guanine. Torsion angle is defined as
sembles the bonding condition of the POG complex with three N(La)—Pt=N7(G)—Cs(G)..
ammonia (poor back-donation capability), and similarly strong 5 considerably smaller difference compared to that of 90 kcal/
Pt—=N7 coordination is observed. In the case of P2G structure, yo| petween neutral 9EG and monocationic DMG.
the Pt adduct with another guanine coordinated throughiits N |t is known that the enhancement of base pairing of the GC
site leads to a complex that resembles a Hoogsteen GG paifyase pair upon Ncation binding is mostly of a polarization
mediated by platinum instead of H-bondlng_. A stronger _datlve origin 21%while gas-phase deprotonation energies of nucleobases
Pt=Ny bond (2.091A) leads to a weakerR¢7 interaction with  are primarily due to the long-range ionic-electrostatic effects
a some\_/vhat larger dlstance_ (2.074A). On the basis of the trial further modulated by electron density shf$2 Thus, the GC
calculations (see method), it seems that P3G should lead to gpteraction and deprotonation energies suggest that the DMG
similar bonding and energetic distribution as P2G. modification is associated with more pronounced polarization
Gas-Phase Interaction Energies and Deprotonation Ener-  effects compared to the PN- binding, especially considering
gies.Table 3 collects the gas-phase deprotonation and interactionthat DMG is a monocation. This is in line with the geometry
energies, together with the experimentlhp,o0 andKgc pmso analysis presented above.
values. The neutral systems have very similar pairing energies, Charge Distribution. NBO partial charges on selected atoms
essentially identical to unmodified GC base pair. However, 80G of guanine, cytosine, and the Pt adducts are depicted in Table
is characterized by a ca. 7 kcal/mol drop in the deprotonation 4. Partial charges on guanine atoms in the 9EG structure
energy compared to 9EG. resemble the electron distribution of the isolated GC pair with
The monocationic DMG shows a substantial increase of base-the only exception of Bl A higher charge on Nof cytosine is
pairing stability by ca. 10 kcal/mol compared with the neutral related to the different Nsubstituent (H vs methyl group).
systems. It also causes a ca. 90 kcal/mol drop of the deproton-Electron distribution of 80G system differs more substantially,
ation energy. The dicationic Pt adducts provide similar enhance- but similarity still can be found in the H-bond region (especially
ment of base pairing as DMG; however, they cause a substantialpartial charges on H N», H,, and also on selected atoms of
additional reduction of the deprotonation energies in the range cytosine). This explains similarity in their H-bonding. Figure 1
of 40-55 kcal/mol with respect to DMG. This nevertheless is demonstrates the electrostatic repulsion of théytirogen from
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Figure 1. Comparison of K deprotonation energies (solid line) and Deprotonation
electrostatic repulsions between thedtom and the rest of the system [kcal/mol]

calculated using eq 3 (dotted line)x)(GC, @) 9EGC, @®) DMGC,

(v) 8OGC, @) POGC, @) P1GC, ®) P2GC Figure 2. Correlation between calculated deprotonation energy and

base-pair GC interaction energy in the gas phasgGC, @) 9EGC,
4) DMGC, (v) 80GC, @) POGC, @) P1GC, @) P2GC. Note that

the r_est 0 fthe SyStem estimated usi_ng eq 3 and the above Chargéwe parabolic dependence is indicated solely to demonstrate its opposite
distribution. There is a clear correlation between the electrostatic girection compared to the condensed-phase data (see the text).

