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Abstract: The energetic provisions for'alin’s DNA mutational mechanism (lvadin, P. O.Rev. Mod. Phys 1963

35, 724) of the formation of substitution DNA mutations were investigated for the guayiosine Watsor Crick

base pair. The structures studied involve the canonical base pair (GC1), rare base-pair tautomers that are formed
from GCL1 by the antiparallel simultaneous transfer of two protons in hydrogen bonds, and ion-pair structures that
are formed by the transfer of a single proton. The geometries of these complexes were optimaedniip
Hartree-Fock (HF) calculations using the 6-31G* basis set. At the same level, harmonic vibrational frequencies
were determined. Nonplanar geometries featuring considerable propeller-twist angles and a pyramidal guanine amino
group were found for base pairs involving the guanine anion and 6-hydroxyguanine. The relative stabilities and
dissociation energies of the base pairs were determined at the higher MP2/6-31G**//HF/6-31G* level of theory.
These methods were also used to locate transition states on the potential energy surface of theygoaitieedase

pair. Starting from the geometries of two different transition states lying close to the ion-p@ir @inimum, the

intrinsic reaction coordinate for the proton transfer from the canonical to the 6-hydroxygukinitiaocytosine
tautomer (GC2) was evaluated. We concluded that, in contrast to the adleyimiee base pair (for which'lvedin’s
mutational mechanism is not supported by the present theoretical data), the-G&12 tautomeric transition is

likely to occur in 1 in 16—1(° guaninecytosine base pairs. This frequency is significant from the point of view of

the fidelity of DNA replication.

Introduction by the polymerase proofreading mechanisms than could mispairs
involving rare tautomers.

The present paper deals with energetic provisions of the
modified tautomeric mechanisior the formation of spontane-
ous substitution mutations, which does not require the presence
of the free rare tautomers in solution. The basis of this
hypothesis stems from the possibility for rare tautomers to be
formed in thetemplatevia the concerted transfer of two protons
in the interbase hydrogen bonds in DNA! This mechanism
assumes that an evolutionally significant number of imino/enol
tautomers will be formed in this way, and that these tautomers
will remain stable during DNA unwinding and strand separation,
which are the prerequisite steps for the synthesis of the new
DNA strand by polymerase. Quantitatively, in order for this
mechanism to be capable of introducing appreciable genetic
jnstability, an energy difference smaller tharl3 kcal/mol

etween the canonical and rare base-pair tautomers is required.
In addition, the barrier height for the proton transfer reaction,
determined by the energy of the transition state on the potential
energy surface, should be in the appropriate range. Using
classical transition-state theory, along with the simple reasoning
that (i) the lifetime of the canonical base pair should be shorter
than the reproduction period of the given species@® s) and
(i) the lifetimes of the rare tautomeric forms should exceed
the characteristic time for base-pair openingl(~1° s), one
can estimate that the barriers for the forward and reverse proton-

Two basic molecular mechanisms are recognized as being
responsible for the formation of substitution mutations at the
DNA-synthesis level. First, base mispairs may occur between
the canonical (amino, keto) and the minor tautomeric (imino,
enol) forms of nucleobases during catalytic incorporation of the
new base on the growing DNA strafd. For example, guanine
in its enol form (G*) could bind with thymine (T), or
iminocytosine (C*) with adenine (A). In this case, the frequency
of the mutation event is governed by the concentration of free
nucleotide triphosphates in their minor tautomeric forms in
solution? To date, however, no experimental evidence has been
given in support of this mechanism. Alternatively, ionizadd/
or wobble base pairirfghave been suggested to play a major
role in mispair formation. A number of NMR and X-ray
crystallographic studies have shown the presence of ionized an
wobble mispairs in duplex DNA (see, for example, ref 5 and
references therein). However, most of these structures were
prepared by cocrystallizing short complementary oligonucleo-
tides containing a single mismatched base pair. These condi-
tions are far from those required for DNA replicatidnin
addition, conformational DNA dislocations brought about by
wobble base pairing could be more easily located and excised
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Figure 1. The studied forms of the guanitoytosine base pair.

transfer reactions should be smaller tha@8 kcal/mol and use of rigid monomer approximatiof;3° or they involved HF
larger than~3 kcal/mol, respectively. calculations with the insufficiently extended MINI-1 basis
Because the mutationally significant concentrations of rare set3¢-38 The latter studies provided a relatively large equilib-
tautomeric base pairs in DNA fall below the detection limits of rium constant (10) for the formation of the rare tautomer pair,
available experimental techniques, accugdienitio quantum- A*T*, from the canonical AT base pair by a double-proton-
mechanical predictions of tautomeric equilibria are needed. Their transfer reaction. However, the energy of the transition state
use is facilitated by the fact that proton transfer within DNA for this reaction was predicted to be only 0.2 kcal/mol larger
base pairs occurs without the direct influence of water mol- than the energy of the corresponding A*T* minimum strucfiire.
ecules. Althouglab initio methods represent a well-established Moreover, the separation of nucleobases from the A*T* complex
research tool for many fields of chemistry, their application to toward the isolated A* and T* bases was penalized by a larger
biologically relevant problems, the size of which requires the dissociation energy than that for the unpairing of the canonical
use of lower-end approximations, is still in its infancy. AT base pai#® At the same HF/MINI-1 level of theory, a more
Fortunately, the errors that arise from such approximations, probable path for the formation of rare tautomers in DNA was
predominantly those attributed to the use of limited basis sets found to involve the 6-hydroxyguanirkiminocytosine base
or to the lack of electron correlation, tend to be preserved for pair3® These results provided us with an incentive for a more
chemically related systems and properties. Thus, quali_tatively (12) Bell, R. L Truong, T. NJ. Chem Phys 1994 101, 10442,
correct results can be obtained for large systems, assuming these (13) zhang, Q. Bell, R.; Truong, T. NI. Phys Chem 1995 99, 592.
results are supported by some sort of method calibration. More  (14) Kwiatkowski, J. S.; Bartlett, R. J.; Person, W. B.Am Chem

ifically, for th ment of quantum mechanical calcula-So¢ 1988 110 2353.
specificaly, Tor the assessment of quantu echanical calcula (15) Kwiatkowski, J. S.; Leszczynski, J. Mol. Struct 1992 270, 67.

tions of nucleic acid base pairs, for which geometry optimiza- (16) Hrouda, V.; Floria, J.; Polaek, M. Hobza, PJ. Phys Chem 1994
tions at a correlated level are still very computationally 98, 4742.
demanding, the results of previoah initio studies on the (17) Florien, J.; Johnson, B. Gl. Phys Chem 1995 99, 5899.

