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It has long been postulated that rare tautomeric or ionized forms of DNA bases may play a role in mispair
formation. To investigate the role this phenomenon plays in the mispairing of guanine and to develop a
calculation methodology that can be extended to mutagenic DNA damage products, we used first principles
quantum mechanics (density functional theory (B3LYP) with the Pois8mitzmann continuumsolvation

model) to calculate the relative stabilities of tautomers of guanine in various environments andktheir p
values in aqueous solution. This method allows us to calculate site spe€ifiapues— information that is
experimentally inaccessible- as well as overall K, values for each stage, wherein our numbers are in
agreement with experimental values. We find that neutral guanine exists in aqueous phase as a mixture of
two major keto tautomers, thegN form (1) and a NH form (3). These keto forms are also major species
present in the gas phase, as well as th#l @nol tautomer 7a). These results show that tautomeric
configurations can be drastically different depending on the environment. Here, we discuss the reasons for
this environmental variability and suggest some possible implications. Finally, we estimate that the relative
population of deprotonated guanine is 622 in the range of pH 78, a significant enough population to
potentially play a role in mispair formation.

1. Introduction

0
. . . . . . 6
Guanine {) is a purine base found in the nucleic acids of all N_S N{H
living organisms. Under physiological conditions, guanine exists 3<’ | )\
aN"IN
3

predominantly in the neutral, keto tautomeric form. It has long 4
been postulated that the presence of unpreferred or rare H
tautomeric forms might be involved in base mispair formation 1 (guanine)
during polymerase-mediated DNA replication, resulting in

genetic mutations. However, it has also been estimated that theseEQM) calculations [B3LYP/6-33+G(d,p) level] for charged
unpreferred tautomeric forms might be present, UndGT5 li)hys" guanine have limited their focus to the monohydrated complex
ological conditions, at a low frequency of 10to 10! i, the gas phaséWhile protonation at N7 has been studied in
Alternatively, hydrogen-bonding interactions and base pair the aqueous phase, th&value was not calculated.

formation could be perturbed by base ionizafidrhe ionization There has been a great deal of theoretical work done to
constants (Ma values) of the normal DNA bases are roughly  .5cyjate acidic properties of numerous organic compounds, but
2—3 pH units from physiological pH, predicting that the ionized 05t efforts have focused on gas phase basicities, proton

forms might exist several orders of magnitude more frequently affinities, or relative [. values in aqueous solutiéf.It was
than the rare tautomeric forms. Despite the vast amount of work o+ il recently that the effort has been made to calculate

that ha_ls beer_1 done on these bas_es, the mecha_nisms of mispaé[bsolute i, values in aqueous solution accurat®ly:s Various
formation during polymerase-mediated DNA replication are still |5\ a5 of theory have been employed in these studies. Recently,
unresolved. _ _ Liptak and Shield¥ used the CPCM continuussolvation
Various theoretical studies have been conducted on the approach with the complete basis set and Gaussiaodel to
tautomerism of neutral guanirie] although little has been 50y jate the absolutedp values of six carboxylic acids within
reported for charged species protonated or deprotonated it o (K, unit of experimental values. Nascimento and co-
guanine— in the aqueous phase. Previous quantum mechanics,yqrkerd1.13 ysed the PCM continuufsolvation model at the
level of HF/6-314G** and calculated the absolut&kpvalues
of carboxylic acids, aliphatic alcohols, thiols, and halogenated
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Mitzner*® used the SCI-PCM continuunasolvation approach
at the levels of B3LYP/6-31G* and B3LYP/aug-cc-pVDZ//
B3LYP/6-31G* and calculated the absolut&pvalues of
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SCHEME 1: Thermodynamic Cycle? Used in the
Calculation of pK,10.14.16:41

AG

0
HA (g) deprot, g

aliphatic, alicyclic, and aromatic amines within 0.Kjunits A(g)+H(g)

of experimental values.

Recently, we have used first principles QM methods (density AG' gy (HA)l AG' gy (A‘)l lAG‘)m (H")
functional theory (DFT), B3LYP, in combination with the | A
Poissor-Boltzmann (PB) continuumsolvation model) to HA(aq) ——5—> A'@aq) + H (aq)

calculate [, values for DNA bases in aqueous solutf§d? deprct 29

The agreement between calculated and experimental values for * The proton (H) is not an isolated Hbut a simple representation
a series of pyrimidine derivatives is excellent (within 0R,p  ©f HsO" or [H(H:0)]". An alternative thermodynamic cycle employing

A , ; v
units). We further demonstrated that these methods can be use Ir;(l;goof ﬁ“gﬂyﬂ? g ﬁgﬁg ﬂgg gg%t Eézea ?JgégeblgleﬁDgndsﬂlf}[; arl:;l
to predict the site of ionization where multiple, potential sites gchiiirmanng

exist. These studies suggested to us that ionization and tau-

tomerization might be linked, in that ionization might provoke energy of solvation in wateAGZ,, (Scheme 1):

a shift to an alternative tautomeric form.

As a first attempt to investigate how the proton configuration
of a DNA base might be altered by ionization in aqueous
solution, we have conducted a computational study of the

ionization sites of guanine as well as the potential tautomers of

the various ionized forms. In aqueous solution, the preferred
keto tautomeric form of guanine strongly predominates. How-

AG® [HA(aq)] = AG® [HA(g)] + AGZ,, (HA) (3a)
AG° [A™(ag)]= AG° [A~(9)] + AGZ, (A7) (3b)
AG® [H'(ag)]= AG° [HT(g)] + AGZ,, (H")  (30)

ever, in the gas phase, some unusual tautomeric forms are 22 Gas Phase Free Energiesthe standard Gibbs free

indicated, consistent with experimental data that have demon-

strated the existence of rare tautomers in the gas pha%but

energy of each species in the gas phase at its standard state
(ideal gas at 1 atm and 298 RY3(AG° [HA(9)], AG® [A=(g)],

not in aqueous solution. Our studies indicate that the preferredand AG° [H+(g)]) is obtained by

site of protonation of guanine is N7 and that the primary site
of deprotonation is N1. The calculatel{pvalues are 34 and
9—10, respectively, consistent with reported experimental
data?=27 The experimentally determineKpvalues represent

a composite K, representing a weighted average of th& p

(4)

The total energy of the molecule @ K (Egk) is calculated at
the optimum geometry from QM. The zero-point energy (ZPE)

AGg = Egq + ZPE+ AAGy pgg¢

values of the various ionization sites and tautomers. We proposeand the Gibbs free energy change from 0 to 298 K at 1 atm

a scheme in which such compositéwvalues can be calculated.

(AAGo-298¢) and are calculated from the vibrational frequencies

This method can extend to various damaged DNA bases suchcalculated using QM. Translational and rotational free energy

as 8-oxoguanine (8-oxoG§,30 potentially explaining why
certain DNA modifications increase base mispair formation and
mutagenesfd—34 as well as giving insight into possible repair
mechanism&>-38 One difficulty in the study of many bases such
as 8-oxoG is that they are often extremely insoluble in
water2-39400ur approach could be powerful in that it can be
applied to obtain 4, values and tautomeric behaviors in solution
even when the experimental determination is extremely difficult
or almost impossible. Another important application of our
theory would be to predict the impact of various postulated
modifications on DNA bases or new designs prior to synthesis.

