7250 J. Phys. Chem1996,100, 7250-7255
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The interaction of guanine and adenine with ions of groups la, Ib, lla, and IIb were studied at the Hartree
Fock and second-order MgllePlesset levels employing all-electron (AE) and pseudopotential treatmetns.
Christiansen’s average relativistic effective pseudopotentials (AREP) were used for all the ions with the
exception of L. AE and AREP treatments were tested for the' N&*, Mg?*, and C&" complexes; very

good agreement between the results suggests that pseudopotentials can be used with confidence also for
other cations. Intermolecular->XN7 distances for complexes containing adenine are shorter than those for
complexes containing guanine. The stabilization energies for guatineomplexes are larger than those

of adenine--X complexes. Relativistic effects are most pronounced fot And Hg" ions.

1. Introduction X-ray study of Z-DNA hexamer shows a barium cation bridging
two side-by-side Z-DNA helices in the crystal by simultaneously

on metal ions. These ions can interact with many sites in DNA: coordinating to the 06 and N7 atoms of two guanines. - This
) y - cation is, at the same time, coordinated to four water mol-

1-4 .
phosphate groups, the sugar moiety, as well as the DNA 16 i .
bases. Despite the fact that the metal cations usually interact.ecmes' The phosphate-bound cations are frequently also

with the phosphate aroun and. to a lesser extent. with the bases|nvoIved in base coordination: they interact with the N7 position
. phosp group ' S - of adenine and guanine. Divalent transition metal cations have
cation—base interactions are expected to be involved in many

important biophysical processes, such as different stabilization larger affinities to DNA bases, and the following affinity order

) ; o ] holds for the nucleic acid monomers: N7(guanosireN3-
of DNA triple helices® stabilization of quadruple helicésand . ) . ;
stabilizatiopn of the ribosebase stacl?ing in pZ-DNﬁ(. Istdis (cyt|d|n¢)> L\l?(adenosme} N1(adenosine} N3(adenosine,
assumed that the interaction of a divalent cation with the baseguanosme)‘: . . )
can cause significant polarization of the bases associated with N the DNA double helix, the known sites for the cation

stabilization of certain H-bonded DNA base pairs and other coordination are mainly the N7 atoms of purines, while a
interactions.7-8 simultaneous interaction with the guanine O6 atom is also

known. Many other sites such as N3 of cytosine and N1 of
adenine are blocked by the hydrogen bonding. It should be
noted that the metal catierbase interactions do not in-
volve only the metal cation and DNA base. The cation can
interact with the phosphate group and is surrounded by water
molecules. The metal cations can interact with the DNA base
directly (inner-sphere coordination), or there is a water molecule
tion of the adenine-thymine pair. The approach of the cation Petween the DNA base and the metal cation (outer-sphere
to other available sites (thymine, O2; adenine, N1, N3) leads, coordination):
on the other hand, to stabilization of the pair. The interactions Experimental studies on'Bnonophosphates revealed the
of Li* with DNA bases were investigated by Del Béhat HF following order of macrochelate coordination involving the
levels. N7 position of purines: 5SGMP > 5-IMP (I = inosine)> 5'-
Divalent cations stabilize the DNA double helix by neutral- AMP.* This order was explained as a result of different
izing the negatively charged suggshosphate backbone. Co- basicity of the N7 sites of guanosine, inosine, and adenine.
ordination of transition metal cations to the sites of DNA bases This is well correlated with the dipole moments of DNA
that are not involved in hydrogen bonding increases the melting bases.
temperature of the DNA double heltx;13 However, a high Evidently, metal cations play an important role in stabilizing,
metal/DNA ratio facilitates thermal denaturation, presumably as well as destabilizing, DNA bases, base pairs, and the DNA
because of through coordination to N3(C) and N1(A) atoms double helix. To understand the role of cations in the biophysics
involved in base pairingz1415 of DNA, it is necessary first to carry out a detailed interaction
Monovalent alkaline cations seem to interact exclusively with study of ions with isolated bases. This is the aim of the present
the phosphate group of the backbone, and also the divalentstudy. In the future, we would like to investigate the interaction
alkaline metal cations (Mg, C&", B&") interact mostly with of ions with base pairs, as well as with fragments of the double
the phosphate group# This does not mean that interaction helix. Water molecules will also be explicitly considered here.
with bases is excluded. For example, a recent high-resolution The present study makes a natural extension of our theoretical
studies on DNA basé$2 H-bonded DNA base paifgb-9 and
€ Abstract published irAdvance ACS Abstract#pril 1, 1996. stacked DNA base paitge
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The structure and function of DNA are, in general, dependent