. L . (18) Leszczynski, JJ. Phys Chem 1992 96, 1649.
energetics of the keteenol and amineimino tautomeric (19) Broughton, J. W.: Pulay, Rt J. Quantum Chem1993 47, 49.

transitions in formamidiné?*3formamide/formamidic acigf*® (20) Estrin, D. A.; Paglieri, L.; Corongiu, GL Phys Chem 1994 98,
the cyclic formamide dime¥el” uracil 820 cytosing?®-25 56?3.) < ML S . towski. 1. S |

_ in@6 ine2? in@7—29 ; ; 1) Szczesniak, M.; Szczepaniak, K.; Kwiatkowski, J. S.; KuBulat, K.;
1.methylcyto§|né, adenine?’ and guanlné, obtained using Person. W.BJ. Am Chem Soc 1988 110 8319,
different basis sets and methods ranging from Hartfemck (22) Gould, I. R.; Hillier, I. H.Chem Phys Lett 1989 161, 185.
(HF) to post-HF (many-body perturbation theory, coupled-  (23) Les, A.; Adamowicz, L.; Bartlett, R. J. Phys Chem 1989 93,
cluster, local correlation) and density functioH&f methods, 4001.

can be utilized. It follows from these studies that full geometry Let(izi)sagzllz'zFéi ;i.z;surton. N. A.; Hillier, 1. H.; Young, P. EZhem Phys

optimizations and the use of nonempirical computational  (25) Sobolewski, A. L.; Adamowicz, L1. Chem Phys 1995 102, 5708.
methods are necessary for obtaining meaningful relative stabili-  (26) Szczesniak, M.; Leszczynski, J.; Person, WJBAm Chem Soc

; _nAi . : wp 1992 114, 2731,

ties o.f base-pair .taUtomerS'. In addition, comparison with (27) Kwiatkowski, J. S.; Leszczynski, J. Mol. Struct 199Q 208 35.
experimental relative stabilities of tautomers of cytoste, (28) Leszczynski, JChem Phys Lett 199Q 174, 347.
1-methylcytosing® guanine®® and 9-methylguanirféslis avail- (29) Leszczynski, JTHEOCHEM1994 311, 37.

i i i i (30) Szczepaniak, K.; Szczesniak, M.Mol. Struct 1987, 156, 29.
able. Fo_r these systems, HF ca_lcqlanons with p0|a”.zed b?'SIS (31) Szczepaniak, K.; Szczesniak, M.; Szajda, W.; Person, W. B.;
sets provide results accurate to within 1 kcal/mol. The inclusion | e5;c7ynski, JCan J. Chem 1991 69, 1705.
of electron correlation, which is accomplished in this work using  (32) Scheiner, S.; Kern, C. W. Am Chem Soc 1979 101, 4081.
second-order perturbation theory (MP2), generally improves the _ (33) Clementi, E.; Mehl, J.; Niessen, W. 3. Chem Phys 1971, 54,
accuracy Qf the calculated_ energies. This contribution is (34) Clementi, EProc. Natl. Acad Sci U.SA. 1972 69, 2042.
especially important for cyclic hydrogen-bonded systems and  (35) Kong, Y. S.; Jhon, M. S.; lwdin, P.-O.Int. J. Quantum Chem

for energies of the transition states of proton-transfer reac- Quantum Biol Symp 1987 14, 189.
tions12.13,16,17 (36) Hrouda, V.; Floria, J.; Hobza, PJ. Phys Chem 1993 97, 1542.
’ . . . . (37) Florian, J.; Hrouda, V.; Hobza, Rl. Am Chem Soc 1994 116,
Due to the large size of the systems in question, previous 1457

quantum mechanical studies on this topic were limited to the  (38) Florian, J.; Leszczynski, Mol. Phys 1995 84, 469.
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detailed and accurate study of the role of single and double subsequent full optimization to the transition state, as implemented in
proton transfer in the initiation of spontaneous point mutations. the Gaussian92 program. Due to the flat PES, this procedure had to
Guaninecytosine base pairs featuring the proton donor/ be repeated several times, until convergence in the last step was reached.

acceptor patterns presented in Figure 1 were optimized in thiSThe correspondence of the optimized structures to the minimum or to

study with the aoal to find eneraies. qeometries. and vibrational a saddle point was verified by the calculation of harmonic vibrational
y 9 ges, g ' frequencies, from which the zero-point vibrational energy (ZPE) and

frequencies of the corresponding stationary states on theye thermal contributions to the enthalpy were subsequently determined.
potential energy surface (PES). Except for the GC6 structure, pyring the search for saddle points, tBe symmetry constraint was
only the tautomers arising from proton transfers in hydrogen assumed. The calculated small magnitudes of imaginary frequencies
bonds were considered. Because there are three paralletorresponding to the out-of-plane vibrations in saddle-point structures
hydrogen bonds in the guantogtosine base pair, there are two indicate that the assumption of planarity is a reasonable approximation
ways in which protons can rearrange by a double proton transferthat negligibly influences the calculated energy barriers.
while keeping each monomer in its neutral form. The minor The interaction energies were corrected for the basis set superposition
tautomers of the base pairs formed in this way are denoted asrmor (BSSE). The standard BoyBernardi counterpoise (CP) cor-
GC2 and GC3 (Figure 1). In addition, the zwitterionic tautomers "ection schem®® was slightly modified to take into account the
GC4 and GC5 were considered in this study. These Structuresgeometry reorganization when going frqm the isolated subsystems to
can be formed from the canonical base pair (GC1) by the transferthe complex; namely, the CP correction for each monomer was
. . . determined as the difference between the energy of the monomer in
of a single proton from guanine to cytosine. The last tautomer

. X ' the complex geometry with the basis set of the whole complex and
GC6, is formed from the GC2 base pair by coupled rearrange- that of the same monomer without ghost orbifaté.

ment of hydrogens in th&l4-imino andO6-hydroxy groups. To estimate the effects of the polar medium upon the relative
The inclusion of the GC6 tautomer in our calculations was stabilities of tautomers, we carried out self-consistent reaction field
promoted by the recent claim that quantum mechanical “flip- (SCRF) calculations. The Onsager reaction field métek imple-
flop” of hydrogens between the GC2 and GC6 structures is mented in the Gaussian92 progr&hwyas used for these calculations.
capable of altering the genetic specificity of the DNA template In this model, the solvent is viewed as a continuous dielectric medium
via enhanced stabilization of the GC2 base Bhir. of uniform dielectric constard. The solute occupies a spherical cavity