2. Calculation Details
2.1. K, Calculations. The K, of an acid HA is given

by10,14,4l

1

pKa = mAGaeprotaq (1)

where R is the gas constant and is the temperature. The
standard free energy of deprotonation of HA in water,
AG feprotaq 1S defined as (Scheme 1)
AGgeprot,aqz

AG® (A™(aq))+ AG® (H'(aq)) — AG® (HA(aq)) (2)

The standard free energy of each species (HA, @d H") in
water AGg; with respect to the reference state where all of

the nuclei and electrons are completely separated from onesolvation of HA and A in water [AGg,,,

another &0 K in the gasphase) can be written by the sum of
the gas phase standard free enetdy; and the standard free

contribution is also calculated in the ideal gas approximation.
We useAG° [HY(g)] = 2.5RT— TAS = 1.48— 7.76= —6.28
kcal/mol at 298 K and 1 atm, which was taken from the
literature1®.12.41

2.3. Gas Phase QM CalculationsAll QM calculations used
the Jaguar 4.0 quantum chemistry softwarfé4>To calculate
the geometries and energies of the various molecules, we used
DFT, B3LYP, which includes the generalized gradient ap-
proximation and a component of the exact HartrEeck (HF)
exchangé® 50 as used extensively in otheKp calculation
studiest®121519n a very extensive study of Colominas and co-
workers on the level dependence of the tautomerism of neutral
and protonated guanine, this B3LYP level of theory combined
with the 6-31H#+G(d,p) or 6-31G(d) basis set has given quite
similar results as the highest level of theory they tested [MP4/
6-31++G(d,p)]. Because the calculation of vibration frequencies
is generally quite time-consuming, the calculation was carried
out in two steps. The 6-31G** basis set was first used to
calculate the optimized geometry and vibration frequencies, and
then, the 6-3++G** basis set, which includes diffuse func-
tions, was used for the final geometry optimization started from
the 6-31G** geometry (Appendix A shows how the results
depend on the choice of basis set). The gas phase free energy
is calculated as

AGY = ZPE %" + AAGS Jsax + Egrs 7

(®)

2.4, Solvation Free EnergiesThe standard free energy of
(HA) and AGg,,
(A7)] at their standard states (1 M ideal solution at 2982K3
was calculated using the continudisolvation approach by
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numerically solving the PB equatidf.>® In this approach, the  order for eqs 3 and 8 to give the solution phase free energy
solute is described as a low-dielectric caviggy = 1) immersed (AGZ,) consistently, the free energy of solvatiohAGg,,)
in a high-dielectric continuum of solvert{,c = 80 for wate?®). should be defined as the free energy change during the standard
The solute/solvent boundary is described by the surface of solvation process, that is, a transfer of a solute from its gas
closest approach as a sphere of radius 1.4 A (probe radius forphase standard state (ideal gas at 1 atm) into its solution phase
water) and is rolled over the van der Waals (vdW) envelope of standard state (1 M ideal solution). However, most of the
the solute. The charge distribution of the solute is representedtabulations of experimental solvation free energies follow a
by a set of atom-centered point charges, which are determineddifferent convention, where the solvation process is defined as
by fitting to the electrostatic potential (ESP) calculated from a transfer of a solute fromstl M gas phase state into its 1 M
the wavefunction, that is, the ESP-fitted charges. In this solution phase stafé. %6 Because many continuunsolvation
formulation, the entire solute charge density is placed inside models have been developed to reproduce those experimental
the solute cavity in the form of ESP charges. While this is only values, it is most likely that the solvation free energy calculated
an approximate description without a rigorous justification, it from there AG},,) should be defined in the same way. This is
is remarkably accurate, and it avoids some problems due to thealso the case for the PB solvation model used in this stady,
penetration of the solute electronic cloud beyond the solute where the dependence of the nonpolar solvation free energy
cavity 1° (AGnp) on the SA of solute (eq 7) was determined based on the
The solvation process, in which a solute is transferred from experimental solvation energies of alkaf&$hus, the estima-
a vacuum into a solvent, was depicted hypothetically as two tion of the solution phase free energy;,) by combining the
successive steps: (i) the creation of a cavity of the size of the calculated gas and solution phase values{ + AG,,) needs
solute in solvent and then (II) the charging of the solute to turn g correction term Corresponding to the free energy Change

on the electrostatic interaction with the solvent. Therefore, the accompanied by the reversible state change of 1 mol gas from
free energy of solvatiorAGso) Was divided into two contribu- 1 atm (24.47 L mot) to 1 M (1 mol L™1):43
tions, nonelectrostatic (nonpolar) terG;,,) and electrostatic

(polar) term AGeied: AGzc;q,lM = AG;,latm_I_ AGgolv,laum(g)»lM(aq)
AGsoIv = Aan + AGelec (6) = AG;,latm+ AGZoIv,lM(g)—'lM(aq) +A (l:ggn(g)—'lM(g)
The nonpolar contributioAGy, includes all of the nonelec- = AGj 1amt AGo 1mg-1mag T RTIN(L/22.47)
trostatic contributions such as the energy cost of the cavity . .
creation as well as the entropy change accompanied by the = AGg 1amt AGgo,1mgy-1m(ag) — 1-89 (kcal/mol)
transfer of the solute from a vacuum into the solvent. It is simply 9)

treated to depend linearly on the contact area between the solute . '
and the solvent, that is, the solvent accessible surface area (SAyhat is, a correction of-1.89 kcal/mol should be made to the

of the solute in the solution phase: calculated solvation free energh@Gy,,) to give the standard
free energy of solvationrAGg,,,), as also discussed thoroughly
AG,=y-(SA)tb (7) by Abrahanf’ The correction is constant for all solutes.

However, in our current scheme okpcalculation (Scheme

The relationship had been determined for an aqueous solutionl and egs 25), where the solution phase free energies are
by Tannor and co-worke®,and we used that relationship in  calculated only for HA and A and that of the proton is
our study without modification. determined parametrically from the fitting to the experimental

The electrostatic contribution to the solvation eneyBied values (Section 2.6), the corrections for HA and for would
is determined as follows. A gas phase calculation is carried out cancel each other and thus would not alter any final results,
first to obtain the ESP charges (CHELP method® On the neither the final K, values nor the final parameters of the
basis of these charges, the PB equation is solved to obtain thesolvation free energy of protod\GZ,,(H™).
reaction field of the solvent (as a set of polarization charges 2.6. Parameters for Solvation Free Energy Calculation.
located on the solute/solvent boundary surface). The Hamilto- Several parameters are used in the solvation free energy
nian is then modified to include the soluteolvent interaction calculation. These parameters were first taken from the literature
due to the reaction field. This is solved to obtain a new wave and then slightly modified in order to reproduce experimental
function and a new set of atom-centered ESP charges. ThispK, values of guanine (see Appendix B for details).
process is repeated self-consistently until convergence (to 0.1 (i) The atomic radii used to build the vdW envelope of the
kcal/mol in the solvation energy). solute were taken from Marten and co-workérand then

This solvation free energy calculation usgéguar v4.0*45 reduced by 6%. The final radii are (the original literature radii
at the B3LYP/6-3%-+G** level (Appendix B shows how the  are in parentheses): 1.88 (2.00) A for4yybridized carbon,
results depend on the choice of basis set), and the geometryl.45; (1.55) A for sp-hybridized oxygen, 1.41 (1.5) A for 3p
was reoptimized in solution. The standard free energy of each hybridized nitrogen, 1.17(1.25) A for hydrogen attached to

species in water is calculated as a sum sp*-hybridized carbon, and 1.9§1.15) A for other types of
hydrogen.
AGg, = AGj + AGg, * ¢ (8) (ii) To obtain the K, requires the standard free energy of

solvation of a proton in waterA\GZ,,(H"). Despite consider-
2.5. Correction to the Solvation Free Energy Due to the able experimental and theoretical research, this value remains
Change in the Reference StateThe standard state of a solute  uncertaint*68.69 Experimental measurements of the standard
in the gas phase is defined as an ideal gas at 1 atm, while thehydrogen potential led to a wide range Af5Z,,(HT) from
standard state of a solute in solution is defined as an ideal 1 M —254 to—261 kcal/mol-7°Recent studies on the solvation of
solution#243800ur QM calculation of a solute in the gas phase various ion-water clusters led taAGg,(H") = —262 + 1
(AGg; Sections 2.2 and 2.3) assumes an ideal gas at 1 atm. Inkcal/mol (theoreticaf® and AGZ,(H") = —263.98 + 0.07
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kcal/mol (experimental}* As shown in the previous section,
the theoretical value{2624 1 kcal/molf° should be corrected

by —1.89 kcal/mol to—264 + 1 kcal/mol to be comparable to
the experimental values, and indeed, this is very close to the
experimental value 0f-263.984 0.07 kcal/mof* In our current
study, the proton solvation free energ%2,,(HT) was treated

as a parameter chosen to give the best match between the

calculated and experimental guaniri& palues, and the selected
value was—263.47 kcal/mol, in good agreement with the
literature values shown above-264 & 1 (after correctiorff
and—263.984- 0.07 kcal/mofb), illustrating the quality of our
pKa calculation scheme. Liptak and Shields have also concluded
that the correct value aAGZ,(H*) must be in the range of
—264 kcal/mol, from their i, calculations on six carboxylic
acids using the complete basis set and Gaussiamdels
combined with the CPCM continuunsolvation method#

2.7. Summary: Calculation StepsOur procedure involved
three steps: (i) B3LYP/6-31G**(g) preliminary geometry
optimization and frequency calculation, (i) B3LYP/6-
31++G**(g) for final geometry optimization, and (iii) B3LYP/
6-31++G**(aq) for solution phase geometry optimization.

