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A Quantum Chemical Study of Ci#" Interacting with Guanine —Cytosine Base Pair.
Electrostatic and Oxidative Effects on Intermolecular Proton-Transfer Processes
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The influence of metal cations (M Cu", C&" and Ci#") coordinated to Nof guanine on the intermolecular
proton-transfer reaction in guanineytosine base pair has been analyzed using the B3LYP density functional
approach. Gas phase metal cation interaction stabilizes the ion pair structure derived from thesMgle-
proton-transfer reaction, the effects being more pronounced for the divalent cations than for the monovalent
one. For C&"GC the reaction is largely favored due to both electrostatic and oxidative effects. Hydration of
the metal cation disfavors the reaction due to the screening of electrostatic effects. Howevef ftneCu
reaction can still be easily produced, especially for certain local environments of the metal cation for which
Cu?* induces the oxidation of guanine. Therefore, the ability o¥'Go oxidize guanine turns out to be a key
factor for this mutagenic process.

I. Introduction molecules and phosphate) reduces significantly the probability

) . . of such a mutagenic process.

Metal cations are known to play an important role in both . . . .
the stabilization and destabilization of DN The main effect Most of the theoretical studies performed on the interaction
of metal cations is to neutralize the negatively charged backbone®f Metal cations with guanine or guanineytosine base pair
phosphate groups through nonspecific electrostatic interactions,have dea_lt with alkali, alkaline-earth, or closed-s_hell transition-
which stabilizes the double helix. In particular, alkali-metal ions mﬁztfl c%talons. Only one stuthhas analyzed the interaction of
can lead to partial charge neutralization by condensing aroundCY » @ @ open-shell cation, with guanine, but its influence on
DNA in a cylindrical fashion. In addition, metal cations can base_pa|r|ng orln_termo!ecular protqn-tra_nsfer processes was not
specifically coordinate to the phosphate oxygen atoms, Sugarc_onsmered. C%T_|s an important b'OIOQ_'CaI m‘?ta' lon ng a
oxygen atoms or electron donor groups of the heterocyclic bases, I redox chemistry and closely associated with DNA bases,
the different coordinations depending on the concentration and Particularly guanine. In the presence 0G4, and often with
on the kind of metal cation. For instance, alkali-metal and 2dded ascorblczazlmd, copper ion has been shown to induce DNA
alkaline-earth-metal cations interact mostly with the phosphate PaS€ damag€. 22 It has been suggested that such damage is

group, whereas transition-metal cations such & and Cé#+ induced through the formation of a DNACU"—H0, complex,
frequently bind directly (inner-shell coordination) to the nucleo-

which results in oxidation of Cuto lead Cd*—DNA and base
base. Therefore, although catiephosphate interactions are modification. Thus, the structural and electronic effects induced

predominant, the binding of metal ions to the bases is not PY the interaction of Ct on guanine-cytosine base pairing

negligible, especially at high concentrations, which can modify &€ of great interest. Moreover, due to the oxidant character of

the hydrogen bonding and the stacking interactions that stabilize CY "+ itS interaction with guaninecytosine base pair might lead
the double helix. to the formation of oxidized guanine, which has been previously

It is well-known that the N position of guanine, which is ~ ShOWn to favor the proton transfer fromyNo the N of

ready accessible in the major groove of duplex DNA, and is CYtosine? _ _ _

not involved in WatsorCrick base pairing, is the preferred ~ The main goal of this paper is to theoretically analyze the
metal binding sité=4 Moreover, the large dipole moment of  €ffect of coordination of .C%T, an open-shell ® metal cation
guanine ¢7 D) and its orientation favor this major metal N Which both electrostatic and oxidative effects are important,

binding pattern. Many studies have analyzed the interaction of ©n guanine-cytosine (GC) WatsonCrick base pairing and on
different metal cations to guanitid® and their influence on different intermolecular proton-transfer reactions. Results will
base pairing-4 Results show that metal cation binding to base be compared with those obtained for ‘Cand C&" for which
pairs has a pronounced effect on structural and electronic the metat-GC interaction is mainly due to electrostatic and
properties of the interacting bases, the stability of guanine polarization effects. First, we will present the results obtained
cytosine Watsor Crick base pairing being enhanéet? mainly in the gas phase. Finally, the changes produced in both the
by polarizatior®:!2 Moreover, a few theoretical results have €lectrostatic and oxidant effects upon coordinating the metal
shown that the presence of metal cations interacting at the N cation to different water molecules will be discussed.