Since the proton-transfer barriers are important for unraveling Wit\t‘iit” trh%i?Ohf’%n(t)' va har‘]’c? ;sgeit?netrﬁlag\é:eRpFermiltti\zlit%c ‘rllo ar;dG c
proton-transfer mechanisms and kinetics, we also calculated thecian)i/nea anzl cy.to’sin.e’ t:utomérs respeectively caiculations o '
structures of saddle points (SP1, SP2, SP3) on the reaction patﬁ:J ' ' i

. . . . The intrinsic reaction coordinates (IRC) tracing the steepest-descent
interconnecting the GC1, GC2, and GC4 minima. Starting from path from the transition states toward the reactants and products were

the transition states (as discussed below), we evaluated the,qjuated for the GC# GC4 and GC4> GC2 single-proton-transfer
Intrinsic reaction COOI‘dInate (IR@“Z f0r the StepW|Se pl‘OtOﬂ pathwaysl The p|anar g:symmetry was assumed for the GC base
transfer between the GC1 and GC2 tautomers. The resultingpair during the IRC calculations. In determining IRC, the first step
potential energy profile and internal coordinate variations along was taken from the transition state along the normal mode corresponding
the reaction coordinate were used to visualize the actual courseto the negative eigenvalue of the Hessian (second energy derivative)
of the proton transfer reaction. Finally, we examined the matrix. The IRC was computed in mass-weighted internal coordinates
nonplanar character of the structure of the GC2 and GC4 basePY the method of Gonzales and Schie§alising a step size of 0.1
pairs induced by the guanine pyramidal amino group, and the amu'2 bohr, which is the default step size in the Gaussian92 proditam.

. : . . From SP2, the GC4 minimum was reached in 10 steps. In the-SP2
relationships among the geometr_y of the guanine amino group’GCZ direction, 34 steps along the IRC path were computed, and the
hydrogen bonding, and protonation.

remaining part of the IRC was extrapolated. From SP1, 24 steps in
. both directions were taken. The rest of the IRC leading to the GC1
Computational Methods and GC4 minima was extrapolated, in part using the calculated energy

The search for stationary states (minima and transition states) on ptroflge f(()jr the Sz% GCZt p;th. Sfutﬁh at; exérzipolatllotp represents the
the sections of the potential energy surface (PES) corresponding to theStandard procedure in studies of this PeExtrapolation is neces-

single and double proton transfers in the GC base pair was carried outs'tated by convergence pmblem.s near minima on the flat PE.S’ and
at the HF/6-31G* level, using the Berny gradient full optimization also_by the extreme po_mpl_JtatlonaI _demanQS connected with the
method implemented in the Gaussian92 progfarithe single-point restricted geometry optimizations carried out in each IRC step.
calculations were carried out at the HF/6-31G* geometry, using second- . .

order many-body perturbation theory and a basis set augmented byResults and Discussion

d-polarization functions on heavy elements and p-polarization functions

on hydrogens (MP2/6-31G**). This method was used to evaluate the In r’:hlshsectlon, Wi proceﬁddfré)m thg more tfecl?nlcall p?ra-d
electron correlation contributions to the relative tautomeric stabilites 97@PNS that cover the metho ependence of the calculate

and interaction enthalpies. energies, over a description of the calculated proton-transfer
The first-order saddle point (transition state) of a chemical reaction '€action COQrd'ﬂate and Important features of the.struct.ure of
determines the lowest barrier separating reactants and products on théhe base pairs, to the more biologically-oriented discussion of
PES. Calculation of the structures of transition states was done in threethe accuracy of our results and their implications for mutations
steps. First, the positions of transferring protons were fixed near the that occur in DNA.
middle of the hydrogen bonds_w_hile_the remaining degrges of frt_aedom Relative Energies. The total and relative energies of the
Welre Iret'aé‘e? ?y 9e°t_metfry Opg]m'zHa“or,‘- Nextt'_the geﬂfs'a” matl”x V"tas stationary points on the PES of guaningosine that account
g?rigsa gndinn C)t::)mtaP]:gTalro;t irenaei?;:an fT: E’ésg w:rQOS?:d Vire]CtEL for different proton arrangements are presented in Table 1 and
P 9 9 ginary freq y Figure 2. Apparently, the most stable conformer corresponds

(39) Cooper, W. GBiochem Genet 1994 32, 383. to the canonical keto/amino form of the guanigosine base
(40) Fukui, K.J. Phys Chem 197Q 74, 4161.

(41) Fukui, K.Acc Chem Res 1981 14, 363. (44) Boys, S. F.; Bernardi, iMol. Phys 197Q 19, 553.

(42) Gonzales, CJ. Phys Chem 199Q 94, 5523. (45) Meumier, A.; Levy, B.; Berthier, GTheor Chim Acta 1973 29,

(43) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; M. 49.
W. Wong; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A;; (46) Mayer, |.; Surjan, P. RChem Phys Lett 1992 191, 497.
Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J. (47) Onsager, LJ. Am Chem Soc 1936 58, 1486.
S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stesart,  (48) Isaacson, A. D.; Wang, L.; Scheiner,5Phys Chem 1993 97,
J. J. P.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1992. 1765.
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Table 1. Comparison of the Energies of the Stationary Points on AE(HF)
the Potential Energy Surface of the GC Base Pair [kcal/mol] A
structuré method AE® E,vibd Eoog® — TS® 404 G—C3'
GC1 MINI-1 0 139.7
6-31G* 0 148.5 120.0
6-31G** 0 -
MP2 0
GC2 (Cy) 6-31G* 11.11 148.6 1204 | i i icca sp2
6-31G** 9.6 . %
MP2 9.6 i
GC2 MINI-1 0.5 139.8 20
6-31G* 11.14 ) L
6-31G** 9.6
MP2 9.0 104 KU
GC3 6-31G* 41.2 148.1 120.9 : G2
6-31G** 37.7 F
MP2 325 !
GC4 (1) 6-31G* 24.7 147.4 119.7 0 )
6-31G** 23.6 GC1
MP2 17.9
GC4 6-31G* 25.2 (1)
6-31G* 238 )
MP2 18.6 GC3 B
GC5 6-31G* not a stationary point -
GC6 6-31G* 17.6 148.2 118.4 301
6-31G** 16.1
MP2 16.6
SP1 6-31G* 27.4 )
6-31G** 25.3 207 GC4_ sp2
MP2 7o i mer T -
SP2 6-31G* 25.3 )
6-31G** 23.4
MP2 17.4 107 oo
SP3 MINI-1 3.8 136.48
6-31G* 31.0 ©)
6-31G** 27.0 o4 L
MP2 14.6 GC1

aSee Figure 1. If not indicated otherwise (BYy in parentheses),
energies for planar structures are giveMINI-1 and 6-31G* denote
HF/MINI-1 (ref 32) and HF/6-31G* results, respectively. 6-31G**
and MP2 denote HF/6-31G**//HF/6-31G* and MP2/6-31G**//HF/6-
31G* results (energy//geometry), respectivélRelative energy (kcal/
mol). The total energy of the reference structure (i.e., the sum of the
electronic energy and nuclei repulsion of the GC1 base pair) amounts
to —932.050 755 ané-934.887 319 hartrees for HF/6-31G* and MP2/
6-31G** computational levels, respectivelyEg"® and Exg™ — TS