The final standard free energy of each species in water is
expressed as

AG3,=ZPE 3" + AAGE Sea +

6—31++G* 0 6-31++G*
Eok g + AGg

olv (10)

This final calculation scheme is different from those used in
our previous study on substituted uracfisA larger basis set
[Dunning cc-pVTZ(-fH-+//cc-pVTZ(-f)] had been used for
these smaller pyrimidines, leading to slightly different param-
eters for solvation calculations [atomic radii scale faetd®.89;
AGZ,(HT) = —262.65 kcal/mol].

In addition to guanine, this modified method discussed above

has now been applied to several systems (cytosine, 9-methyl-

isoguanine, and isoguanine) leading to results in excellent
agreement with experiment (within Kpunit), as summarized
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SCHEME 2: Tautomers of Neutral Guanine Considered

in This Study
o]
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will not be present. Such estimations are helpful in showing
that tautomeric states may shift in different solvents/environ-

ments and may have implications for biological microenviron-
ments (such as the active site of an enzyme), where the
surroundings are not strictly aqueous.

3.1. Tautomers of Neutral Guanine3.1.1. Relatie Energies

in Appendix D. This suggests that these methods can be valuableof Neutral Guanine Tautomer3automers of neutral guanine

in prediction of the K, values for unknown systems.

3. Results and Discussion

considered in this studyl(@nd3—10) are shown in Scheme 2,
and their relative free energies in gas and aqueous phases are
given in Table 1. The relative population of each tautomer in

Several tautomers of guanine m|ght be present Simultaneouslyequi"brium was estimated from the Boltzmann distribution at

at each ionization state, and the presence of these multiple29

tautomers complicates the calculation of th& pnd gas phase
proton affinity (PA). Thus, we calculated the free energies of
all of the plausible tautomers for neutral, anionic, and cationic

8 K.

In the gas phase, we predict that the 6-keto tautdr(@rith
protons on N1 and N7) is the most stable, but it is only 0.3
kcal/mol free energy below 6-ketb (with protons on N1 and

guanines in gas and aqueous phases. Then, we estimated thi¥9). In addition, the 6-enol tautomé&t (with protons on N9
proportions of tautomers at each ionization state assuming aand O6) is just 0.9 kcal/mol higher. Thus, gas phase guanine at

Boltzmann distribution at 298 K (Sections 3:3.4), prior to

room temperature would be 53% 8f 32% of1, and 15% of

the calculations of gas phase PAs and basicities (Section 3.5)7. Other tautomers would have populations below 0.1%.

and aqueous phas&pvalues (Sections 3-63.8). Biological
implications are discussed in Sections 3.9 and 3.10.

In the aqueous phase, we predict that the 6-keto tautdmer
is the most stable, b is only 1.0 kcal/mol higher. However,

As seen below, there are several low-energy tautomers whosehe best 6-enol tautomer(is 8.7 kcal/mol higher thah. Thus,

free energies were found to lie within 1 kcal/mol of each other:
1, 3, and7a (neutral; gas);l and3 (neutral; aqueous}?2, 13,
and15 (deprotonated; gas); add—13 (deprotonated; aqueous)
(Tables 1 and 6 below). Note that we do not claim to calculate
relative energies within 1 kcal/mol. For example, we find that
in the gas phasg is 0.3 kcal/mol higher tha8 and 0.9 kcal/
mol lower than7awhile in the solution phaseais 8.7 and 7.7
kcal/mol higher tharl and 3, respectively. We do not imply
that in the gas phase is less stable thaB and more stable
than7a. We emphasize that all three tautomets3, and7a)

will be present in the gas phase but in the aqueous phase

in the aqueous phase, guanine would be 85% afd 15% of
3 with 0.6% of 6-keto5 (with protons at N3 and N7).

3.1.2. Salation EffectsSolvation leads to a significant change
in the relative tautomeric stability. To explain this dramatic
change, several energetic effects must be considered. One
possibility is that differences in the dipole moment between the
keto and the enol forms could cause the keto form to be greatly
stabilized in a solvent with a high dielectric constant. For
example,l is probably stabilized to a greater extent tt&am
agueous solution (by 1.3 kcal/mol &Gs,; Table 2), because
of the higher dipole moment df (6.81 D) than that o8 (1.88
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TABLE 1: Relative Free Energies (kcal/mol) of Various Tautomers of Neutral Guanine and Their Relative Populations Based
on Boltzmann Distribution: (a) Gas Phase and (b) Aqueous Phase

1 3 4 5 6 7a 7b 8 9 10
keto keto keto keto keto enol enol enol enol keto
amine  amine amine amine amine amine amine amine amine imine
(a) Gas
AGy ref 0.3 0.0 18.9 5.9 18.9 0.9 1.5 3.6 21.1 5.7
population 0.32 0.53 * 10 3x10° 8x 101 0.11 0.04 1x 1073 2x101  3x10°
(b) Aqueous
AGgqyreP 0.0 1.0 5.2 3.0 51 8.7 9.7 9.9 17.9 9.8
population 0.85 0.15 ¥ 104 6 x 103 2x 104 4% 1077 6 x 1078 5x 1078 4 x 10714 6x 108
2 Relative free energies with respectAgsg (3). ® Relative free energies with respect A6, (1).
TABLE 2: Free Energies of Solvation AGs,, kcal/mol) of Tautomers of Neutral Guanine
1 3 4 5 6 7a 8 9 10
keto keto keto keto keto enol enol enol keto
amine amine amine amine amine amine amine amine amine
AGsol —-35.4 —34.1 —48.8 —38.0 —48.9 —-27.3 —28.9 —38.3 —-31.1
Uug® 6.81 1.88 11.16 4.94 9.08 3.25 3.96 7.07 2.75
O(NH2)g/ad 36/23 39/27 41/19 36/21 22124 24123 26/26 44/26
O(NH)giad 3/0 (1) 4/0 (1) 22/0 (3) 8/0 (3) 6/1 (1) 0/0 (1,3)
RMS Ad 0.046 0.052 0.118 0.064 0.040 0.023 0.030 0.084 0.038

a Gas-phase dipole moment (Debye or Dhaversion angle of the exocyclic 2-amino (MHyroup €) defined by the angle of the N2H; bond
from the C2-N2—H; plane (gas-phase value/solution-phase valu&hgle of the N:-H or N3—H bond from the ring plane’) (gas-phase value/
solution-phase value). Whether the bond is-NHLor N3—H is indicated in parentheseé5SRMS deviations between atomic coordinates (A) between
the gas-phase structure and the aqueous-phase structure.