position of guanine promotes the proton transfer fromadN

guanine to the Blacceptor site of cytosinel® However, the [I. Methods

screening of the metal charge by the environment (water ) o ) )
Molecular geometries and harmonic vibrational frequencies
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SCHEME 1 TABLE 1: B3LYP/B1 Metal —Ligand and Hydrogen Bond
ot Distances (A) for the Non-Proton-Transferred GC and
M Single-Proton-Transferred SPT1 and SPT2 Structures
rNI7 96“'H'N4/ [GC]-+
HN\z/_Sr--H-Na/ \> GC GC TS-SPT1 SPT1
N= NH
_<N2_H___C§Z_ Os—N, 2.79 2.97 2.73 2.70
H N;—N3 2.93 2.82 2.63 2.80
N2—0O, 2.92 2.67 271 2.93
,M \o H SPT1 Cat
- _N/
r'fZ/_/('“’ . P GC TS-SPTL SPT1
o = N>H C& —N; 2.32 2.30 2.29
N _H___O/>_ Ca+*—0g 2.17 2.16 2.15
o 2 05—Ng4 3.20 2.90 2.95
MY N1—N3 2.87 2.65 2.92
SN H N2—O, 2.66 2.68 2.92
rN7 06~ ~H-NJ
HN\Z/_,SH_H_ 'Na)/ ) cu*
N=( )—NH GC TS-SPT1 SPT1
Ne~"H=0: Cu'—N; 2.01 2.00 2.00
Cu—0s 2.12 2.08 2.07
Os—Na4 3.00 2.72 2.70
N1—Ns 2.86 2.64 2.79
SPT2 N>—0O> 2.77 2.80 2.95
approach*as implemented in the Gaussiarf@8et of programs cwt
package. Previous theoretical calculations have shown that the GC TS-SPT1 SPT1 SPT2
lgand sy - _ Cl*—0g 2.24 2.21 2.14 2.23
Geometry optimizations and frequency calculations have been  0Oz;—N, 3.16 3.01 3.04 3.25
performed using the following basis sets. The Cu basis setis Ni—Ns 2.76 2.66 2.92 2.92
N2—0O; 251 2.55 2.85 2.65

based on the (14s9p5d) primitive set of Wachtempple-
mented with one s, two p, and one d diffuse functfémas well
as one f polarization functio#?, the final contracted basis set ~ A. Naked Metals (M = Ca*", Cu*, and Cuw*"). The
being [10s7p4d1f]. The Ca basis set is the (14s11p3d)/[8s7pld]oPtimized metat-guanine and H-bond distances of the non-
of Blaudeau et al° supplemented with one s, p, and d diffuse transferred, GC, single-proton-transferred, SPT1 and SPT2, and
functions. Thus, the final contracted basis set is [9s8p2d]. For the corresponding transition states are given in Table 1. For
C, N, O, and H we have used the 6-31G(d,p) basis set. Thiscomparison we have also included the values corresponding to
basis set will be denoted hereafter as B1. Energy calculationsisolated neutral and oxidized G€2For the neutral system the
have also been carried out using the larger 6~8G(d,p) basis single-proton-transfer structure is not stable because the process
set for C, N, O, and H. This basis set will be referred to as B2. implies the formation of an ion pair.
For the smaller basis set, the base pairing energies have been First of all, it must be mentioned that allM-GC systems
corrected for basis set superposition error using the counterpoisenave Cs symmetry, the lowest electronic state beingpa for
methods? Ca&* and Cu and &?A" for Ci?™. In all cases, the metal cation
Thermodynamic corrections have been obtained by assuminginteracts with both the Nand G of guanine; that is, the complex
an ideal gas, unscaled harmonic vibrational frequencies, andshows a bidentate coordination. However, the metgand
the rigid rotor approximation by standard statistical methids. ~distances indicate that €acation has a larger affinity for §
Net atomic charges and spin densities have been obtained usingvhereas Cti and Cd* show a larger preference for;NThe
the natural population analysis of Weinhold eB%Dpen-shell  largest metatligand distances correspond to €aThis was
calculations have been performed using an unrestricted formal-to be expected considering that, among the three catiorts, Ca
ism. All calculations have been performed with Gaussian 98 is the one with a larger ionic radius. However, in contrast to
package?® what one would have initially expected, the metédand
distances for Ci are larger than for Cu This is due to the
fact that the interaction of Cti induces an oxidation of the
base pair so that the final situation can be viewed as the
As mentioned the Nposition of guanine is the preferred metal interaction of Cd (d% with the GC™ radical cation, which
binding site!™* Because of that, we have only considered the produces an increase of the metglianine distances due to
interaction of the metal cation at this position. Scheme 1 shows the repulsive electrostatic term between the two fragments.
the two single-proton-transfer processes studied in the presentaccordingly, the open-shell orbital of [CuG&] shown in
work: the N—N3 (SPT1) and the i+-O; one (SPT2). Although  Figure 1, is mainly centered on the guanine monomer. Moreover,
the SPT1 transfer is the most favorable one, the SPT2 has alsmet charges and spin densities of the three different fragments
been found to be possible for €u (M™, G, and C), obtained from natural population analysis
As expected, the products resulting from a double proton- (Table 2), confirm that Cii induces an oxidation of guanine.
transfer reaction (N-N3 and N,—Osg) were not found to be It can be observed that the spin density on [Cu&Ghainly
stable and any attempt to localize them collapsed to the single-lies on guanine and not on the metal ion, as one would expect
proton-transfer minima. for a ® metal cation. Moreover, the charge of the metal cation

I1l. Results and Discussion
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TABLE 3: Net Atomic Charges and o and & Electron
Population at Og, N;, and N, of Guanine?