Ab initio quantum-chemical calculations made at the Har-
tree—Fock (HF) theoretical level with a minimal basis set
predicted polarization effects of the metal cations on the base
caused by N7 coordinatich.This was associated with a very
significant increase in the stability of the base pairing. Ab initio
calculationg (HF/minimal basis set) demonstrated that interac-
tion of various cations with O6 of thymine leads to destabiliza-
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=X TABLE 1: Optimized Intermolecular Parameters (in A and
" ?6 \ deg) for Base--X"* Complexes
SN e Ny guaniné adeniné
Hzl\w /JZ°N '4_N 9/C8 He X2 X-N7 X-N7-C2 X-06 X-N7 X—N7-C4
ik : o LI(AE)  2.09 164.2 193  1.92 135.2
Ha Na(AE)  2.41 159.2 2.26 2.30 137.2
Na(PS) 2.42 159.1 2.27 2.31 137.4
K(AE) 2.86 154.5 2.67 2.79 140.2
@ K(PS) 2.85 154.6 2.66 2.78 140.6
Rb(PS) 3.03 153.1 2.81 2.97 141.4
" cs(PS)  3.24 152.3 295  3.14 141.9
Hog M X Mg(AE)  2.06 160.8 1.94  1.95 131.5
6 Mg(PS)  2.07 160.9 1.95  1.96 131.7
2C6e . _N7 Ca(AE) 2.48 157.1 2.31 2.38 134.5
Ni %/:Cvs—}[g Ca(PS) 247 157.1 231 238 1345
_Cas “‘N/ Sr(PS) 2.65 155.7 2.46 2.56 136.3
H, N3 g Ba(PS) 2.82 154.9 2.54 2.65 137.1
o Cu(PS) 2.15 157.9 2.18 1.98 132.2
(®) Ag(PS)  2.46 154.7 244 228 133.9
Figure 1. Structures of the guanireX (a) and adenine-X (b) Au(PS) 231 147.8 2.64 2.17 1317
complexes. Arrows indicate the direction and magnitude of the dipole Zn(PS) 1.98 160.3 1.91 1.87 130.2
moments of isolated guanine and adenine. Cd(PS) 2.24 157.0 2.18 212 131.5
Hg(PS) 2.26 155.4 2.22 211 130.6
2. Systems Studied a AE = all-electron calculation; PS: pseudopotential calculation.
) -
The interactions of guanine and adenine with the following Cf. Figure 1.
metallic ions were considered: LiNa*, K*, Rb*, Cs', Cu*, TABLE 2: Optimized Energy Characteristics? (in kcal/mol)