(a) -25
o7
3
_ -30 10
3 o3
£ 35 o1
©
Q
= e5 o9
2 40
7]
o
45 -
o6 o4
-50 ‘ : ‘
0 2 4 6 8 10 12
Dipole moment (g; Debye)
b
®
o7
38
-30 1
*10
6 7 3 .\
Figure 1. Dipole moment vectors of several tautomers of neutral 3 % 1e
guanine. g 5 o9
2 40
. . 7]
D) (Table 2 and Figure 1). However, the dipole moment does o
not completely explain different extents of stabilization of -45
various tautomers by solvation, as can be seen in the poor .6 o4
correlation betweeAGsqy and dipole moment (Figure 2a). For -50 \ \ ‘
example, the enol tautom@&ras a higher dipole moment (3.25 001 003 005 007 009 011 013

D; Table 2) tharB, but the stabilization of by solvation AGggl,

= —27.3 kcal/mol) is much smaller than that 8(AGsaw = Figure 2. Correlations between free energies of solvatiaG, keall
—34.1 kcal/mol). This poor correlation implies that additional mol) of various tautomers of neutral guanine and (a) their gas phase
factors must account for the solvation effect, in addition to dipole dipole momentsy, Debye) or (b) RMS deviations between atomic
moment differences. coordinates (RMSA, A) between gas phase structures and aqueous
Another possibility involves destabilization of certain tau- Phase structures.
tomers in the gas phase due to unfavorable electrostatic
interactions that can be shielded in the aqueous phase by solvenivith respect to the aromatic base. The inversion angle of the
water. In keto tautomers such @sand 3, one of the partially 2-amino group (defined as the angle between the-N2bond
positive hydrogen atoms of the exocyclic 2-amino group is and the C2N2—H, plane) ofl and 3 is as large as 36 and
electrostatically repelled by the partially positive N# atom. 39°, respectively. The corresponding angles for other tautomers
As a result, the exocyclic 2-amino grouplH>) is not planar in which the NH or NsH protons are in close contact with the

RMS deviation (g-aq) (Angstrom)
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(o} O’H
NfJ\N/H Nng
aal 7| 1

<,N N/)2\H <,N N/)\H
H H

TABLE 3: Properties of Two Representative Tautomers of
Neutral Hypoxanthines

1' (keto) 7d (enol)
AAG§ 0 3.7
AAG 0 9.8
AGgon® —28.7 —22.6 A ' '
e solv oA 26 hypoxanthine:  keto (1') enol (7a’)
O(N:H)grad 0/0
RMS Af 0.031 0.017

forms of guanine in the gas phase and in water is 8.1 kcal/mol.

ab Relative free energy (kcal/mol) in the gas phase and in aqueous The corresponding value for hypoxanthine, which does not have
solution with respect to the keto fordd. ° Free energy of solvation ~ a 2-amino group, is only 6.1 kcal/mol. The difference, 2.0 kcal/
(kcal/mol). ® Gas-phase dipole moments (Debye or Pjngle of the mol, can therefore be attributed to the intramolecular repulsion.
N1-H bond from the ring plane’] (gas-phase value/solution-phase  The remaining 6.1 kcal/mol difference between the keto and
value)." RMS deviation between atomic coordinates (A) between the the enol forms when comparing guanine in the gas phase and
gas-phase structure and the aqueous-phase structure. - . : . .

aqueous solution results primarily from the purine dipolater

interaction. The dipole moment for the 6-keto form of guanine
tautomers lacking N1 or N3 protons, such asand 8, the is twice that of the enol tautomer as previously discussed.
corresponding angle is much smaller (24 ang, 28spectively). We have shown here that some tautomeric forms of neutral
These observations indicate that the nonplanarity of the 2-aminoguanine have dramatically different stabilities depending on the
group of guanine comes at least partly from electrostatic surrounding medium. These differences can be attributed to both
repulsion between the Ntprotons and the neighboring protons ~ dipole moment effects (which only play a role in molecular
(N1H or NgH), as also suggested by a previous steidy. stability in the presence of a high-dielectric constant solvent)

This repulsion also causes significant displacement of thé N and intramolecular electrostatic repulsion effects (which only
or NzH protons out of the ring plane. Tautoméy which is play a role in the gas phase, as they can be effectively shielded
very unstable in the gas phase, has ai Nhversion angle by a polar solvent). Our observations suggest that varying
(defined as the angle of the NH bond with respect to the  tautomeric populations of DNA bases could be stabilized in
ring plane) of 28 in the gas phase but is planar withif ih nonaqueous media, which could be similar to the environment
the aqueous phase, indicating that the intramolecular repulsionprovided by a hydrophobic or other nonsolvated pocket of an
is lessened by a polar solvent such as water. This stabilizationenzyme. This possibility would hold tremendous implications
by the solvation effect would be larger for keto tautomers or for the specific mechanisms of various DNA repair enzymes
others that have more intramolecular repulsion in the gas phaseand would be an interesting avenue to pursue in future studies.
(such as4, 5, and9) than enol tautomers/(and8), for which 3.2. Deprotonated GuanineTautomers of guanine after the
the repulsion is not significant in the gas phase (Figure 2b). first deprotonation {1"—16") and the second deprotonation

To confirm this argument on the relationship between the (17%7) considered in this study are shown in Scheme 3, and
“intramolecular” repulsion caused by the 2-amino group and their relative free energies and populations in gas and aqueous
the solvation energy, we conducted similar calculations on the phases are given in Table 4.

2-amino group (such &4 5, and9) range from 36 to 44 In

derivative hypoxanthine, which is essentially guanine without

In the aqueous phase, deprotonation frogNr NgH of 1

the 2-amino group. We calculated the solvation free energiesand 3 leads to three tautomersl™, 127, and 137, with free

of two representative tautomers of hypoxanthidéfor a keto
form corresponding td of guanine and7a for an enol form
corresponding t@a of guanine (Table 3). Contrary to guanine,
the keto form of hypoxanthin®& is perfectly planar. Its N:H

energies within 0.5 kcal/mol, while deprotonation from the
exocyclic NH group leads to an energy 7.6 kcal/mol higher
(147). Deprotonated guanine would exist as a mixture of 52%
117, 26% 127, and 22%13". As in the neutral guanine, the

bond does not deviate from the base plane at all in either theenol tautomerl5-, which has a significant population in the
gas phase the aqueous solution, and its RMS deviation betweergas phase<{12%), is 9-10 kcal/mol higher in free energy than
the gas and the solution phase structures is as small as 0.03the keto tautomersl(, 12-, and 13") in aqueous solution,

A. Its solvation free energy was calculated to b28.7 kcal/ indicating that the deprotonation of guanine does not shift the
mol, which lies near the upper end in the range of the guanine keto—enol tautomeric equilibrium to enol. The second depro-
solvation free energies. This solvation energy value indicates tonation from these three tautomers results predominantly in
that solvation confers less of a stabilizing effect on hypoxanthine one tautomer172-.

than it does for guanine, as expected from the plot in Figure )

2b. Another expectation from the lack of the intramolecular SCHEME 3: Tautomers of Deprotonated Guanine (11—
repulsion between the N and the exocyclic amino group in ~ 167) Considered in This Study and an Exclusive

1'is that the keto form of hypoxanthine would be quite stable 1automer after the Second Deprotonation (17°)

in the gas phase as compared to the enol form. Indeesi 3.7 o H © o o

kcal/mol more stable thara in the gas phase, contrary to the N NO N NS N NS N N
guanine case where the free energied @ind 7a were quite <¢ | I <\N | Py </N9 | o </N | Py
similar to each other (only 0.6 kcal/mol different from each = "N~ "N STONT Nz Te NTUNH, T NTENH

other) in the gas phase. The results reported here are consistent

with previous experimental and computational studies, which 1 12 13 14

indicate that the keto form of hypoxanthine is more stable than ot Ho o 0

the 6-enol fornY2-76 N e N s N N, N \©
The comparison of guanine and hypoxanthine allows us to ¢ Ny N =Ny ol R oIl )