net atomic charge o 4
GC
O¢ —0.68 7.11 1.57
N1 —0.65 6.03 1.62
N2 —-0.84 6.10 1.74
GC*
Os —0.54(+0.14) 7.12¢-0.01) 1.42¢0.15)
Ny —0.65(0.00) 6.06{0.03) 1.59¢-0.03)
N —0.72(-0.12) 6.19¢-0.09) 1.53¢-0.21)
Ca2*—GC
Os —0.88(-0.20) 7.15¢-0.04) 1.73¢-0.16)
. i . N; —0.60(+0.05) 6.05¢-0.02) 1.55¢0.07)
Figure 1. Open-shell orbital of C&rGC. N, ~0.76(+0.08) 6.16¢-0.06) 1.60(-0.14)
TABLE 2: Charges (Spin Densities) from Natural Cu"—GC
Population Analysis Os —0.76(-0.08) 7.11(0.00) 1.65(¢0.08)
N —0.62(+0.03) 6.04¢-0.01) 1.58¢-0.04)
+ +__ _ +_ 1
GC  [GCF* Ca#-GC Cu-GC Cu'-GC N; —0.79(+0.05) 6.14¢:004)  1.65(0.09)
mn+ 1.85 0.85 0.90(0.00) Cl—GC
G —0.03 0.85(1.00) —0.01 0.04  0.81(0.98) o —068
s .68(0.00) 7.12¢0.01) 1.56¢0.01)
c 0.03 0.15(0.00) 0.16 0.11  0.29(0.02) N —0.63¢+0.02) 6.076-0.04) 1.56(-0.06)
SPT1 N —0.63(+0.21) 6.26¢-0.16) 1.37¢0.37)
mn+ 1.83 0.83 0.88(0.00) . . .
G 0.08(1.00) —0.75 067 0.16(1.00) a|n parentheses are variations with respect to the values in neutral
Cirh 0.92(0.00) 0.92 0.84  0.96(0.00)  9uanine-cytosine.
M SPT2 0.89(0.00) To analyze the changes produced on the electron density of
G 0:18(1:00) guanine upon metal cationization and their influence on the
Crty 0.93(0.00) H-bonds, we present in Table 3 the net atomic charges and

electron population of §) N;, and N of guanine in GC, GC,

is close to 1 and similar to that obtained for G«GC whereas ~ and M™—GC. According to the symmetry of the syste@X

the charge and spin distribution of the base pair is very similar the electron population has been decomposed in two compo-
to that of ionized GE- 23 nents: thes (&) andx (d') ones. Relative values with respect
to isolated neutral GC are included in parentheses. First of all,

With respect to the H-bond distances it can be observed init N be observed that thevariations are sianificantly mor
Table 1 that the binding of the metal cation induces important . can be observed tha ariations are signiicantly more

tant than ther ones. This is not surprising considering
changes. For all M—GC systems, the §£-N4 hydrogen bond impor . ; .
increases whereas the other twa-Mis and N—Oy, decrease., that thesr system is more polarizable. For €Cand C&*, metal

especially the latter one. Such changes follow the same trendblndlng leads to an Increase of the electron population et o
o . . . and so, the net atomic charge becomes more negative. In
observed for ionized GC€. The metal cation interaction

strengthens those hydrogen bonds in which guanine acts ascontrast, a decrease is observed at theid I, atoms, the net
9 yarog . neh g atomic charges becoming less negative. As expected, variations
proton donor and weakens the one in which it acts as proton

. ; .~ _are more important for the divalent system. As a consequence
acceptor. Similar trends have been observed in previous

; : of these changes the;NH3* and N—H become more acidic.
1
Lhenodreélic?l r?tud|e§r. As e>r<pecrter(lj, ﬂ:]e Cgafn??ﬁ Ogi?el hg/tdro?ierr} The & site does not become more basic, despite the increase
0 stances are more pronounced for the divalent cations, ¢ charge density, due to the presence of the metal cation. The

than for the monovalent ones. However, the comparison between ; -
. : ’ CW—GC system shows a somewhat different behavior; that
the two divalent cations, G& and Cu@#', shows that the Y

. o is, the charge density atg@oes not increase, in contrast to
strengthening of the N- N3_and I\b—_Oz l_:)onds IS 3|gn|f|car_1tly what is observed for G4, and there is a very important decrease
larger for Cd*. As mentioned, this is due to the oxidant

character of C#f, which leads to the formation of the Cu at No. Again, this is due to the oxidant character of*Cuthe

. X . resulting changes being a combination of those observed for
GC* complex, for which both the electrostatic and oxidant GOt ar?d CLT—gGC. g

effects contribute to the changes observed. The comparison g, the electrostatic repulsion between the metal cation and
between GE€ and CU—GC shows that the effect of oxidation e hydrogens involved in the H-bonds and the electronic

is more important than that produced by the binding of & pjarization induced by the metal interaction contribute to

monovalent metal catit?n. . strengthen the N-N3 and N—O> bonds. However, the &
Several factors contribute to modify the strength of hydrogen N, bond is weakened, despite the increase on the charge density
bonds when the metal cation interacts at the @dsition of at Gs. Thus, the electrostatic repulsive interaction seems to be

guanine. On one hand, the presence of the metal cation leadsiominant in this case.