Ag™, Aut, Mg?t, Ca&*, ST, B&", Zn?", Cd*™, and Hg+. For for Base:-X"* Complexes
;[jhese elements from grEups la, II?], lla, and Ilg, thebsinglfe- guanine adenine
eterminant HartreeFock approach is assumed to be suf-
g e . - Xb  AEHF AEper AEpsse AEMP2  AEHF  AEpes AEgsse AEMP2
ficiently correct. The transition metal ions (i.e. Fe, Pt, Mo, ...), — Def TBSSE Def TBSSE
which will be studied in the future, require the use of a kj‘;?f%) e 52 90 T[8s T2 20 12 —04
multideterminant approach. We limit the optimization to the Na(PS) 625 26 40 -568 —27.2 14 24 _256
planarCs structures of the baseX™ complexes, where metal K(AE)  —452 14 40 -40.7 —15.6 0.9 20 -14.6
cations X't interact with the nitrogen atom N7 of adenine or K(PS) —-452 1.4 40 -40.1 —-156 09 21 -145
N7 and O6 atoms of guanine. This means that X interacts Ebgg —;‘g-é i% g-g —gg-z —ﬁ-g 8-; gg —E-g
: : H H S —30. . . —3/. —11. . . —1Z.
with two attractive centers of guanine, whereas in the_ case of MQ(AE) —227.1 157 —5.3 —212.6-126.7 7.8 —2.2 —122.3
adenine there is only_one_attract|on center. 'I_'hese positions areéyig(ps) —221.6 154 —4.4 —206.0-119.4 62 —1.4 —112.2
knowr? to be the active sites for the interaction of metal ions ca(AE) —149.2 84 05 —137.0 —70.2 46 0.2 —66.8
with nucleic acids in the various biological systems. The Ca(PS) —-149.2 84 0.5 -1366 —-70.2 46 03 -66.7

i i Sr(PS) -128.3 6.8 1.7 —116.6 —565 3.9 0.7 -532
structures and atom numbering of the complexes studied AL PS) —1254 75 41 —1203 —546 40 27 -555
depicted in Figure 1. CuPS) —765 42 36 —803 —464 23 29 —566
Ag(PS) —62.8 2.6 68 -638 —33.7 18 47 -37.8
3. Calculations Au(PS —67.2 28 6.7 —75.7 —453 26 52 -57.3

. . Zn(PS) —248.7 17.6 —4.9 —-2455-1553 9.4 -23 -161.3
The structures of all the systems were optimized using the Cd(PS) —199.0 12.0 3.0 —196.9-119.3 7.7 1.3 —123.8

analytical gradient method in the framework of the Hartree  Hg(PS) —205.3 12.3 1.8 —212.2-137.0 9.2 0.0 —149.3
Fock f_ormallsm. For the optimized geometries the correlation a AEF and AEMP2 are the interaction energies evaluated at HF and
energies were calculated by the Mgtid?lesset second-order  \p2 Jevels using the function counterpoise methAne is the HF
perturbation theory (MP2). All the electrons were considered deformation energy; andEsssemeans the total basis set superposition
in the MP2 calculations; that is, no “frozen electrons” were taken error (sum of HF and MP2 parts) AE = all-electron calculation; PS
into account. The interaction energ&E) was determined as = pseudopotential calculatioﬁ.'l'h(_e r}egative BSSE comes from the
the difference of the optimized energy of the baseetal cation ~ fact that only HF energy was optimized.

[E(B---X"")] system and the sum of the energies of the base

[E(B)] and the metal catioB(X™")]: also applied. Guanine and adenine were described by the
standard 6-31G** basis set3and DZ basis sets of Schae¥er
AE = E(B---X”*) — [E(B) + E(xn+)] ) were employed for the metal cations. The Gaussian 92 set of

programé&? was used utilizing the direct mode for both the SCF

Since finite basis sets were used, the basis set extension effec?lnd MP2 parts.
must be eliminated. We used the standard B&srnardi
function counterpoise methdflin which all the occupied and
virtual orbitals of the “ghost” subsystem were considered. The The optimized geometry parameters, energy, and population
HF deformation energyAEpes) is defined as the difference  characteristics for all the complexes of guanine and adenine
between the energy of an optimized base and the energy of aare summarized in Tables—4.