. . . ) _ < ) /)\ N N NH N /)\
determine what portion of the water solvation effect can be Nz > NG N7 NH, 9 |1|3 2 9 "N” “NH;
attributed to intramolecular N1 imino/N2 amino repulsion. The
energy difference between the enol and the keto tautomeric 15a” 15b” 16~ 17"
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TABLE 4: Relative Free Energies (kcal/mol) of Tautomers of Deprotonated Guanine and Their Relative Populations Based on

Boltzmann Distribution: (a) Gas Phase and (b) Aqueous Phase

11 12~ 13- 14~ 15a 15b~ 16~
keto keto keto keto enol enol keto
amine amine amine amine amine amine amine
(a) Gas
AGY ref 2.6 0.0 1.0 2.4 2.7 1.0 7.1
population 0.01 0.72 0.12 0.01 /1073 0.12 5x 1076
(b) Aqueous
AGZqreP 0.0 0.4 0.5 7.6 9.6 10.5 2.9
population 0.52 0.26 0.22 410 5x 108 1x 108 4 x 1073

2 Relative free energies with respectA®g (127). P Relative free energies with respectA@gq (117).

SCHEME 4: Tautomers of Protonated Guanine
Considered in This Study

TABLE 6: Relative Free Energies (kcal/mol) of Tautomers
of Neutral and Protonated Guanine in the Gas Phase; Our
Results vs the Results of Colominas and Coworkefs

H
H O H O 0 AG el (a) neutrat (b) protonatedl
N ANH e SN N N thiswork 1 3 7a 7b 8 18 19" 21t 22¢ 23
< /)\ T 0 S L Colominas 19 17 96c 96t 76c 179 796c 137 376c 196t
H NTONTONH, 5 ale NH2 thiswork 0.0 —0.3 06 1.2 33 00 29 48 14 56
H H Colominas: 0.0 0.2 1.1 1.8 44 00 36 35 18 51
18 19° 20" level D
Colominas: 0.0 —0.4 1.1 1.8 37 00 36 48 19 59
H H. level F
o H O o . o o b ot
7 H \7 e e H aRelative free energies with respect 1Gg(1). ° Relative free
N N~ N <N N N~ . . ° 9
<\ | @)\ & @)\1 </ | L energies with respect tAG§ (18").
N; NH, N >NT>NH,  NTON7NH 3.4. Agreement with Other Studies.Our results for the
| I A . .
H H H tautomerism of neutral and protonated guanine are in agreement
21t 22" 23" with both experimental and theoretical results. Experimentally
H it has been suggested that a matrix-isolated guanine in Ar or
o o o N, exists as a mixture of keto-amine (such fasnd 3) and
N H N7 N N2 ami i
N ) SN, enol-amine (such ag tautomers, although the proposed relative
< )\NH@ )\NH@ <N | N)\NH@ population of the enol tautomer varies as follows: 78% for
H H guanine and 86% for 9-methylguanifer ~50% for 9-meth-
2 25" 26" ylguanine!®20 Among the keto-amine tautomer3,has been
shown to be more stable tharor isolated guaniné’ However,
oM 1 is known to be the only tautomeric form found in polar
\ solventg®79or in the crystalline stat& which is understood in
f terms of the higher dipole moment bthan those o8 and7.18
NH@ Both in the isolated phase and in the polar media (such as
dimethyl sulfoxide solution), it has been suggested that the
27t amine tautomer would predominate in the amiiraine equi-

librium.20.81

3.3. Protonated Guanine Tautomers of protonated guanine An extensive theoretical study by Colominas and co-wofkers
considered in this studyl8™—27") are shown in Scheme 4, on the tautomers of neutral guanine [G19,(G17 @), G96¢c
and their relative free energies and populations in gas and(7a), G96t (/b), and G76c §)] and on the level dependence of
aqueous phases are given in Table 5. Both in the gas phase anthe calculation results in the gas phase [HF/6-31G(d)//HF/6-
in the aqueous phase, the tautomer protonated atli&?) s 31G(d) (level A); HF/6-313+G(d,p)//HF/6-31G(d) (level B);
far more stable than any other tautomer. The enol tautomersMP2/6-31H+G(d,p)//HF/6-31G(d) (level C); MP4/6-31H-G-
19t and22" were 2.9 and 1.6 kcal/mol, respectively, higher in (d,p)//MP2/6-31G(d) (the highest level D); B3LYP/6-31G(d)//
free energy thad8" in the gas phase, but the energy difference MP2/6-31G(d) (level E); and B3LYP/6-3%#4-G(d,p)//MP2/
became much higher (9.4 and 9.6 kcal/mol, respectively) in 6-31G(d) (level F)]. Our results on tautomers of neutral guanine
aqueous solution. This calculation indicates that like ionization, are in close agreement with those obtained with the highest level
the protonation of guanine does not shift the ketool (level D) and with the B3LYP level (level F) in their work
tautomeric equilibrium to enol. (Table 6a).

TABLE 5: Relative Free Energies (kcal/mol) of Tautomers of Protonated Guanine and Their Relative Populations Based on
Boltzmann Distribution: (a) Gas Phase and (b) Aqueous Phase

18t 19+ 20" 21F 22+ 23" 24+ 25" 26" 27F
(a) Gas
AG§ el 0.0 2.9 16.8 4.8 14 5.6 39.3 35.4 23.2 22.4
population 091 & 1073 4x10% 3x10* 0.08 7x 1075 1x10% 1x10°% 9x 10718 4 x 10
(b) Agueous
AGq rel 0.0 9.4 2.8 1.8 9.6 11.8 10.7 10.7 135 13.8
population 0.95 Ix 1077 8x10°% 0.05 9x 1078 2x107° 1x 10 1x 108 1x 10710 7 x 1071t

2 Relative free energies with respectAgg (18%). P Relative free energies with respectA@g, (18").
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TABLE 7. Gas Phase Proton Affinities (PA) and Basicities SCHEME 6: Simple Model Case for lllustrating the
(GB) of Guanine (kcal/mol) Calculation of pKj, in the Presence of Multiple Tautomers
calculation experiment AL (f) A ()

PA  229.3 (— 18" N7), 223.7 { — 23'; O6)
229.0 @— 18" N9), 223.9 8— 21*;N3) 229+ 22
227.3 7 — 19; N7), 224.1 { — 23"; N1)

GB  221.9 (— 18%; N7), 216.4 { — 23*; O6)
221.6 3— 18" N9), 216.8 8— 21+; N3) 222+ 22

219.7 7 — 197 N7), 217.0 7 — 23"; N1) N
aRef 82.
SCHEME 5: Series of Gas Phase Basicities (GB, kcal/ 3.6. Calculation of pK, in the Presence of Multiple
mol) of Guanine? Tautomers. In the aqueous phase, tautomerization by the
H solvent-mediated proton transfer is expected to be fast as
H 6 o compared to the time scale of th&pmeasurement, leading
<NfLN‘H B</ establishment of a rapid equilibrium between tautomers during
\ PN )\ N )\ the measurement. Assuming this rapid equilibrium, we calculate
oo . H the K, values in the presence of multiple tautomers as follows.
3 (0.0, 52%) 1 (03 3“’) 7a (0911 %) First, we consider the simplest case, with only one tautomer
21 6 16 4 19.7
H* at the protonated state (N) and two tautomers at the deprotonated
//;16‘8 /21 ? /170\ state (A and A; [A] = [A1] + [A2]) (Scheme 6). The free
H © H@ @s I;I@ e, energy of deprotonation from N tojfand to A is given by
N7 nH EN N </N N N AG; and AG;,, respectively. The relative populations of the
9/)\ )\ )\ )\ deprotonated tautomerf,andf,, are given by
H’ H H
2" (4.8) 18 (0.0) 23'(5.6) 19°(2.9) B @ B L (13a)
@ Relative free energies of tautomers at each ionization state are ! [A] [Ad +[A]]
shown together.
Al A
Colominas and co-workers also examined the tautomers of 2 _[A] [A1] A, (13b)

protonated guanine [pG172&"), pG796 (9"), pG137 20"),
pG376¢ R27), and pG196t Z3%)]. Again, our results on
tautomers of protonated guanine are in close agreement with
those obtained with the highest level (level D) and with the
B3LYP level (level F) in their work (Table 6b).