to a repulsive electrostatic interaction between the positive The changes on the hydrogen bonds when metal cations
charge of the metal and that of the hydrogens involved in the interact with guanine result in an enhancement of the base
H-bonds, which strengthens the-\Ns; and N—O; bonds and pairing. The guaninecytosine interaction energies for isolated
weakens the ©-N4 one. On the other hand, the binding of the G—C and M*G—C (M = C&", Cu*, and C@") are given in
metal cation modifies the electron density (mainly that of Table 4. Counterpoise-corrected values with the smaller basis
guanine) due to polarization effects. Finally, the charge transfer set B1 are included in parentheses whereas italic numbers
from guanine to the metal cation, which is especially important correspond to those with the larger B2 basis set. It is observed
in the case of Cif, also contributes to the observed changes. that the counterpoise correction decreases the guanijesine
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TABLE 4: Interaction Energies Computed at the B3LYP static and oxidant effects are important to stabilize this structure.
Level with Basis Sets B1 and32 (kcal/mol) However, the SPT2 structure is less stable than the SPT1 one
M G—C due to the rigidity of the bases, which do not benefit alternate
G—Cb C2'G-_C CuG-C CiroG-—cC situations with a different central H-bond. Moreover, the proton
Dt 3030255 458(421) 3870355  66.4(63.3 affinity at the Q site of cytosine is smaller than that of.ff
° 26:2( ) 40.'9( D 34.0 (353) 60.4 (63.3) The metat-ligand and hydrogen bond distances of SPT1 and
Do 28.8(24.0) 44.8(41.1) 36.9(33.7) 67.2(64.1) SPT2 are shown in Table 1, and the charges and spin densities

AH%gx  28.8(24.0)  44.8(41.1) 37.1(33.9) 67.3(64.2) in Table 2. In general, metabjuanine distances slightly decrease

AGoex  17.4(126)  33.4(29.7)  243(21.1) 54.4(51.3) in the proton-transferred SPT1 and SPT2 structures. F&f Ca
M™—GC and Cu this is consistent with the fact that the guanine fragment

G~ (-n* acquires a certain negative charge (see Table 2), which

Ca&™—GC Cu—GC C®*—GC . S
- enhances the metajuanine binding. For Cd, the decrease
De %;-2(172-4) %%460(98-4) 3?3’33?;9(340-3) of the M—0g distance is attributed to the fact that the positive
Do 176.2(171.3) 102.6(97.0) 345.2(341.6) chargg qf |orj|zed guanlne.malnly moveslto protonated cytosine,
AH%0a¢ 176.8(171.9) 103.1(97.5)  345.8(342.2)  diminishing its electrostatic repulsion with Cu
AGP08¢ 169.7(164.8) 97.7(92.1) 336.3(332.7) Hydrogen bond distances experience significant changes. For

2 In parentheses are counterpoise-corrected valsken from ref ~ the SPT1 structure with Cyit is observed that those hydrogen
23a.¢De = E(M™G) + E(C) — E(M™GC). 4 D, = E(M™) + E(GC) bonds in which protonated cytosine; G+ acts as a proton
— E(M"GC). donor (—N4 and N-—N3) become shorter whereas the one in

which it acts as a proton acceptor 4NO,) becomes longer

dimerization energies by about-3 kcal/mol, the corrected = compared to the nontransferred system. This was to be expected
values being in quite good agreement with those obtained with considering that cytosine supports a positive charge, which
the larger B2 basis set. For all systems, metal cation interactionmakes N—H and Ny,—H bonds more acidic and the;@ poorer
increases the base pair dissociation energy. With the B2 basisproton acceptor. Moreover, because guanine acquires an im-
set this increase is 14.7 kcal/mol for&a7.8 kcal/mol for Cd, portant negative charge thes@nd N, centers involved in the
and 34.2 kcal/mol for Git. Although a larger increase was to  H-bonds become more basic. Globally, the proton-transferred
be expected for the divalent cations, it is remarkable the Structure shows shorter H-bonds than the nontransferred one,
important base pairing enhancement produced by @om- indicating a stronger interaction between the two fragments,
pared to Cé&". Again this is due to the fact that €uoxidizes G (- and Cimt -
the base pair and, so, part of this important increase results from C&" and Cd* present a somewhat different behavior. For
the formation of GC' radical cation. Note that the observed C&"G (—1H—C* 1) the repulsive electrostatic interaction
increase of 34.2 kcal/mol is about 9 kcal/mol larger than the between the divalent metal cation and protonated cytosine,
value that one would obtain considering that both ionization C'++") , becomes dominant, which does not allow-®™, and
(17.6 kcal/mol) and Cticationization (7.8 kcal/mol) effects are  N1—Ns bonds to become as strong as for'Céor Cir* we
additive, which points out important cooperative effects. A 9eta CUG 1H—C" 11 complex; the G-+ fragment does

similar base pairing energy has been obtained for®aC (55.4 not acquire a negative charge (see Table 2) and again the
kcal/mol), which confirms that the metal cation oxidizes guanine "€PUISive interaction between the metal cation and the positive
to lead to CAG**C. The results obtained for €aand Cu are C*(+1) becomes dominant. Therefore, forCand Cé* one

observes a clear weakening of the hydrogen bonds.