Figure 2. (a) Diagram of relative HF/6-31G* energies of stationary
states on the PES of the guaniogosine base pair. (b) Diagram of
relative MP2/6-31G**//HF/6-31G* energies of stationary states on the
PES of the guanineytosine base pair.

The second most stable conformer corresponds to the GC2
base pair (Figure 1). This base pair is slightly nonplanar. Its
- . > ) HF/6-31G* energy is 11.1 kcal/mol higher than that of the GC1
g?%'é’ “é'%r;iagﬁ th’ftg}ﬁ'e‘ﬁ de'ﬁi :ThAeEril_atA'\ZEiSaﬁ p_h"i‘rsg)fzegei';‘j‘fgy base pqir. Enlargement of the basis set and.inclusion of electron
point vibrational energy (ZPE) (kcal/mol). For structures that are not Correlation by the MP2 method decrease this energy difference
minima on PES, the calculated number of imaginary frequencies is to 9.0 kcal/mol. The effect of vibrational energy and entropy
given in parentheses. The calculated magnlitudes of imaginary frequen-differences on relative tautomer stabilities is negligible (Table
g'éei %T?ggtl;o 4%24 ‘;T d(%:zzc%&pzzl)?;nng 18(75541%)1)” ;ﬁ;gsag?] 1; see glso ref 52). Also, only asmall .contribl'Jtion to the relative
(SP3).¢ Sum of vibrational E2e¢™™) and entropic (TS) contributions to ~ Stabilities of GC1 and GC2 is associated with solvent effects.
the gas phase free energy at a temperature of 298 K. TheseUse of the polarizable continuum model (SCRF) results in an
contributions were evaluated using ideal gas, rigid rotor, and harmonic additional 0.6 kcal/mol stabilization of GC1 relative to GC2 at
approximations from calculated vibrational frequencies, moments of {he HE/6-31G* level (not shown in the table). Because of large
inertia, and molecular masses. . P . -
oversimplifications inherent to the SCRF model, this value
should be considered with caution. Moreover, aside from this
polarization stabilization, there could be a wide range of more
specific intermolecular interactions leading to the additional
stabilization of either the canonical or the GC2 base pair. For
example N4-imino-1-methylcytosine was found to be stabilized
by coordination of N4 to a platinum(IV) io?? andcis-platinum
binding to the N7 site of 9-ethylguanine was shown to ease
ionization of its N1 protoff (for atom numbering see Figure
3). In addition, small perturbations of the GEGC2 energy
difference can be caused by vertical electrostatic interactions
among stacked base pairs in DNA. We expect that these effects

pair (Figure 1), henceforth denoted as GC1. This complex is
planar, although the calculated frequencies of intermolecular
vibrational modes that are as low as 20¢rindicate that the
planar structure can be easily distorted by propeller twist, buckle,
and stagger displacements. A detailed account of the vibrational
spectra of the GC1 base pair and comparison of its geometry
with the geometries of individual guanine and cytosine mol-
ecules has been given elsewh&é%%0 The HF/6-31G* geom-
etry and interaction energy of the 9-methylguarminmethyl-
cytosine complex were published by Gould and Kollmn.

(49) Florian, J.; Leszczynski, dnt. J. Quantum Chem Quantum Bial (52) Kwiatkowski, J. S.; Leszczynski, ©hem Phys Lett 1993 204
Symp 1995 22, 207. 430.

(50) Florian, J.; Leszczynski, J.; Johnson, B. &.Mol. Struct 1995 (53) Lippert, B.; Schollhorn, H.; Thewaldt, J. Am Chem Soc 1986
349, 421. 108 6616.

(51) Gould, I. R.; Kollman, P. AJ. Am Chem Soc 1994 116, 2493. (54) Lippert, B.J. Am Chem Soc 1981, 103 5691.
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formation of spontaneous point mutations. A rigorous treatment oY BT 1
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of current computer technology. C e s . T

The antiparallel double proton ransfer of &hd H. protons
in the outer hydrogen bonds mutates the canonical base pair
into the imino-enokimino—enol tautomer GC3. At all  Figure 4. Energy profile and hydrogen bond lengths along the HF/
computational levels, the energy of this tautomer is substantially &-31G* minimum-energy path (MEP, IRC) connecting GC1, GC4, and
higher than the GC1 and GC2 energies, so it need not be furtherSC?2 structures. The MP2/6-31G** energies calculated at HF geom-
considered. This is also true for the GC6 structure, evolved etries of stationary states are also indicated.
from GC2 by a complex and energetically improbable two-
proton transition. Due to the large energy gap between the GC
and GC6 structures, location of the transition state between thes
structures was not attempted by us.

The ion-pair GC4 tautomer turned out to be more stable than
the GC3 form, even in the gas phase. Because of its zwitterionic
character, the GC4 structure should be stabilized by solvent
effects. Another means of GC4 stabilization could involve

Reaction coordinate {amu'? bohr]

2become lower than the GC4 energy (Figure 2b). This finding
é'night indicate that, at the correlated level, the GC4 structure is
not a minimum on the PES, but rather a saddle point.