3.5. Gas Phase PA and GBThe gas phase proton affinity
(PA) and basicity (GB) of an acid HA are defined as enthalpy [H*][A]
change and free energy change, respectively, during the pro- e
tonation process in the gas phase: (N]

wheref; +f,=1,0=< f; < 1, and 0< f, < 1. These populations

are calculated from the Boltzmann distribution based on the
relative free energies of those tautomers as done in Sections
3.1-3.3. The overall dissociation constaHt, is given as

(14)

The site specific dissociation constanks! and K2, can be
calculated from the deprotonation free energies of the corre-
sponding processes:

PA=AHZ (A7) + AHS (H') — AHZ (HA)  (11)

GB=AG (A™) + AGS(H") — AGZ (HA)  (12)

. HTAY _AG,

Here, AHJ(H") = 2.5RT = 1.48 kcal/mol andAGg(H") = Ky =———=¢6x BT (15a)
2.59RT— TAS = 1.48— 7.76= —6.28 kcal/mol at 1 atm and [N]
298 K-© _ N [H'IA,] AG,

For the neutral state, we find three tautomers with significant Ki=——""= exp( ) (15b)
populations: 1 (32%), 3 (52%), and7a (11%). We expect that [N] RT
the most probable protonation dnis on N7, leading tal8" Equati 1315 b ith
with a GB of 221.9 kcal/mol. We find that the next best —Juaions can be rewrten as
protonation is on O6 leading 3" with a much smaller GB [H*][Al] .
of 216.4 kcal/mol. We expect that the most probable protonation Kl= — [HJ[A] f =K. -f (16a)
on 3is on N9, leading to the same cationic tautorh8t with a [N] [N]
a GB of 221.6 kcal/mol. We expect that the most probable [H*][Az] HHIA
protonation or7ais on N7 leading tdl9* with a GB of 219.7 K2= _[HAT f.=K_-f (16D)
kcal/mol. 2 [N] [N] 2

These calculated GBs (221.6 f8r— 18" and 221.9 forl —
18") agree well with experiment (222 2).8283Because several
tautomers can be present simultaneously in the neutral and 1 2
cationic states and the tautomerization between them in the gas _ K_a _ K_a
phase can be slower than the measurement, it could be possible S f,
to examine experimentally the protonation from a specific
neutral tautomer to a specific cationic tautomer as in Table 7 That is, the overall K, value is calculated from a site specific
and Scheme 5. pK, value (1K4) as

Thus, the overalK is calculated from a site specifi¢, as

17)
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pK, = pK,' + log f, = pK.2 + log f, (18)

where logf; < 0 and logf; < 0.

For the special case of a deprotonated state consisting of two

degenerate tautomer&G, = AGy, f1 = f, = 0.5], eq 18 reduces
to

pK, = pK,! — log 2 (19)
Multiplying eq 19 by 2.308T leads this to
AG=AG, —RTIn2 (20)

as expected from a 2-fold degenerdgy.

For the case where both the protonated state and the
deprotonated state consist of several tautomers with fradiions
at the protonated state aficat the deprotonated state (Scheme
7), eq 16 for a site specific dissociation constant becomes

[HA] _HA] - f;
[N IN] - f

corresponding to the deprotonation fromiathh tautomer to a
j'’-th tautomer. The overaKj is written as

K) =

a

:@f (21)
I

f f f I
KaZKall_:lzKalz_?zKaZl_%z'"ZKa”_Ir (22)
fi f5 fi f;
with the overall X, given by
pK, = pKa” — logf; + logf; (23)

3.7. pK4 of Guanine. The calculated i, values of guanine
are summarized in Scheme 8 and Table 8. They are in good
agreement with experimental valuds2’

The experimental values fokg; ([G + H] ™ — G°) are 3.2-

3.3, in good agreement with the calculated value of 3.15. This
protonation occurs at the N7 position.

The experimental values foKgp, (G° — [G — H] ™) are 9.2-

9.6, in excellent agreement with the calculated value of 9.44.
This involves the protonation at the N1 position.

The experimental values fokps ([G — H]~ — [G — 2H]?")

are 12.2-12.4, in good agreement with the calculated value of

Jang, et al.

SCHEME 7: Extended Model for the Calculation of
Overall pK, from Site Specific Values

MO a0
- o

N ——— e .
Ny (f) N2 ()

SCHEME 8: Calculated pK, Values in the Aqueous
Phase and the Populations of Major Tautomers of
Guanine in Each lonization Staté

o]

NB
A 1
e _
Ng N)\ NH,
17 (100%)

“ 12.03 N\"M

N
[G-2H*

pKo3=12.61 (12.16)

12,33/

o o y o
N e N HON ©
i Ny N Ny
(GHT ¢ f ABIRNS
N N’)\NH2 Ng N//I\NHQ N3 N/)Z\NHz
H o . .
11 (52%) 137 (22%) 127 (26%)

9465\\\‘ ‘(;-03/// \\\2-22 %,19 Koo = 9.4 (9.69)

H
7 6 H N H
S g
:.N 4 lsl/2 NHy  Ng N7 NH,
1. (85%) 3(15%)
3.20 “ 3y “ 265 pKa1=3.15 (3.25)
H © H ©
N® H N _H
N N
[G+H]' ¢ ]I\)L ¢
N N/)\NHZ Ng ﬁ/)\NHZ
3
H H
18" (95%) 217 (5%)

aNumbers in parentheses are thi& palues that would be calculated
from the Boltzmann-averaged free energy of each ionization state rather
than eq 23.

TABLE 8: Calculated pK,Values and Major Protonation
Sites Corresponding to Each K,

12.61.

Several site specificky, values from the most stable neutral
tautomerl are summarized in Table 9. We see thaHNbf
neutral guanine is more acidickp9.65) than NH (pK, 10.03)
although the difference is small. Also, N7 of neutral guanine
(pKa 3.20) accepts a proton much more easily than N&,(p
1.14).

3.8. pK4 with a Proton Kept at N9. In nucleosides, the N9
of guanine is connected to a sugar rather than a proton and
cannot participate in the deprotonation. Thus, to discuss more
clearly the implication of our model study on the mutagenicity
of guanine in DNA, it is necessary to take into account only
the tautomers with a proton at N9 (as a crude model of sugar)
(Scheme 9). In this case, guanine would exist predominantly
as a single tautomer in each state. The neutral species woul
exist as a keto formi. Deprotonation would occur predomi-

calculation experimefit
pKad 12.6 (N9) 12.3-12.4
pKaP 9.4 (N1) 9.2-9.6
pKal® 3.2(N7) 3.2-3.3
aFrom AGgeprol,aq = AGglq([G_ZH]zi) + AG%C(HJr) -

AG{[G—H]"). PFrom AGgeprotag= AG{[G—H]") + AG3(HT) —
AGE{G). ¢ FromAGgeprotag™ AGa{G) + AGs{H') — AGS{[G + H] ).

4 Experimental values for guanine b&3e%’ € The values measured at
40 °C are 9.92 (Kap and 3.22 (ag).24%7

tautomer of guanine is known to be stable in the gas phase, the

possibility that this tautomer might be involved in the formation
of noncomplementary base pairs has drawn great attention.

dndeed, for the gas phase, we calculate that the 6-enol tautomer

7 is only 0.9 kcal/mol higher in free energy than the keto

nantly at NH, and protonation would occur predominantly at tautomer3, leading to a significant population (12%). However,
N7. The resulting K, values (9.65 and 3.20) are essentially this enol tautome¥ is not stable in the aqueous phase. Itis 8.7

the same as the major site specifi€;pvalues (Table 9).