The relative energies of the single-proton-transferred structure
with respect to the M G+C asymptote are given in Figure 2.
For comparison we have also included the relative energies of
the single-proton-transfer MG~ (—y++C* 1+ asymptote. Al-
though relative energies with the larger basis set aré Kcal/
mol smaller in absolute value due to smaller basis set super-
position error, the energy barriers and reaction energies with
the two basis sets are very similar. As expected, metal cation

similar to those reported in previous theoretical stuéfies.

Metal—GC interaction energies have also been included in
Table 4. As expected, metaGC interaction energies are larger
for the divalent cations (Ga and Céd") than for the monovalent
one (Cu). Large differences observed betweerf Cand Cd*
mainly arise from the oxidant character ofZuNote that the
difference between the €tH-GC and Cd+GC* asymptotes
is 322.1 kcal/mol with the large basis set. Moreover, the

interaction between Cuand GC* is stabilizing by 8.2 kcall interaction stabilizes the ion pair complex. Note that in the

mol due to polarization of the base pair. absence of a metal cation the"Gy+—C* w4 structure is

It has been observed that metal binding of GC strengthensestimated to lie about 19 kcal/mol above @&CEor the
those H-bonds in which guanine acts as proton doner-(i# monovalent Cti, the reaction energy (5.1 kcal/mol with B2)
and N—0;) and weakens the one in which it acts as proton decreases significantly, the energy barrier being 6.9 kcal/mol.
acceptor (@—Ng). Thus, any of the two strengthened H-bonds For the divalent C& and C@", the electrostatic effects are
can be involved in the single-proton-transfer reaction (see larger and the proton-transfer reaction leading to the SPT1
Scheme 1). Results show that the transfer frond\Ns (SPT1) species becomes even more favorabt8.8 and—10.1 kcal/
is the only possible process for €aand for Cur, because alll mol, respectively), and consequently present smaller energy
attempts to optimize the proton-transferred structure resulting barriers (3.2 and 0.5 kcal/mol). For &y the proton-transfer
from the N—O, transfer (SPT2) collapsed to the initial one. reaction leading to the SPT2 structure21 kcal/mol) is less
However, for C&" both the SPT1 and SPT2 structures were favorable than the one that leads to SPFILQ.1 kcal/mol).
obtained. The fact that the SPT2 structure is only obtained for ~ The most important difference between the monovalerit Cu
CU#" is consistent with the fact that its interaction to GC leads and the divalent G4 and C@#* cations is that for Cli the
to a very strong M-O, hydrogen bond due to its oxidant proton-transferred MG~ H+Ctn+ asymptote lies 15.5
character. It should be mentioned that the SPT2 complex haskcal/mol above the ground-state"MG+C one, and so, the
also been found for N&**C, which shows that both electro- M"G~(4+—C*n*) H-bond interaction (44.4 kcal/mol) is
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+}3.8 hexacoordinated with a fairly rigid coordination sphéfe,
+15.5

—_— transition-metal cations such as C¥3%or Zr?* 40 can have a

more flexible coordination sphere. Thus, the screening of

electrostatic effects and more importantly the changes in the

M™G + C o 4 oxidant character of Cfi may change significantly with the
0.00

; number of water molecules directly coordinated to the metal
cation.

/ In this section we will mainly focus on the effect of water
solvation on C&" and C@d", because for these two metal cations
i 325 the gas phase results have shown that the single-proton-transfer
; f reaction occurs very easily, especially in the case &fCior
Cu*, the gas phase reaction energy has been found to be positive
and electrostatic screening due to water solvation would disfavor
the reaction even more. Hydrated cations have been found to
T S /YA form inner sphere contacts with eitheg ©r N; of guanine.
M=Ca¥ | -40.9 \ o -50.1 Although the two situations may be competitive for some
Y -44.7 cations3¢8in the case of Cif, adsorption spectra data (chapter

12 of ref 1) seem to indicate that the metal cation is inner sphere
: -64.9 bound to nitrogen atoms. Thus, in the present work we have
' oy 661 621 only considered the interaction with;N
) Figure 3 presents the optimized structures of'@GC and
\ Ca&"GC solvated by five water molecules, as well as the

M = Cu®*

=771 corresponding SPT1 structures. Starting geometries were taken
N\ -70.5 from those previously obtained for §8)sMg?tGC 10 First, it
is observed that in both cases the water molecule interactions
change the coordination of the metal cation with guanine. In
W 941 the gas phase the coordination is bidentate with thamd Q
. -8%6 of guanine, whereas for the hydrated cations the coordination
is monodentate with only NC&* is hexacoordinated but €u
M™GC MYG . Clyey MYG L +CL presents a pentacoordinated structure, with one water molecule