The HF/6-31G* barrier for the simultaneous transfer gf H
and H, protons between the GC1 and GC2 structures, i.e., for
the reaction GC*> SP3— GC2, is rather high (31 kcal/mol,
Table 1). The top of this barrier, denoted as SP3, is a second-
guanine protonation or methylatiéfs order saddle point. The calculated imaginary freq_uenmes (2971

As for the other ion-pair structure, GCS5, it does not represent and 1091|cm1()j corr_esp_om_j to t_h‘? pathways Igadllng lilr_c;]m g:zg
a stationary point on the PES. This was somewnat unexpected” ©2!\ 5 0l B 8 NC TER T SRR T the highest
because the gas-phase proton affinities of O2 and N3 sites ofb ier al the st - Gé& Spl< GC%«» Spo< GCZg
cytosine differ by less than 1 kcal m®él,and because O2- arrier along the stepwise

- : . . pathway. However, at the MP2 level of theory, the relative
rotonated cytidine monophosphate has been observed in acidi®? ’ Lo ’
gqueous SO|I)J/tiOFI7. At firstpsighg the reason for the instability energy of the SP3 structure is significantly decreased (to 14.6

of GC5 and GC3 seems to reside in the large energy requiremen#.cal/mob' so the imultaneous_ double-proton-transfer mecha-
for deprotonation of the guanine amino group. To determine Pr']sar: t];?é tsl:: S\/gi mgéir:ir:l:f?[l:?nufszc)’mes more probable
the validity of this presumption, we calculated at the HF/6- Proton-Tr:Ensfer Reaction Coor%linate ) In Fiqure 4. we
31G* level the energies required to removg adhd H. protons . L 9 .

from isolated guanine. However, the resulting deprotonation ha\{e .drawn thg HF/6-31G energy profile, along with th?
energies (357.8 and 357.5 kcal/mol, respectively) were nearly variations both in Iength of the middle hydrogen _bond an(_j in
the same. Thus, the instability of GC5 and GC3 compared to the positions of transferring protons along the reaction coordinate
the GC2 and GC4 base pairs most probably originates from corresponding to the GC4> SP1<> GC4 <> SP2<> GC2

repulsive dipole-dipole interactions between the monomers stepwise proton transfer. Thgse data were obtglneq In two
forming the GC3 and GC5 base pairs. separate intrinsic reaction coordinate (IRC) calculations, initiated

Transition States. In addition to the mentioned tautomeric from the SP1 and SP2 transition states. The origin of the

base pairs representing minima on the PES, we located threereactlon coordinate was placed at the GC4 minimum. Due to

saddle-point structures (Figure 1, Table 1). If the small out- the extrapolation .p'rocedure unqlertaken in the v@cilnity of the
of-plane imaginary modes originating from ti symmetry Ggr}tiﬁzdcfocrfinrglglr:ha(’)utlr:jeb%oigfgze?feéhzserg:%rgtae on the
constraint are disregarded, these saddle points can be classified® . . -d app :

as the first- (SP1, SP2) and second-order (SP3) saddle points, Sta_lrtmg from the canonical base par, the protc_)n-transfer
(Note that the terms “transition state” and “first-order saddle rtlaactlotn IS c%mrtr;]enceg by tht(;_gu?nlne tar‘]nd cytos(ljnﬁl 1c_om|ng
point” have the same meaning.) The energies of the SP1 angC|0Ser to each other. buring this stage, et an

SP2 transition states determine the barriers separating the GC1,® bond Ieng_ths (Figure 3) remain practically constant. V_Vhe_n
and GC4 minima and GC4 and GC2 minima on the PES, he N1-N3 dls_tance approaches 2.66 A_, the value it attains in
respectively. The corresponding chemical reactions can bethe S.Pl ttranstlthn stalte,ﬂ:ha) Iﬁrotoergjjglclfdy tragsfgrs fiorr
characterized as single proton transfers. At the HF/6-31G* guanine fo cytosine. in this way, IS formed. Due 1o fow
level, the SP1 and SP2 transition states lie only a few tens Of!nherent energy ba_rrlers,_ GC4 represents an l_JnstabIe reaction
kilocalories per mole above the GC4 tautomer (Figure 2a). The |tntetrmed|z:)te tkt]hatt IS qu|c|f<I¥h dec?mptc;)seddlmo the .GC2
single-point MP2/6-31G* calculations further decrease the au omerl )':h ? r;l;\n? er oNa-le pr(cj) gré_ngrt € guanine
relative energies of the SP1 and SP2 structures so that the)pxygen. nhefinal stage, pan adistances remain
constant and the hydrogen bonds lengthen to their GC2 values.
(55) Ford, G. P.; Wang, BInt. J. Quantum Cheml992 44, 605. Geometry of the Complexes. The geometries of the
re(SSSG) Florian, J.; Baumruk, V.; Leszczynski, J. Phys. Chem1996 in molecular fragments involved in the hydrogen bonding for all
P (57) Purrello, R.; Molina, M.; Wang, Y.; Smulevich, G.: Fossella, J.; Stationary states treated in this study are compared in Table 2.

Fresco, J. R.; Spiro, T. G. Am Chem Soc 1993 115 760. Additional information concerning intermolecular parameters
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Table 2. Calculated Geometry of Hydrogen Bonds (A, deg)

bond/angle GC1 SP3(Cs) GC2(Cs) GC2(C1) SP1(Cs) SP2(Cs) GC4(Cs) GC4(C1) GC3
N4—06 2.929 2.442 2.871 2.872 2.583 2.486 2.534 2.564 2.814
N4—H, 1.009 1.282 1.911 1.912 1.045 1.132 1.086 1.071 1.835
06—H, 1.922 1.160 0.967 0.967 1.539 1.355 1.449 1.495 0.980
N4—H,—06 177.0 177.5 171.4 1715 177.0 175.4 177.2 176.4 176.7
C4-N4—H, 120.4 1235 125.6 1255 121.3 123.7 122.7 122.0 125.9
N3—N1 3.043 2.608 3.057 3.056 2.661 2.848 2.840 2.820 2.862
N3—Hp 2.036 1.283 1.012 1.012 1.204 1.042 1.049 1.051 1.853
H1—H, 1.008 1.326 2.046 2.046 1.457 1.809 1.793 1.771 1.011
N3—Hy—N1 176.4 176.8 176.1 176.0 178.3 174.6 176.0 175.4 175.4
C2-N1—Hp 118.8 121.3 119.4 119.3 124.2 123.9 124.6 116.3 114.9
02-N2 3.018 2.867 3.123 3.134 2.897 3.160 3.125 3.168 2.669
02-H, 2.016 1.872 2.127 2.138 1.911 2,171 2.137 2.186 1.013
N2—H, 1.002 0.999 0.997 0.997 0.994 0.993 0.993 0.996 1.656
02—-H.—N2 178.2 173.9 179.8 178.1 171.4 173.2 172.7 168.5 177.3
C2-N2—H. 123.1 123.2 122.4 121.3 122.8 122.0 122.1 117.6 131.7

aFor atom numbering see Figure 3. Notations atoratbm 2, atom +atom 2-atom 3, and atom-tatom 2-atom 3-atom 4 denote bond
length and bond angle, respectively. The propeller twist (buckle) amounts°t¢3429) and 11.8 (3.3) in the GC2 ;) and GC4 C,) structures,
respectively. The propeller-twist angle was defined as the angle between the line intersecting C2 and C4 atoms of cytosine and the plane defined
by the N1, C6, and N9 atoms of guanine. The buckle angle was defined as the angle between the line intersecting C6 and N3 atoms of cytosine
and the plane defined by the N1, C6, and N9 atoms of guanine. The&€€REtN2—02 torsional angle amounts to 10.8nd 17.0 in GC2 (C,) and
GC4 (Cy), respectively.