4. Results and Discussion

base in the geometry of the optimized basé¢™ system. 4.1. Reliability of the Pseudopotentials.For the Nd, K,

For all the metal cations (with the exception off)ithe Mg?*, and C&* complexes, both AE and AREP treatments were
Christiansen average relativistic effective pseudopotentials adopted. Because the relativistic effects could be neglected for
(AREP)® were used. For the basex™ (X" = Li*, Na', these elements, any difference in the calculated characteristics

K™, Mg?*t, Ca&") complexes the all-electron (AE) treatment was indicates inadequacies in the pseudopotentials used. The
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TABLE 3: Intramolecular Changes in Base Geometry Parameters in Guanine-X and Adenine---X Complexes in Comparison
with the Isolated Base: Five Greatest Deviations of Bond Length (in A)

guaniné adeniné
Xb N1-C6 C6-06 C5-C6 N3-C4 C2-N2 C8-N9 N7—-C8 C5-N7 N3—-C4 C4-N9

Li(AE) 1.374 1.226 1.400 1.337 1.331 1.339 1.300 1401 1.316 1.371

Na(PS) 1.383 1.219 1.410 1.338 1.333 1.345 1.296 1.398 1.318 1.368
K(PS) 1.390 1.214 1.417 1.340 1.335 1.351 1.292 1.395 1.320 1.367
Rb(PS) 1.392 1.212 1.419 1.341 1.336 1.353 1.290 1.394 1.320 1.367
Cs(PS) 1.391 1.214 1.417 1.341 1.336 1.353 1.291 1.394 1.320 1.367
Mg(PS) 1.353 1.262 1.376 1.317 1.315 1.311 1.327 1.425 1.303 1.383
Ca(PS) 1.363 1.245 1.391 1.322 1.320 1.324 1.313 1.415 1.308 1.375
Sr(PS) 1.367 1.240 1.396 1.324 1.321 1.328 1.309 1.412 1.310 1.373
Ba(PS) 1.365 1.247 1.390 1.323 1.321 1.326 1.309 1.411 1.309 1.375
Cu(PS) 1.378 1.222 1.405 1.337 1.331 1.338 1.299 1.401 1.315 1.370
Ag(PS) 1.383 1.219 1.410 1.338 1.332 1.341 1.298 1.399 1.316 1.370
Au(PS) 1.385 1.212 1.414 1.338 1.332 1.336 1.300 1.400 1.315 1.372
Zn(PS) 1.350 1.267 1.373 1.315 1.314 1.307 1.329 1.428 1.301 1.385
Cd(PS) 1.357 1.258 1.381 1.316 1.315 1.311 1.325 1.420 1.303 1.383
Hg(PS) 1.356 1.259 1.381 1.316 1.315 1.309 1.327 1.422 1.301 1.385
isol. base 1.416 1.194 1.434 1.353 1.347 1.371 1.280 1.382 1.328 1.362

aCf. Figure 1.° AE = all-electron calculation; PS: pseudopotential calculation.

TABLE 4: Net Atomic Charges (in €) on Selected Atoms of sponding X-N7 distances. The intermolecular-N7 distance
the Guanine--X and Adenine---X Complexes Obtained by monotonically increases with the atomic number for the alkali
Mulliken Population Analysis metals and metals of alkali earths (cf. Figure 2 and Table 1).
guaniné adeniné This increase is more pronounced for the former metals, where
Xb X N7 06 H21 HLI X N7 N1 H21 it amounts to more than 1 A (from tito Cs'). The calculated

L(AE) 086 —0.73 —0.75 034 036 0.90-088 —063 036 X—N7 Q|3'Fance_s_2£or both types of metals correlate with the
Na(AE) 0.90 —0.69 —0.74 0.34 0.36 0.92—0.81 —0.63 0.35 known ionic radii