Figure 2. Energy profiles corresponding to the single-proton-transfer
SPT1 reaction in MGC (M = C&*, Cu', and Cd") systems. Relative
energies (in kcal/mol) with basis sets B1 aBg&

in the second solvation shell. This is in agreement with previous
studies, which show that €ahas a larger preference to have
six water molecules in the first coordination sHélOn the other

hand, a pentacoordinated structure of?Cinas also been
significantly larger than in MG C (34.0 kcal/mal). Consistently,  reported for (HO)sCW?PO,~.16

the hydrogen bond distances in the proton-transferred structure |t should be mentioned that for §8)sCl?*GC we have also
are shorter than in the initial species (see above). In contrast,heen able to locate a structure with the five water molecules
for the divalent cations the proton-transferred asymptote lies directly interacting with C&*. However, this structure lies 6.7
significantly below the M*G~(nH)—C*(tu) SPT1 structure.  kcal/mol higher in energy with basis set B1. Moreover, upon
Because of that and considering the small energy barrier of thetransferring the N—H proton to cytosine in the hexacoordinated
single-proton-transferred reaction, the interaction of these metalcomplex, one water molecule moved to the second solvation
cations to guanine is expected to induce a spontaneous protonshell. Because of that and for consistency we only report the
transfer process followed by the separation of the two fragments. geometry of the pentacoordinated®#(H»0),Cl?*GC com-
This is due to the important electrostatic repulsion between the plex. On the other hand, because previous studies &m-Zn
two, M2*G~ -y and C'nty , positively charged systems.  (H,0)g*°and Cuf(H,0), (n = 4, 5F8 have shown that the energy
Finally, it should be mentioned that although both divalent cost for changing the local environment of the metal cation is
cations show a similar behavior, the oxidant character 6fCu  small, and that C(H,0), clusters present a certain preference
along with the electrostatic effects make the single-proton- for a planar tetragonal hydration sh#iwe have analyzed the
transfer process more efficient. (H20),C?*GC complex in more detail and considered different
B. Hydrated Metal Cations. The results presented in the situations according to the number of water molecules directly

previous section correspond to the gas phase situation, whichbonded to the metal cation. These configurations will be denoted
can be very different from the one in real living systems, given as (nn) wherem s the number of molecules interacting with
that in these cases the metal cation is solvated by water Cl?* andn equals the number of water molecules in the second

molecules and interacting with the negatively charged backbone.solvation shell.

Therefore, the electrostatic effects will be largely screened, We have not attempted to explore exhaustively the potential
which will make less favorable the proton-transfer reaction. In energy surface of these complexes, because it is very complex

fact, previou$ single-point calculations have shown that both due to the high number of relative minima associated with the

minima are isoenergetic for pentahydrated?¥gnd that the water molecules orientation and also computationally very

reaction becomes unfavorable by about 13 kcal/mol if one water demanding due to the size of the system. Our main goal has
molecule is replaced by an Ot$o that the total charge 1. been to analyze the influence of the number of water bonds to
Although the changes induced by cation solvation on the the metal cation on the base pairing and on the reaction energy
electrostatic interactions are to be expected, the changes on thef the single-proton-transfer reaction. For that we have chosen
oxidant character as well as the contribution of the two effects some representative complexes. Particularly interesting is how
can be more complex. Moreover, whereas?Mg commonly the different environments modify the oxidant character of"Cu
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(5:0)-Ca**GC
Figure 3. B3LYP/B1 optimized geometries for @@)sM2*GC and (HO)sM™ G~y C' 1+ (M = C&+ and Cd") systems. Distances are in A,
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Figure 4 shows the optimized structures fos(WLCW¥ GC and TABLE 5: B3LYP Reaction Energies of the
the corresponding proton-transferred structures for different Single-Proton-Transfer Reaction (SPT1) Computed with
(mn) coordinations. Basis Sets B1 and B2 (kcal/mol) and Charge and Spin at the

The pentacoordinated (4,00ZGC system shows a square Metal and Guanine Monomer from Natural Population

. Analysis?

pyramid structure. The Nand the three oxygens more closely -
interacting with the metal lie more or less in the same plane. AE charge spin
The fourth water molecule, with a larger metalygen distance, (mmM™GC Bl B2  M* G M2t G
is more weakly bound and is located at the axial position. The (0,0)ca*GC  -4.3 -3.8 1.85 -0.01
geometry of the tetracoordinated (3,1¢GC complex is (0,0Cc4*GC —-10.7 -10.1 0.90 0.81 0.00 0.98
something between tetrahedra and a square planar. The (2,2)-(5.0)C&'GC ~ +2.3 177 0.04
CW'GC system is three-coordinated with a planar trigonal (i*é)ggigg _8-2 09 i-gg 8-% 8-;8 8-%
geometry, whereas that _of dicoordinated (1,3)@C is linear. §3:1;CL?+GC :2:2 :2:4 120 042 048 042

It can be observed in Table 5 that the degree of metal (22)c¢*cc -30 -3.0 0.97 066 021 0.75
oxidation depends on the coordination environment. For the (1,3)C#*GC  -5.8 —5.6 0.75 0.86 0.01 0.97

highly coordinated (4,0) CdGC system, populatlon analygs amindicates the number of water molecules directly coordinated to
shows that that copper behaves asCgiven that the spin he metal cation, and, the number of water molecules in the second
density mainly lies at this atom (0.69), as expected foPa d hydration shell.