Table 3. Comparison of Characteristic Parametathe Guanine Amino Group Present in Different Structures

Gua GC1 Gua* GC2Qy) Gud) P GC4 (C) Gua(N7)°
AE (kcal/mol) 0.5 0.2 0.03 1.9 0.5
C2-N2 (A) 1.363 1.336 1.357 1.347 1.395 1.367 1.327
C6-N1-C2-N2 (deg) 177.6 180 178.0 178.1 178.2 177.3 180
N1—C2-N2—H, (deg) 31.4 0 17.6 12.3 23.6 24.8 0
N1—C2—N2—H (deg) 169.9 180 164.5 171.3 152.5 164.9 180

aHF/6-31G* energy difference between the plan@) @nd nonplanar@,) stationary pointsAE), C—NH; bond length of guanine, and amino
group torsional angles. Geometry parameters are given only for the structures corresponding to the minima on the PES. For atom numbering see
Figure 3.° Guanine deprotonated at the N1 nitrogeé@uanine protonated at the N7 nitrogen.

for the nonplanar GC2 and GC4 tautomers can be found in Table
3. For the sake of brevity, we have omitted the presentation of
intramolecular geometric parameters. For GC1, these data can
be found in our previous papets*® For other complexes, the —:ti" —ﬁ"
optimized geometries can be obtained from us upon request. ) _
One can observe from Table 2 that all hydrogen bonds remain Figure 5. Stereoview of the structure of the GC4 base pair.
nearly linear regardless of the actual proton positions. In the ) ) )
GC1 base pair, the upper N406 hydrogen bond is notably ~ arrangements, the geometries calcula_ted with and without the
shorter than the N2-O2 one. This feature is further amplified ~ Cs Symmetry constraint are compared in Table 2. For GC2 and
in the GC2 and GC4 tautomers. In addition, it remains in effect GC4, there are only insignificant differences in the lengths of
during the whole stepwise proton-transfer reaction, and it also hydrogen bonds between their plan@x)(and nonplanarQ,)
occurs for the SP3 saddle point. The calculated-Ne6 and structures, although notable mutual twists are seen inCthe
C4—N4 distances are shorter than the-N@2 and C2N2 base pair structures (see Table 3 and Figure 5). In spite of this
ones, respectively; this also explains the observed differencesrelatively large nonplanarity, the HF/6-31G* energy difference
in the amino group rotation rates of guanine and cytosine Petween the planar and nonplanar forms of GC2 and GC4
forming the Watsor Crick base paiP® For a more detailed =~ amountsto only 0.03 and 0.5 kcal/mol, respectively. The largest
discussion on this topic, see refs 38 and 59. deviation from planarity was calculated for the hydrogens of
The intermolecular separation and the strength of hydrogen the guanine amino group, which exhibits pyramidal geometry
bonding can be characterized best by the length of the middlein the GC2 and GC4 base pairs.
(N1:--N3) hydrogen bond. It is about the same in the GC1  In fact, the tendency of the-NH, group on guanine to be
and GC2 structures, but becomes 0.2 A shorter in the zwitter- distorted from planarity, combined with repulsive electrostatic
ionic base pair (GC4) and 0.4 A shorter in the SP1 and SP3 secondary interactions, is the actual driving force for the
saddle-point structures. propeller twist in these base pairs. As a result, the molecular
The geometry optimizations of the GC1, GC3, and GC6 base planes of cytosine and guanine in the GC2 and GC4 structures
pairs resulted in planar structures, whereas the GC2 and GC4are twisted asymmetrically; i.e., they intersect along the outer
base pairs were found to be nonplanar. The SP1, SP2, and SP8!4---O6 hydrogen bond (Figure 5). The symmetric propeller-
saddle points, which were optimized under the planar symmetry twist structure has been recently reported for the nonclassical
constraint, are also slightly nonplanar, as indicated by out-of- 7z« base pair, the base of which possesses two pyramidal amino
plane imaginary frequencies (Table 1). To reveal the geometry groups$® In accordance with previous studi€s? we found
differences between the planar and the more stable nonplanar

(60) (a) Floria, J.; Leszczynski, JJ. Biomol Struct Dyn. 1995 12,

(58) Williams, L. D.; Williams, N. G.; Shaw, B. Rl. Am Chem Soc 1055. (b) Leszczynski, JChem Phys Lett 1990 173 371. (c)
199Q 112, 829. Leszczynski, JChem Phys Lett 1991, 181, 123.
(59) MacPhail, R. A.; Williams, L. D.; Jones, D. A.; Shaw, B. R. (61) Sponer, J.; Hobza, B. Phys Chem 1994 98, 3161.

Biomol Struct Dyn. 1992 9, 881. (62) Sponer, J.; Hobza, B. Mol. Struct: THEOCHEM 1994 304, 35.
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the amino group of isolated guanine to be strongly nonplanar, Table 4. Relative and Interaction Energies of Canonical and Rare
with a 0.5 kcal/mol barrier (HF/6-31G*) for the wagging flip- Tautomers of Guanine and Cytosine Forming the GC1 and GC2

flop of amino group hydrogens from below to above the Base Pairs
molecular plane. As can be seen from Table 3, the extent of GC1 GC2
this nonplanarity is primarily determined by the €82 bond method Gua Cyt Gua (enol) Cyt (imino)

order (bond length). Hence, guanine ionization stabilizes the Relative Energy(kcal/mol)
-7.3