3.9. Enol Tautomers and Base MispairingOur calculations
indicate that under physiological conditions neutral guanine
exists predominantly as 6-keto forrheind3. Because the 6-enol

kcal/mol higher in free energy thahleading to a population

in the aqueous phase of»4 1077. These results suggest that
under normal physiological conditions, rare enol tautomers are
not likely to induce base mispair formation.
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TABLE 9: Site Specific pK, Values: (a) Site Specific K;» Corresponding to Deprotonation from Each Site of Neutral Guanine
1 and (b) Site Specific Ka1 Corresponding to Protonation on Each Site of Neutral Guanine 1

(a) 1 From N H: 117 From N H: 127 From NoH: 13”
(e] (o] H (0] (o]
7 8 H 7 H
N5 p N o N ° N -
LA A Ay
,.9;N N2 NH, H,N N"ONHy N7 N2 NH, N3 >N”">NH,
pKa - 9.65 9.94 10.03
(b) 1 OnNy: 18 OnNj: 21 On N3' 20"
o) o H O
7 6 _H 7\® H N’ H
N_5 p N p N -
YO UIR A SR f
oN~2 N"2NH, NT>NTNH, N3 NH, , 3N® NH,
H H
pKa1 - 3.20 1.89 1.14

SCHEME 9: pK, Values Calculated for a Simple Model

of Guanine in DNA®?

®11 (100%)

[G-H]~

Wl pKar=9.65

(o)
0 y 1
G 8 |l
SN 4 N/)z\ NH
q 2
@ 3

1 (100%)

ﬂ pKa1 =320

(e}

H O
N Nt

N &)jfLN/H |
[GH] ¢ { P
) N)\ </N 3’}‘@)\"""2
® H

NH» ®

18" (99%) 20" (0.9%)

aThe proton on N9 represents the deoxyribose unit and is not
involved in deprotonation.

3.10. Deprotonation and Base MismatchProtonation or
deprotonation of DNA bases could alter their hydrogen-bonding
characteristic8*-86 Because the guanineN proton participates
in a Watson-Crick hydrogen bond with cytosine, deprotonation
from this site might lead to a breakdown of this hydrogen-
bonding scheme resulting in potential base mispairing.

From K1 (3.20) and K42 (9.65) of guanine in DNA (Scheme
10), we calculated the population of cationic or anionic species
under physiological conditions (neutral pH7.0 in human body
or pH = 6.5-8.5 in experiments). The population of cationic
species is quite negligible in this range of pH values, but we
estimate that 0.2% of guanine would exist as deprotonated
anions at pH 7 and about 2% at pH 8.0. These amounts are
quite significant, 5000 times larger than the contribution of enol
tautomers. Previously, it has been proposed that base ionization
could contribute to base mispair formatidtructural studies
with modified bases such as 5-fluorour&tind 5-bromouraci?
could form base pairs in pseudo Watsa@rick geometry upon
ionization of the halouracil. Furthermore, in vitro polymerase
assays have demonstrated an increase in mispair formation with
guanine by both halourac#s with increasing solvent pH,
indicating that such ionized base pairs can form in DNA and
be recognized by DNA polymerase. The results of the calcula-
tions given here are consistent with the proposal that base
ionization is more likely to provoke mispair formation than
tautomerization.

Summary

Here, we use first principles QM (DFT (B3LYP) in combina-
tion with the PB continuumsolvation model) to calculate the
relative energies of a number of neutral and ionized tautomers
of guanine in both gas and aqueous phases. Using this model,
we also present a method whereby the site specificvalues
for guanine can be determined theoretically. This approach gives
us numbers that are in agreement with other theoretical studies
as well as experimentally determined values, validating its use
for other systemsespecially DNA damage products wherein
solubility or other factors prevent experimentadpdetermi-

The population of deprotonated or protonated species at anation.

specific pH can be estimated from th&jpvalues by the
Hendersor-Hasselbalch equatidh:

A7]

pH=pK, + log— [HA]

(24)
The relative population of deprotonated formAX) is given
by

_ 100
1+10°

whereA = pH — pK, (25)

The major deprotonation and protonation sites of guanine are
calculated to be N1 and N7, respectively, both in the gas phase
and in the aqueous phase. Other minor sites are N9 for
deprotonation (14% in the gas phase and 26% in the aqueous
phase) and N3 for protonation (8% in the gas phase and 5% in
the aqueous phase). The relative population of deprotonated
species is estimated as 6.2% in the range of pH #8,
suggesting in accord with previous studies that base ionization
plays a significant role in base mispairing during DNA
polymerase-mediated replication.

We calculate that neutral guanine exists as a mixture of two
major keto tautomers, agN form (1) and a NH form (3). These
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TABLE 10: Gas Phase Proton Affinities (PA) and Basicities (GB) of Guanine (kcal/mol) Calculated at the B3LYP Level with
Various Basis Sets, Which Shows the Importance of Diffuse Functions iEo gy Calculations

(a) 6-31G** (b) 6-31+G**//6-31G** (C) 6-31++G**/6-31G** (d) 6-31++G** (e) expt
ZPE,AAGo—298k 6-31G** 6-31G** 6-31G** 6-31++G**
optimization 6-31G** 6-31G** 6-31+G** 6-31++G**
Eokg 6-31G** 6-3L++G* 6-31++G** 6-31++G**
PA 235.9 229.4 229.3 229.3 22922
GB 2285 222.0 221.9 221.8 222
aRef 82.
238 TABLE 11: Basis Set Dependence of Site Specificq,
Values of Guanineé
2361 eq)
© pK 2
£ 24 Eocg  aQOpt  AGey  ZPEAAGo 08¢ (1— 11)
S a3 (@) 6-31G* no 6-31G™  gas631G™  19.2
< 230 | (b) 6-31G** yes 6-31G* gas 6-31G** 19.1
o * () *@© * @ © (c) 6-34+G* no 6-31G*  gas6-31G* 9.7
228 (d) 6-34+G* vyes 6-31G*  gas 6-31G* 9.6
226 ; ; ; (e) 6-3t-+G* no  6-31++G** gas 6-31G** 10.2
6-31G™  631+4G™// 6-31++G™ / 6-31++G™ expt] (1998) () 6-31++G™ yes 6-3L+G™ gas6-31G* 9.8
6-31G** 6-31G** (9) 6-3++G* no  6-31++G** gas 6-3H+G** 10.3
(h) 6-3:++G** yes 6-3L++G** gas6-3H+G** 9.9

Figure 3. Gas phase proton affinities of guanine calculated at the (i) exp (Ka)? 92-96
B3LYP level with various basis sets. This illustrates the importance of P (P 0.92 (AOQC)

including diffuse functions in the calculation . . . .
9 B aThis paper uses level f for all calculatiortsGeometry reoptimi-