open-shell cation. The net atomic charge of T significantly

smaller than 2 because of water to metal electron donation. situation, guanine being only partially oxidized. Thus, the ability
However, for the less coordinated (1,3) complex, the spin density of copper cation to oxidize guanine depends on the number of
mainly lies on guanine (0.97), the charge on this monomer being water molecules directly interacting with the metal. Also, the
0.86. Thus, copper behaves asGund as for the nonhydrated  kind of coordination of water molecules can contribute to favor
system, the metal induces an oxidation of guanine, the final or not the electron transfer, square planar coordinations stabiliz-
complex behaving as (1,3)CG*"C. For the tricoordinated (2,2)  ing the C#" oxidation state.

system, there is still an important charge transfer from guanine  Figure 5 shows the open-shell orbitals ob(),CU2TGC for

to CU¥", the spin density on guanine being 0.75. Finally, the the different (n) situations. In agreement with the spin
tetracoordinated (3,1)€tGC complex shows an intermediate distribution, the open-shell orbital of (4,0)&GC is mainly
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g

(4,0)Cu™*GC B,)Cu*'GC

v -

di s %

(2,2)Cu®*GC (1,3)Cu™'GC
Figure 5. Open-shell orbitals of differeni{,n)Cu?*GC complexes.

centered at the metal cation, whereas that of (3,2)GC and Previous results have shown that the interaction of naked
(2,2)C#™GC is more delocalized on the metal and guanine metal cations with guanine modifies the hydrogen bonds of the
fragments. For (1,3)CUGC this orbital mainly corresponds to  guanine-cytosine base pair: the ¢©N4, H-bond distance

the HOMO orbital guanine, the contribution of the 3d orbitals increases whereas the other twa; M3z and N—O,, decrease,

of copper being very small. This different behavior depending especially the latter one. These changes were especially
on the arrangement of the water molecules around the metalpronounced for Cit (see Table 1). The comparison between
cation can be understood considering the mdighnd interac- the H-bond distances obtained for,(B)s—M?"—GC (see Figure
tions. For (4,0), the optimized geometry corresponds to a square3) and naked MI'—GC (Table 1) for C&" and C@" shows
pyramid like structure with three water molecules and guanine that when the metal cation is hydrated, the changes are not so
coordinating the metal cation more or less in the same plane.important due to the screening of the metal charge. On the other
The ligands in this planey) largely destabilize the,el.2 orbital hand, the geometries obtained for the (4, H@C and (4,0)-

of the metal cation and so, the preferred situation correspondsCw? GC are very similar (see Figures 3 and 4), indicating that
to having this orbital monoccupied. However, for (3,1) with a the effect of the water molecule on the second solvation shell
more tetrahedral like disposition than square planar, or for the is not important. However, the hydrogen bond distances of the
trigonal (2,2) complex the ligand field splitting is smaller; that guanine-cytosine base pair vary significantly according to the
is, the 3d orbitals are less destabilized, which favors the electronnumber of water molecules directly interacting with?CuFor
transfer from guanine to the metal cation. For (1,3) with a linear example, the b0, hydrogen bond changes from 2.67 A for
coordination, the highest adorbital is even less destabilized, (4,0)C#*GC to 2.57 A for (1,3)C#GC. For the nonhydrated
because it mixes with the 4s orbital to reduce meligland Cuw*GC system this value is 2.51 A. Therefore, the larger the
repulsion®® Thus, in this case the preferred situation corresponds number of water molecules bonded to the metal cation the
to having the singly occupied orbital on guanine. smaller the effect of metal cationization on the guariogosine
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TABLE 6: Relative Energies (kcal/mol) of(H,O)m+nCu2*GC
and (Hx0)m+nCu?*G~(utHCtyty Systems Computed at the
B3LYP Level with Basis Sets B1 and B2

Moreover, metatligand and ligane-ligand repulsion decrease
when decreasing the number of water molecules directly
interacting with the metal cation. On the other hand, as seen

(H2O)m:nCPGC  (HO)minCUW G (-1 Crany" previously, the local environment of the metal cation determines
(m,n) B1 B2 B1 B2 the oxidizing power of C#, in such a way that the small
(4.0)CE"GC 08 57 30 79 coordination number fe_wors the oxidation_of_ guanine qnd
(3,1)C#*GC 0.3 24 1.0 30 consequently the guanineytosine base pair interaction is
(2,2)CH*GC 0.0 0.0 0.0 0.0 strengthened. Thus, the relative energies result from a subtle
(1,3)C#*GC 4.5 3.4 1.6 0.8 balance of many different factors.