Na(PS) 0.89 -0.69 —0.74 0.34 0.36 0.92-0.80 —0.63 0.35 The dependence of theN7 distances on the atomic number
K(AE) 093 —065 —0.71 0.34 035 0.95-0.74 —0.64 0.35 for coin metals is not monotonic for guanine and adenine but
K(PS)  0.93 —0.65 —0.71 0.34 0.35 0.95-0.74 —0.63 0.35 . .
Rb(PS) 0.94 —0.64 —0.71 0.33 0.35 0.95-0.71 —0.64 0.35 exhibits extremes. AuN7 distances are shorter than A7
Cs(PS) 0.88-0.62 —0.70 0.33 0.35 0.92—0.70 —0.64 0.35 (cf. Figure 2 and Table 1). This is clearly due to relativistic
Mg(AE) 1.70 —0.95 —-0.89 0.37 0.39 1.76-1.13 —0.60 0.39 effects. For llb transition metals, the relativistic effects foPHg
Mg(PS) 1.77 —0.98 —0.92 0.37 0.39 1.83-1.18 ~060 039 gy |ess pronounced than for Agbut are still important), and

g:&égg 11'%% :8:22 :gjgg g:gg 8:22 i:ggjjg% :8:21 gjgg therefore, the HgN7 distances are comparable to -EN7

Sr(PS)  1.88—0.84 —0.87 0.36 0.37 1.91-0.97 —0.61 0.38 distances.
Ba(PS) 1.75-0.78 —0.83 0.36 0.38 1.81-0.90 —0.61 0.38 The influence of the relativity on the 5s, 4d, and 5p electrons
Cu(PS) 0.92-0.79 —0.74 0.34 0.36 0.92—0.95 —0.63 0.36 (Cs+, B&") is not as marked as for 5d electrons (Atg?*).2*
Ag(PS) 0.78 —0.67 —0.69 0.34 0.36 0.81—0.79 —0.63 0.36 > 52 ST
Au(PS) 0.75 —0.71 —0.65 0.34 0.36 0.73-0.82 —0.63 0.36 Thls_ls the reason that reIa_t|V|st|c effects were not so visible in
Zn(PS) 1.75-1.04 —0.91 0.37 0.39 1.73—1.21 —0.59 0.39 previously discussed alkali groups. It must be mentioned here
Cdgpsg 1.48 -0.81 —0.77 0.36 0.39 1.55-0.93 —0.60 0.39 that, for coin metals and llb transition metals, there is no
Hg(PS) 1.44 -0.80 —0.74 0.37 0.39 1.44—0.90 —0.60 0.39 i i P
isol. buse 051 —060 032 033 057 —0.66 033 correlation 'betwe.esn the calculated-X7 distances and experi
mental ionic radi?® The experimental ionic rad# for coin
aCf. Figure 1.” AE = all-electron calculation; P$ pseudopotential  metals and Ilb transition metals also increase linearly with the

calculation. atomic number. We do not have an explanation for this
geometry parameters for the complexes of guanine and adeniné’henomenon.
with Na", K+, Mg2*, and C&" evaluated by the all-electron All the complexes studied were kept planar; that is, metal

and pseudopotential methods (cf. Table 1) differ negligibly; the ions approach guanine and adenine in the molecular plane. In
energy characteristics (cf. Table 2) of these complexes differ the case of guanineX* and adenine-X* (X = Li, Cu) also
slightly more. The largest difference was found for g the nonplanar structures were investigated at the MP2 level,
complexes, where pseudopotentials give smaller stabilization but their stabilization energies were lower.
energies; the respective difference is 2.4% for guanine and 5.8% Intramolecular Parameters The geometries of isolated bases
for adenine. The agreement between the AE and AREP resultsand bases in the complexes differ considerably (cf. Table 3).
for the Na, KT, Mg?*, and C&" complexes is very good and We have analyzed only bond lengths and bond angles among
suggests that AREP can also be used with the confidence forheavy atoms because only these geometric parameters could
complexes of guanine and adenine with the other cations. be determined from X-ray measurements. Because the com-
4.2. Geometry Parameters. For the sake of consistency, plexes were held planar, the dihedral angles were not allowed
only results obtained using pseudopotentials will be discussed;to change. The five largest bond length deviations of guarite
for Li*™ complexes, the all-electron results will be considered. and adenine-X complexes are summarized in Table 3. With
Intermolecular ParametersAll the intermolecular distances  the exception of the C606 and C2-N2 bond lengths, the most
X—N7 for adenine-containing complexes are shorter than the prominent bond length changes in guanine under the influence
corresponding distances in guanine. This can be explained byof the ion are in the six-membered ring. All the bond lengths
the fact that there is a second attractive side in guanine, i.e. notin the ring become shorter; the same is true also for the C2
only nitrogen N7 but also oxygen O6. The competitive G6 N2 and C6-06 bonds. The bond angles in guanine are affected
attraction is rather strong, and the-X6 distances are, with  less by the ions; the most important change occurs in the C5
the exception of Ati complexes, even shorter than the corre- C6—06 angle, which, due to the direct interaction of O6 with
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Figure 2. Dependencies of intermolecular distances on the atomic number of the ion for guefiaed adenine-X complexes for ions of
groups la, Ib, lla, and llb. Solid line with- symbols indicates the XN7 distance in guanine, dotted line with symbols indicates the XO6
distance in guanine, and solid line with symbols indicates the XN7 distance in adenine.