pyramidal character of theNH, group, whereas protonation MINI-1 0 7 1.2
at the N7 position results in a planar structure of guanine (Table 6-31G* 0 0 15 0.5
3). The ring protonation-induced increase in theNXtH, bond 6-31G** 0 0 —-0.2 0.6
order is a general effect that has been observed and calculated MP2 0 0 0.6 11
for all nucleobases possessing an amino gfStff. An SCRF 0 0 6.1 41
important role, especially in introducing asymmetry in the amino Reorganisation Energykcal/mol)
group hydrogen displacements, is played by the repulsive MINI-1 3.2 3.7 3.8 2.9
L . 6-31G* 15 1.1 1.3 0.4
electrostatic interaction between thg &hd H. protons?! On ST
the other hand, the formation of hydrogen bonds tends to MINI_lZero-P0|r;t4V2|brat|oggl5Energy (“gjcg'ed) (kca'/”é%')S
decrease amino group nonplanarity (see also our study of the ¢ 375« 79.7 66.9 79.4 676
structure (_)f t_hem_c base paf®d. The_ complicated inter_play of SCRF 795 66.9 79.4 67.6
base-pair ionization, hydr(_)gep bo_n_dlng, nonplanar amino groups, BSSE (kcal/imol)
buckle, and propeller twist is difficult or even impossible to  p\yni-1 30 36 20 38
model by simulations based on empirical force fields. Finally, 6-31G* 1.3 1.5 1.3 1.6
it should be noted that our structural findings, such as the 6-31G** 11 15 0.9 15
flexibility of the base pairs with respect to the propeller-twist ~ MP2 2.5 3.5 24 3.5
and buckle deformations, are generally supported by X-ray AH"™(CPY (kcal/mol)
crystallography?’ However, any detailed quantitative compari- ~ MINI-1 —23.4 -17.7
sons with X-ray data are meaningless, because our calculations g'gig; :gg-g :g-g
neglect crystal-structure and sequence-dependent effects. MPZ 226 ~150
Interaction Enthalpies. The total, relative, and zero-point SCRE ~10.8 —97
energies of individual constituents forming the GC1 and GC2 exg -21.0

base pairs are given in Table 4. Except for the MINI-1 method, =g p g0 ot e SCRF HF/6-31GMISCRF HF/6-31G* method.
which strongly underestimates the energy of the enol form of o appreviations of other methods see Tablé Difference in total
guanine, all other methods provide similar stabilities for isolated energies (electronic energy plus repulsion of nuclei) of the canonical
rare tautomers as compared to the canonical forms of guanineand rare tautomers. Energies of the canonical bases were taken as the

and cytosine. As expected, the relative stability of canonical "éference pointsiThe reorganization energy was evaluated as the
basesyincreases in appolar continuum. y difference in the energy of monomer M (M G, C, G*, C*) calculated

. L ) in its optimized geometry and in the geometry it assumes in the
The calculated dissociation enthalpyAHy™(CP), Table 4) complex: AEeodM) = E(M) |geom-complex— E(M) geom-monomer> 0. For
of the canonical base pair agrees well with the experimental evaluation of the reorganization energy, the monomer-spanned basis
value of 21.0 kcal/mol obtained by mass spectrometry measure-set was used. AHo"(CP) denotes the interaction enthalpy at 0 K,
ments?® Because of the energy difference between the GC1 iozgﬁf)?cg?;;T:x)B_SSA%E(OSU(&?S;ESE@FS"SQ_Wﬁgi‘éé’sdyesrgigz)
and GC2 base pairs-Q kcal/mol), the dissociation enthalpy  (ota| energy. Total energies and zero-point vibrational energist)
of the GC1 base pair is about 9 kcal/mol larger than that of the were calculated in the fully optimized geometry of the given system.
GC2 complex. In polar media, both the dissociation enthalpies For evaluation of 6-31G** and MP2 interaction enthalpiesgy"®
of the GC1 and GC2 complexes and their difference are calculated at the HF/6-31G* level was usédiF/6-31G* BSSE was
significantly decreased. used.' Experimental gas phase interaction enthalpy (ref 68).
Replication Fidelity. The relative energy of the GC1 and moments, polar solvents can be expected to cause only small
GC2 tautomers is the most important quantity for the examina- perturbations in the relative stability of these base pairs.
tion of the role of proton transfer in the GC base pair in the Including this effect, we predict the GC2 tautomer to be10
mutation theory. In this study, reliable ab initio HF/6-31G* 2 kcal/mol less stable than the canonical GC1 base pair. Using
and MP2/6-31G** calculations were used for prediction of its Boltzmann statistics, this energy difference implies a®t0
magnitude. On the basis of the comparison of experimental 109 ratio (equilibrium constant) between the GC2 and GC1
and calculated tautomeric equilibria in isolated guanine and tautomers.
cytosine, the accuracy of our results can be estimated to be For the adenin¢hymine base pair, a similar 10 ratio
within 2 kcal/mol. Naturally, the relative stability of the GC1 between the imineenol (A*T*) and canonical (AT) tautomers
and GC2 tautomers embedded in DNA will differ somewhat Was calculated using the minimal basis set (MINF1)How-
from that predicted by us for isolated base pairs. However, the ever, in view of the present results and also by comparison with
fact that transferred protons are located in the central part of the tautomeric equilibrium in the cyclic formamide diné#,
the GC base pair supports the plausibility of our model. In the AT < A*T* equilibrium would be significantly shifted
addition, we attempted to estimate the magnitude of solvent toward the canonical base pair if MP2 calculations with more
effects by using the continuum solvation model. We found that, complete basis sets were used. To support this statement, and
due to the similar size and direction of GC1 and GC2 dipole also upon the request of one of the reviewers, we carried out
additional calculations of the AT and A*T* energies at the MP2/

(63) DelBene, J. EJ. Phys Chem 1983 87, 367.

(64) Taylor, R.. Kennard, QJ. Mol. Struct 1982 78, 1 6-31G**//HF/6-31G* level, i.e., at the same level as used here
(65) Florian, J.J. Mol. Struct: THEOCHEM 1992, 253, 83. for the guaninecytosine base pair. The obtained 16.6 kcal/
(66) Florien, J.; Baumruk, VJ. Phys Chem 1992 96, 9283. mol free energy difference\Gzeg) implies a 1012 probability
oto7) Dickerson, R. E. itiucture and Methods/ol 3: DNA i‘ggg_Ap . of the formation of A*T*, which makes double proton transfer
(68)’Yanso’n’ LK. Tepm’sky' A. B.: Sukhodub, L. Biopmyrﬁerﬂg}g in AT a highly improbable cause of spontaneous mutations. The