The small relative energies between the different coordination
arrangements agree with previous studi#84%43that show the
flexibility of the cation hydration shell. It must be mentioned,
however, that the relative energies between different structures
base pair. Although this was to be expected due to the screeningnay be quite sensitive to the level of theory used or basis set,
of electrostatic effects, it is remarkable that even for the highly especially in the present case where different coordination
coordinated (4,0) or (3,1) environments the induced changesenvironments lead to different oxidation states of the metal
are similar to or larger than those found for the unsolvatedCa  cation. Calculations using larger basis sets or post Hartree
GC system. This is due in part to the fact that?Cshows a ~ Fock methods, however, cannot be performed for the present
smaller metal-guanine distance thar¥Clut also to the oxidant systems because they are computationally too demanding.
character of C&, which partly remains in the hydrated Therefore, although the larger basis set used in the present study
complexes. is reasonable, the obtained relative energies are too small to

Population analysis of the proton-transferred structures, SPT1,draw definitive conclusions about which is the preferred
show that the spin distribution in the different environments is coordination. What appears to be clear is that the coordination
preserved along the reaction. With respect to the hydrogensphere of C#' is very flexible and that certain local environ-
bonds, the most important change observed upon hydration ofments of the metal can induce the oxidation of guanine and, as
the metal cation is that the¢©N4 hydrogen bond in which  a consequence, favor the mutagéhjaroton-transfer reaction
cytosine acts as a proton donor becomes significantly shorterto cytosine. Although the studied clusters are simplified models
than in the nonhydrated system, due to the screening of thethat do not take into account all the complexity of a living
repulsive electrostatic interaction. system, we expect that the present results can provide new

The proton-transfer reaction energies with basis sets B1 andinsights on the effects of Gt binding to DNA bases, which
B2 are shown in Table 5. The computed reaction energies with gre different from other divalent cations.
the two basis sets are quite similar, the largest differences being
0.6 kcal/mol for naked CdGC. As expected, the proton-transfer
reaction is disfavored by the hydration of the metal cation. For

amindicates the number of water molecules directly coordinated to
the metal cation, and, the number of water molecules in the second
hydration shell.

IV. Conclusions
This work analyzes the influence of metal cations coordinated

C&t, the reaction energy with basis set B1 changes frofi8
to +2.3 kcal/mol. For C#, hydration of the metal also disfavors
the reaction from—10.7 to —0.6 kcal/mol for the highly

to N7 of guanine on the intermolecular proton-transfer reaction
in guanine-cytosine base pairs. Gas phase calculations b M
GC (M = Cu", C&", and Cd") show that the interaction of

coordinated (4,1) and (4,0) complexes. For the other (3,1), (2,2),the metal cation stabilizes the ion pair structure derived from
and (1,3) complexes the reaction energy varies depending onthe Ni—N3 single-proton-transfer reaction, the effects being
the coordination environments. The smaller the number of water more pronounced for the divalent cations than for the monova-

molecules directly interacting with €t the more negative

lent one. Therefore, the process turns from thermodynamically

becomes the reaction energy. The obtained values range fromunfeasible to thermodynamically favorable when botA'Gand

—0.6 kcal/mol for (4,0) to—5.8 kcal/mol for (1,3). Such

CU?* interact with N of guanine. For C#rGC the proton

variations are due both to the changes on the electrostatic andransfer is largely favoredNE = —10.1 kcal/mol) due to both
oxidant effects. However, one observed trend is that the largerelectrostatic and oxidative effects.

is the degree of oxidation of guanine, the most favorable

The effect of a reduced number of solvating water molecules

becomes the proton-transfer reaction, which points out the has also been considered for the divalent'Cand C@*. As

importance of oxidative effects of €u
One interesting point to look at is which of thin,()CL?*-

expected, the presence of water molecules disfavors the reaction
due to the screening of electrostatic effects. However, fé Cu

GC clusters is the most stable one. The relative energies of thethe reaction can still be easily produced, especially for certain

different (m,n) complexes for the nontransferred(B),Cu?+-
GC and the single-proton-transferred@Cw G~ (—nHCheh

local environment of the metal cation. Results show that the
oxidant power of the Cii depends on the number of water

systems are given in Table 6. Both for the nontransferred and molecules directly interacting with the metal cation and on their
the single-proton-transferred species, and with the two basis setggeometrical disposition. Pentacoordinated complexes with a
the three coordinated (2,2) complexes are the most stable onessquare pyramid geometry stabilize the2Cioxidation state
However, the relative energies change significantly when whereas for the tetra- or tricoordinated complexes an important
enlarging the basis set. charge transfer from guanine to €utakes place. It is found

The relative energy of the different coordination environments that there is a direct relation between the degree of oxidation
arises from many factors. On one hand, when one water of guanine and the reaction energy of the studied process, the
molecule moves from the first to the second solvation shell, larger the oxidation degree of guanine, the more favorable the
one metat-water interaction is lost but new hydrogen bond proton-transfer reaction. Therefore, the ability ofCto oxidize
interactions between water molecules appear. These hydrogerguanine turns out to be a key factor for this mutagenic process.
bond interactions are stronger than that of two isolated waters Moreover, the fact that Cti cations are closely associated with
because the water molecules interacting with the metal cation DNA bases might explain why this cation has been found to
are more acidic due to water polarization and charge transfer.induce DNA damage through base pair modification.
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