repulsion and the Hdestabilization.
The electron density shifts show interesting variability for 10
different systems. Positively charged metals interact with the
N7 position and thus cause a rather “diagonal” density shift in ; [u]
the direction of N—N,. However, in the DMG, the positive
total charge is distributed over the whole guanine fairly 0
proportionally, decreasing (in absolute value) negative and =}
increasing positive partial charges of individual atoms. This *
leads to stronger H-bonds involving (more positive) hydrogens e
and weaker H-bonds involving the (less negativg)a@m of ;i
guanine. This trend actually appears to concur with the
suggestion by Sigel et &.regarding a destabilization of the
Oe*+*N4 H-bond in the case of DMG. As it was shown above,
however, the @--N4 H-bond destabilization is counterbalanced *
by strengthening of the other H-bonds. The electron density 74— . r , r . r
shifts and the structural data suggest that DMG affects base 200 20 300 350
pairing by a different mechanism compared with the platinated Deprotonization
species: the charge distribution of the six-membered ring of [keal/mol]
DMG and Pt-G is similar, despite the different origin of DMG  Figure 3. Comparison of gas-phase deprotonation energies with the
modification in comparison with platinum adducts; however, corresponding . 1,0 condensed phase valuesl) 9EGC, @) DMGC,
there is an apparent difference on the five-membered ring causedY) 80GC, &) P1GC, @) P2GC. [Kao error bars are taken from
by the increase of electron density due to metal induction for re
Pt complexes on one side and reduction of electron density duebe explained in the following way. The gas-phase deprotonation
to the total+1 charge on DMG on other side. energy is dominated by the ionic-electrostatic effect and only
Gas-Phase vs Condensed-Phase Trendsigure 2 shows partly modulated by the electron density distribution changes.
the correlation between the gas-phase base-pairing energy anth aqueous solution, the role of the ionic-electrostatic term is
the gas-phase deprotonation energy of thgdanine position. substantially reduced (basically annihilated) and the dependence
The relation is not linear. Stability of the 7,9-dimethyl-Gi€ is then dominated by the density distribution changes that should
base pair is considerably larger than one would expect from a not be markedly influenced by the solvent. Thus, the gas-phase
linear interpolation between neutral and2 charged PtG drop in deprotonation energy of ca. 8 kcal/mol between guanine
systems. The deviation for DMG occurs in thigposite direction and 80G is reflected by the ca. 0.8 log unit changekf io.
compared to the parabolic trend reported by Sigel et al in their Because both systems are neutral, we essentially see the net
solution experiment® In fact, however, we do not assume that effect of electronic structure differences, which is not affected
the parabolic trend seen in the present set of systems revealdy the solvent screening. Platination leads to a further ca. 0.5
any general relation between gas-phase base-pairing and delog unit drop of K n,o. This is of course a much smaller effect
protonation energies. The DMG system shows a different than that in the gas phase, and it is due to the screening of the
balance of electrostatic and polarization effects compared to theleading ionic-electrostatic term in water. Finally, the DMG
Pt systems, causing the apparent nonlinearity of the correlation.causes a further drop ofk@n,o by ca. 1 log unit, deviating
Finally, let us compare the gas-phase data with the solution thus completely from the gas-phase trend. However, the result
experiments. Figure 3 shows the correlation between the gas-can be well understood because (see above) the electron density
phase deprotonation energy and th€, o values. While in of DMG exhibits, among the studied systems, the largest
the gas phase, the2 Pt systems show the largest destabilization redistribution in comparison with the unmodified guanine base.
of the H(N,); in a water environment, the DMG shows the Because aqueous solution data reflect primarily this nonelec-
most pronounced Nacidification. This marked difference can trostatic term, the DMG shows the largest acidification. Thus
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containing systems are too large, we considered only the G,
- 80G, and DMG molecules. At the B3LYP/6-31G(d,p)//B3LYP/
30 6-31G(d,p) level, the interaction energies with inclusion of
monomer deformations are25.25,—24.98, and-35.82 kcal/
mol for GC, 80GC, and DMGC base pairs, respectively.
Because the GC and 80GC base pairs are close to each other
§ in energy, we carried out very accurate RI-MP2/aug-cc-pVTZ//
e} RI-MP2/cc-pVTZ calculations. The corresponding interaction
X energies with inclusion of monomer deformations af26.76
% and—27.21 kcal/mol for GC and 80GC. Thus, the stabilization
is modestly improved, as expected, but especially, the relative
104 S changes are too small to affect any of the conclusions of the
% present paper. Regarding the deprotonation energies, the B3LYP/
T : T 6-31G(d,p) method provides values of 356.8, 350.6, and 266.9
% % _ % 40 kcal/mol for G, 80G and DMG, respectively, while the most
Base Pair Energy accurate MP2/cc-pVTZ values are 346.5, 337.6, and 256.5 kcal/
[keal/mol] mol. Thus there is a small variability of the absolute values

Figure 4. Comparison of gas-phase base-pair interaction energies with with no significant changes of the relative trends.
stability constants in condensed phase (DMSQJ) QEGC, @)
DMGC, (v) 80GC, @) P1GC, ®) P2GC. Error bars taken from ref
35.