18, 1149. role of the A*T* tautomer in the mutation process is further
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eliminated by its extremely short lifetime and its decreased multistage proofreading activiff?,provided the added nucleotide
stability at larger interbase separatidfis. mismatches the template base or exhibits an unusual structure.
In contrast, the GC2 base pair was predicted to be separatedOn the other hand, mutations originating from the tautomer-
from the main GC1 tautomer by a relatively large barrier. At ization of the template are hardly recognizable by the poly-
the highest (MP2) level, the energy barrier for the simultaneous merase. Also, there is no simple way of correcting them without
double proton transfer from GC2 to GC1 amounts to 5 kcal/ breaking the template DNA strand. Indeed, the relative amount
mol, whereas GC2 decay by stepwise proton transfer via the of rare tautomeric base pairs in DNA predicted by us 10
GC4 ion pair requires a higher activation energy (7.3 kcal/mol). 107°) agrees well with the frequency of substitution mutations
However, one can assume the ion-pair structure to be somewhapbserved for proofreading polymerasésHowever, this agree-
stabilized in the DNA environment, even when direct solvation ment is only a fortuitous coincidence, since all chemical or
by water molecules is limited via DNAprotein and DNA- genetic studies of DNA replication fidelity use single-stranded
DNA interactions, as in densely packed chromosomal DNA or DNA templates. As such, they are principally unable to detect
during DNA replication. Thus, two different reaction mecha- substitution mutations originating from base-pair tautomerization
nisms are, in principle, available for the transition between the that occurs prior to DNA unwinding.
GC1 and GC2 tautomers. In both cases, the proton transfer Though a direct experimental proof of the predicted tauto-
must be preceded by significant shortening of the interbase meric equilibrium is missing, we believe that the technique
hydrogen bonds. The actual path, as well as the rate constantsgmployed for its derivation is established enough to warrant
will depend on the interplay of many factors involving contacts the plausibility of the obtained results. The concept of mutable
with surrounding molecules, initial conditions, and proton GC base pairs provides an incentive for the future development
tunneling. Using transition-state theory and calculated barrier of mutagens able to selectively tautomerize the GC base pairs
heights, one can roughly estimate that the rate constant for thethat are parts of defined DNA sequences.
GC1— GC2 reaction at 300 K will fall in the ©10* s~* range. .
This rate is high enough for GC2 base pairs to be formed during Conclusions

the lifetime of a cell. The GC2> GC1 reaction will proceed We have demonstrated that the guaffuyﬁ)sine base pair is
with a much higher rate constant of 210°s™%. Thisrateis  more structurally variable than has been assumed. The ion-
lower than the frequency of interbase intermolecular vibrations pajr (GC4) and imine-keto/amine-enol (GC2) forms of this
(~10"s™). If GC2 is being separated because of the impact pase pair are energetically accessible, though the probability of
of outer factors, such as the action of DNA polymerase, the thejr formation falls below 1%. The geometries of the GC2
barrier height for the GC2~ GC1 proton transfer reaction (and,  and GC4 base pairs are significantly nonplanar. The degree of
consequently, GC2 lifetime) will increase. (This behavior of this nonplanarity increases for structures involving negatively
the proton transfer barrier is common for all hydrogen-bonded charged guanine, whereas guanine protonation at the N7 position
systems having H bond lengths constrained at larger thanincreases the rigidity of the base pair.
equilibrium separatiof®) Also, the smaller dissociation The calculation of the steepest descent path for the stepwise
enthalpy of the GC2 base pair would assist the formation of sjngle-proton-transfer reaction by using the mass-weighted
spontaneous mutations by facilitating dissociation of the GC2 coordinates enabled us to account for dynamic effects during
base pair into the G* and C* rare tautomers during the DNA the proton transfer. Consequently, the proton-transfer event
replication process. could be described as consisting of two parts: first, the interbase
The proton donor/acceptor pattern of the G* and C* tautomers distance is decreased by 8:2.4 A compared to the equilibrium
enables the formation of the G*T and C*A mismatches with distance; second, stepwise proton transfer from the GC1 to the
Watson-Crick pairing geometry. This mispairing results inthe GC2 structure occurs via the GC4 reaction intermediate. The
formation of a GC— AT transition mutation after the nextround  role of the ion-pair complex as a reaction intermediate enables
of replication. If this were the only possible substitution proton transfer to be easily triggered by the interactions of the
mutation mechanism, the number of GC base pairs in DNA base pair with protein side groups or transition metals. Even
would decrease on the evolutionary time scale. In reality, this without being assisted by external factors, the transition from
trend is most probably offset by the wobble base pairing, to the canonical GC1 structure to the GC2 rare tautomer can occur

which the AT base pair is more prone due to its smaller during the lifetime of the cell by the mechanism of simultaneous
interaction enthalpy* " However, the observed deficiency in  double proton transfer.

GC content of the DNA of higher organisriaihich is generally We predicted the equilibrium ratio of the GC2 and GC1 base
as low as 0.5 times (0.4 in humans) the AT content, is an pairs to lie in the 16°~10~% range, i.e., within the range of
Impressive consonance. measured DNA replication fidelity. Thus, the proton transfer-

Competition among different mutation mechanisms also induced formation of the rare tautomers (G*, C*) in the DNA
prevents the straightforward comparison of the calculated GC2-template prior to replication represents a viable expansion of
to-GC1 ratio with the measured fidelity of DNA replication. the more established spontaneous mutation mechanisms.
However, there is one important difference between template-
based and free nucleotide triphosphate-based substitution muta- Acknowledgment. This work was supported in part by NTH
tions; namely, nucleotides that were newly added at the growing Grant No. 332090, ONR Grant No. N00014-95-1-0049, and a
DNA strand can be excised by DNA polymerases through their contract (DAAH 04-95-C-0008) between the Army Research
Office and the University of Minnesota for the Army High

(69) Scheiner, S. IrProton Transfer in Hydrogen Bonded Systems  performance Computing Research Center. The Mississippi
Bountis, T., Ed.; Plenum: New York, 1992; p 29.

(70) Kar. T.; Scheiner, SI. Am Chem Soc¢ 1995 117, 1344, Center for Supercomputing Research is acknowledged for a
(71) Hobza, P.; Sandorfy, @. Am Chem Soc 1987, 109, 1302. generous allotment of computer time. The helpful comments
194:%2) Sponer, J.; Leszczynski, J.; Hobza,JPPhys Chem 1996 100, of Michael J. Stewart and Dr."Jigponer are greatly appreciated.
(7é) Dey, M.; Moritz, F.; Grotemeyer, J.; Schlag, E. WAmM Chem JA951983G
Soc 1994 116, 9211.
(74) Petruska, J.; Sowers, L. C.; Goodman, MPFoc. Natl. Acad Sci (75) Beckman, R. A.; Loeb, L. AQ. Rev. Biophys 1993 26, 225.

U.SA. 1986 83, 1559. (76) Fersht, A. R.; Knill-Jones, J. W. Mol. Biol. 1983 165, 633.