metal cations, decreases by abodt €rhe situation differs The role of electron correlation could be evaluated by
considerably in adenine-containing complexes. Here, all the comparingAE"F and AEMP2. For cations of the alkali metals
most important bond length changes take place in the five- and alkaline earth metal&EMP? is systematically larger (i.e.
membered ring. The only exception is the changes in amino smaller stabilization energy), due to reduction of the dipole
group caused by direct repulsion between the metals and themoment of the base when passing from the HF to the MP2
NH, group. The C5-C6—N6 bond angle decreases by about treatment. The intersystem correlation energy, which is always
3.0°, while the C6-N6 distance is almost not changed. negative (stabilizing), is small in these complexes and does not
Correlation between the bond length changes and stabilizationcompensate the positive (repulsive) intrasystem correlation term
energy was found for both types of complexes; consequently, originating in the above-mentioned change in the dipole
the bond length changes in guanine are larger than in adeninemoment. For coin metalAEMP? is smaller (i.e. more stable)
We can only speculate about the reasons that it is the six-than AE"F, reflecting the larger (stabilizing) role of the
membered ring in guanine and five-membered ring in adenine intersystem correlation energy, as well as the larger extent of
which are predominantly affected by the ions. It could indicate covalent character of the intermolecular bond (see below).

that the X-06 interaction in guanine is stronger than theX7 AE"PZis also more stable thakE"" for Hg?" complexes with
interaction. The internuclear XO6 distances were found to ~ Poth adenine and guanine.
be mostly shorter than the N7 distances. The favored The largest stabilization energy (at the MP2 level) for guanine

orientation of charge and dipole in guanine complexes (see and adenine was found for the bivalent transition ions, the only
Figure 1) probably also plays a role. The Cartesian coordinatesexception is the guanimreMg?* complex. The stabilization
of all the optimized complexes are available upon request.  energies of coin metals and alkali metals are smaller.