Concluding Remarks

Gas-phase deprotonation energies of guanipieHN position

the gas-phase and aqueous-solution data can be well correlatednd its base-pairing energies with cytosine were compared for
under the assumption that the ionic-electrostatic effects area series of modified and Nplatinated guanines with charges
essentially eliminated by the solvent and th&, p,o changes  ranging from 0 tot+2. The gas-phase data were correlated with
are caused by the nonelectrostatic (polarization) contributions. available condensed-phase experiments.
This finding agrees with our preceding studies of platinated  |n the gas phase, the stability of the base pair increases with
adenines and metal-assisted nucleobase tautGieérs. acidification of the N position. However, the relation is not

Figure 4 shows that there is no correlation between the gas-entirely linear. The guanine ;Ndeprotonation energies are
phase interaction energy and the base-pair stability in DMSO. primarily determined by ionic-electrostatic interactions associ-
The Pt-GC base pairs show enhanced stability in gas phase anated with the total charge of the system. Nevertheless, there is
in solution with respect to the reference 9EGC system. The also a nonnegligible contribution caused by polarization effects,
condensed-phase data, however, also reveal a rather significanivhich is especially significant for 7,9-dimethylguanineH he
stabilization of the base pairing of 80G relative to that of 9EG, improvement of GC base pairing caused by metalation and
while both base pairs are nearly isoenergetic in the gas phasemodification of guanine is primarily caused by polarization
The most striking example is the DMGC base pair. Its rather effects.
low stability in DMSO contrasts with the sharply increased  The order of gas-phase deprotonation energies differs sig-
stability in the gas phase. In addition, as we have argued above pificantly from the available solutionky, 0 values. However,
the strong stabilization of DMGC base pair in the gas phase is when one assumes that the polar environment substantially
primarily due to a profound electron distribution shift. Such reduces or annihilates the ionic-electrostatic effects, qualitative
polarization (nonelectrostatic) effect should not be significantly agreement between the gas-phase and condensed-phase data is
affected by nonspecific (continuum) solvent screening. In seen. The same conclusion was reached when comparing
conclusion, theKecomso data does not correlate with the solution and gas-phase data for protonation of metalated
intrinsic gas-phase trends even when separately considering theydenineg?!
ionic-electrostatic and polarization effects. In contrast, poor correlation was found between the intrinsic

Accuracy of the Results.It is to be noted that the above- gas-phase GC WC base-pairing energies andKbepmso
reported trends are not substantially affected by accuracy of condensed-phase data. Agreement was not achieved even when
either the experiments or the computations. Error bars of the separately weighting the electrostatic and polarization contribu-
PKa o Mmeasurements are very small, and the same is true alsations. The differences are significant and can be explained
for the solution association constants, except those of the P2GCneither by the error margins of experiment nor by accuracy of
pair. However, the main conclusions remain unchanged eventhe calculations. The most striking example is the 7,9-
when the P2GC data is not considered. The QM calculations dimethylguanineH-C base pair. This base pair has rather low
are fairly accurate. We used the MP2//HF method extensively stability in DMSO, which sharply contrasts its large stability
in the past for metathase-pair interactions, and the results were in the gas phase. Thus, the parabolic shape oKthepmso VS
similar to those obtained by DF? Similar conclusions for some  pK,,0 dependence suggested by recent experiments does not
related systems can be found in studies performed by otheroriginate in the intrinsic properties of the studied systems. It
researcher&>"6! The present calculations systematically indicates that the outcome of the measurement might be affected
underestimate the absolute gas-phase binding energies of basgy some specific interactions with the environment, contacts
pairs by a few kilocalories per mole because of incomplete with counteranions present in solution, presence of undetected
inclusion of intermolecular electron correlation enefgy.he structures competing with the desired base pairing, etc. Note
relative order of stability is predicted with an uncertainty of ca. that such a very specific interaction was recently suggested to
2 kcal/mol or better over the whole range of possible pairing the explain unexpected lack of base pairing afp¥atinated
patterns. adenine and thymine in CDg3* In that particular case, nitrate

Nevertheless, on the basis of the referee’s suggestions, wecounteranions interacting with the Pt adduct probably prevented
carried out additional reference calculations. Because the Pt-the expected Hoogsteen base pairing despite that the platination
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itself intrinsically modestly supports the base pairing. Thus, the
QM calculations have a rather limited capability to predict
solution association constants of modified/metalated nucleo-
bases, while the solution experiments do not unambiguously
reflect the intrinsic stability of the base pairs and the stability
order may be different in different environments. The present
paper demonstrates that computational and experinféntal
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and interactions provide useful information complementing the
condensed-phase and solid-state experimental data.
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