4.3. Energy Characteristics.The stabilization energies of The deformation energy of bases reflects deformability of
guanine--X complexes are systematically larger than those of the base in the field of an ion. The deformation energy of
adenine:-X complexes (cf. Table 2). This is due to the large guanine is larger than that of adenine, corresponding to the larger
dipole moment of guanine and, further, also to the more Stabilization energy of guanine-containing complexes. The
favorable orientation of the ions and guanine dipole moment deformation energies of the complexes of bivalent ions are
(see Figure 1). Another argument for larger stabilization energy larger than those of monovalent ions. The increase in the ion
for guanine complexes is the existence of two attraction centersatomic number leads to a decrease in the deformation energy;
(06 and N7); in adenine complexes there is only one attraction the heavy elements (Cs, Ba, Au, Hg) constitute an exception.
center (N7). The stabilization energies of the complexes with The base-ion deformation energies are considerably larger than
bivalent ions are larger than those with monovalent ions, and those of DNA base pairs which lie between 0.6 and 2.5 kcal/
as expected, the stabilization energies of the guanine and adeningol.*"
metal complexes decrease with increasing atomic number of Values of the basis set superposition error (BSSE) are also
the metal ions. The only exceptions are the™Aand Hg" presented in Table 2. Clearly, for the complexes of both types
complexes, in which, due to relativistic effects, the respective the total (SCH-MP2) BSSE is rather small, not exceeding 16%
stabilization energies are larger than those of complexes with of the MP2 stabilization energy. Deformation energy and BSSE
the preceding ions (Agand Cd"). are roughly comparable in size.
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4.4. Analyses of Wave Functions.Mulliken Population (see above), could be interpreted in terms of the bonding or
Mulliken net atomic charges of selected atoms of guaniXe antibonding character of the N7 and O6 in one of the MOs
and adenine-X complexes are presented in Table 4. The atoms describing the metalguanine interaction. Whereas for the'Cu
chosen (with the exception of X) participate in H-bonding and Ag" complexes this MO contains only the bonding
between DNA bases. The amount of charge transfer (CT) combination of the metal d-orbitals with the orbitals of the lone
between a base and an ion is easily determined as the differencgair of guanine N7, for At, a comparable amount of anti-
between the charge of the isolated ion and the net atomic chargebonding combination of O6 also takes place. The antibonding
of the metal. The CT for guanineX complexes is systemati- character gives rise to a quite strong repulsion interaction
cally larger than that for adenineX complexes. The only between the Au and O6 atoms. Consequently, the i is
exceptions are Au and Zn atoms, where slightly less positive pushed away from O6 (cf. Table 1 and Figure 2, Ib), and O6
metals were found in adenine complexes. For complexes of partial charge becomes less negative and kegs positive (cf.
alkali metals and the alkaline earth metals, the smallest CT wasTable 4). In the complexes of group llb cations we found trends
found for elements Rb and Sr. The fact that dependence of which combine the behavior of metals of both groups lla and
CT on the atomic number for both types of complexes exhibits b, i.e. strong Coulombic interaction via the-Zharge and high
an extreme could be interpreted in terms of higher covalent covalent d-orbitatlone pair bonding interaction, resulting in
contributions by Cs and Ba ions (compared to Rb and Sr). This very strong bond interaction.
point is briefly discussed in the next paragraphs. Partial charges
on atoms 06 and N7 in guanine and adenine complexes decreasé- Conclusions

monotonically with increasing atomic number of metal ions. (1) The geometry and energy characteristics for guanie

The only exception is atom N7 of the Aguanine complex, and adenine-X complexes where = Nat, K*, Mg2*, and

where strong relativistic effects in Au play a key role. The O6 cz+ \vere evaluated using the pseudopotential and all-electron

charges in the guanine complex change, however, monotoni-yreatments; the agreement between the results was very good

cally. The reason is the same as for the above-mentioned largefyng gave us the confidence to use pseudopotentials for heavier

Au—O distance and will also be discussed later. Atomic charges ¢ations.

on the hydrogen atoms in guanine and adenine as well as on (2) The X—N7 distances for adenine-containing complexes

the N1 nitrogen of adenine differ only slightly in the complexes gre shorter than those in guanine-containing complexes. This

of mono- and divalent ions. is due to the existence of a second attractive site in guanine-
Molecular Orbitals The aim of the present analysis is to containing complexes; the-XO6 distances are mostly shorter

elucidate the above-mentioned behavior of energy, geometry,than the corresponding-XN7 ones.

and net charge dependencies on the atomic number in individual (3) The most important intramolecular geometry changes

groups of metals studied. The wave function contains all the induced by ions occurred (with the exception of exocyclic

necessary information on various system properties including groups) in the six-membered ring of guanine and five-membered

energy. Analyses of the MOs of alkali metal complexes ring of adenine.

revealed no mixing of Li cation orbitals with the orbitals of the (4) The stabilization of guanineX complexes are systemati-
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