L . . . zation in agueous phase when calculath@so. ¢ ZPE andAAGo—298k
tautomers have similar relative populations in the gas phase,were calculated in the gas phad&xperimental values. Refs 227.
along with a significant population of the 6-enol tautomer (
in the gas phase, batbecomes dominant (85%) in the aqueous jith 6-31-++G** to improve Eg (6-31+-+G**//6-31G**, Table
phase. The energetic differences seen between the gas and thegp). (iii) Preliminary geometry optimization and frequency
agueous phase tautomers of guanlne can be attributed to botrﬂ:a'Culanon were done with 6_316**, and further geometry
dipole moment effects and electrostatic repulsion between thegptimization was done with 6-31+G** starting from the
N1H and the exocyclic amino group (this repulsion is shielded optimum 6-31G** geometry to improvEy (6-31++G**/6-
by solvation). Similar calculations on hypoxanthine, which lacks 31G** Table 10c). (iv) Diffuse functions were included in every
the 2-amino group, tell us to what extent this phenomenon canstep of calculation, i.eEok, ZPE, andAAGq 295k calculation
be attributed to the dipole moment effect, as hypoxanthine is (6-314++G**, Table 10d).
not expected to have an intramolecular repulsion effect. These  case (i) (using only 6-31G**) gives results very different
results suggest that in hydrophobic environments (wherein the from the others, indicating that diffuse functions are very
surroundings probably behave as some intermediate betweenmportant especially for the calculation @y g Frequency
the extremes of the gas and aqueous phase), such as the activgjculations are more time-consuming than geometry optimiza-
site of an enzyme, alternative tautomeric forms may play a tions, and diffuse functions have only a minor effect on these
significant role. results [energy difference less than 0.2 kcal/mol between cases
(iii) and (iv)]. Thus, the most efficient basis set among the four
Acknowledgment. This work was supported in part by the  tested seems to be 6-8%+G**//6-31G** and 6-31++G**/6-
National Institutes of Health [HD36385 (W.A.G.), GM 41336  31G** which led to values in good agreement with experiment
(L.C.S.), and CA 85779 (L.C.S. and W.A.G.)] and the BK21 (Taple 1e$283Consequently, we used the 6-B+G**/6-31G**
program and CMC of Korea (Y.H.J., S.H., and D.S.C.). In pgasis set for all calculations reported in this paper.
addition, the facilities of the MSC are also supported by DOE-
ASCI, ARO-MURI, ARO-DURIP, National Science Foundation Appendix B. Basis Set Dependence oﬂﬂ Values for
[CHE-99-85574 and 99-77872], Dow Chemical, 3M, Beckman Guanine
Institute, Avery-Dennison, Chevron Corporation, Seiko Epson,

Asahi Chemical, and Kellogg’s. The site specific a2 corresponding td — 11~ for guanine

at the B3LYP level was calculated with the same basis sets

Appendix A. Basis Set Dependence of Gas Phase PA and used'in Appendix A in order to check '.[he importance ofdiffyse

GB functions for aqueous phase calc_ulat_|ons (Table 11 and Figure

4). The effect of geometry relaxation in the aqueous phase was

We considered several basis sets for the calculation of gasalso investigated. Because the frequency calculation is quite

phase PA and GB of guanine, to determine the optimum basisexpensive, especially in solution, the ZPE a@wWGgp9sx Were

set to be used in the gas phase calculations reported above ircalculated only for the gas phase. The vdW radii were taken

Section 2.3. The 6-31G** basis includes polarization functions from the literaturé?*

on all atoms, while 6-31+G** also includes diffuse functions The most complete calculations (Table 11h) lead K=

on all atoms. Such diffuse functions are expected to be important9.9 in reasonable agreement with experirde(®.92 and 9.2

for negative ions (deprotonation). We considered four cases9.6). These results show that ignoring diffuse functions in

(Table 10 and Figure 3): (i) No diffusion functions were calculatingEox g leads to a a2too high by 10 units. The other

included (6-31G**, Table 10a). (i) Geometry optimization and factors (diffuse functions iNAGsoy, ZPE, or AAGp-298k

frequency calculations (i.e., ZPE ar\Gy.,95x calculation) calculations and geometry relaxation in aqueous phase) have

used 6-31G** and a single point energy calculation were done only minor effects on the result (within 0.4p units) (Table
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TABLE 13: Parameters for Solvation Free Energy
Calculation

atomic vdW radii (a) Marteh (b) this paper
O sp 1.55 1.46
N sp? 1.50 1.41
Csp 2.00 1.88
H attached to C $p 1.25 1.18
all other H 1.15 1.08
free energy solvation —263.98 kcal/mdl  —263.47 kcal/mol
of proton

aRef 54.° Ref 71. Other experimental values range fref@61 to

Figure 4. pK, values of guanine calculated with various basis sets at —254 kcal/mol-%and a recent calculati&hgives—264 kcal/mol after
the B3LYP level. This paper uses level f for all calculations.

TABLE 12: Calculated and Experimental pK, Values of

Guanine

(a) calculation

(b) calculatiof

(c) experimertt

pKan
pKaf
PKa

ab Calculated with parameters given in Table 13a,b, respectively.
¢Refs 21-27. 9 From AGgeprotag= AG{[G—2H]?>") + AG{(H™) —
AG{[G—H]"). ®From AGgeprotag= AG{[G—H]") + AG3{(H") —
AG{G). T From AGgeprot,ag™ AG{G) + AG3{(H) — AGE{[G+H]Y).
9 The values measured at 4Q are 9.92 (Kap) and 3.22 (§a1).24?7

Figure 5. Calculated K, values vs experimentaka values of guanine.
Dependence of calculate&pvalues on vdW radii used in the solvation
free energy calculations. (a) Using radii from Mafteim Table 13a.

(b) Using scaled parameters given in Table 13b. Dashed lines represen
“y = X", the perfect match between calculation and experiments.

13.41 12.61 12.312.4
9.45 9.44 9.29.6¢
1.79 3.15 3.23.3

@ 14 5
12 | Ry
.0" PK a3
— 10 pKaz .Q.‘
% 8 ‘0‘.‘
L y =X o
< 6
o “’
4 pKa1 o
° .,o“
2 ‘..*’ Calculated with original
* parameter [Table C2(a)]
0 - - - - - -
0 2 4 6 8 10 12 14
pK, (calc)
©) 44 >
12 Pass”
10 | pKa é.o"
2 8 | .,"
9 y=X K4
XN 6 1 0"‘
Q o
4 pK a1 .o"
0"
5 ‘y’ Calculated with optimized
R parameter [Table C2(b)]
0

2 4 6 8 10 12 14
pK, (calc)

a correction (Sections 2.5 and 2.6Reduced by 6% from Marten’s
set (a).9 From the fit in Figure 5.

TABLE 14: Calculated and Experimental pK, Values of
Several DNA Bases

calculation experiment

cytosine Kaz 4.5 4.45-4.6

pKaz 13.0 12.2
isoguanine Ka1 3.9 45+0.2

PKaz 9.6° 9.0+ 0.2
9-methylisoguanine Koaz 3.4 3.85+ 0.08!

PKaz 10.8 9.9+ 0.09
8-0x0G Kar 0.22

PKaz 8.76

PKas 12.53

aRefs 24, 26, and 8&.Jang et al., in preparatiofRef 40.9 Ref
89.¢Ref 90.

AGsgoy With 6-31++G** after reoptimization in the aqueous
phase (Table 11f).

Appendix C. Parameter Optimization for Solvation Free
Energy Calculation

The standard parameters from ref 54 lead tKgpf 9.45
(Table 12) in excellent agreement with the experimental values
of 9.2-9.6. However, Ka1 is too low by 1.4 units andusis
too high by 1 unit. This means that the cationic guanines were
calculated to be too acidic (too easy to lose a proton) and that
anionic guanines, especially doubly anionic guanines, were
calculated to be too basic (too easy to gain a proton) (Figure
5). This suggested to us that the atomic radii used to mark the
separation of the continuum solvent from the explicit charges
might be a bit too large. Indeed, we find reducing the radii by
6% (Table 13) leads to all thre&kpvalues within 0.2 units of
experiment. We consider here the solvation free energy of proton
to be a variable. However, adjusting it for the best fit to
experiment leads to a value-263.47 kcal/mol) in excellent
agreement with the best literature value263.98 kcal/mof?
Thus, these parameters were used throughout all of the calcula-
tions on guanine.

Appendix D. Extension of Methodology to Other DNA
Bases

We had calculated theikp values of guanine to be in good
agreement with experiments. To find out whether this agreement
is also expected for other systems, we applied exactly the same
Scheme (including the parameters determined in this study) to
calculate K, values of several other DNA bases (cytosine,
isoguanine, and 9-methylisoguanine) (Table 14). The agreement

11c—g). On the basis of these results, all calculations in this with experiments was within onekg unit for all of those cases,

work obtained ZPE andAAGo-9s¢ USINg the gas phase
6-31G**, then calculateok g with 6-31++G**, and calculated

showing the predictive power of ouiKg calculation scheme.
The K, values of 8-0xoG were also calculated (Table 14), but
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there is no experimental data available on this base, probably (36) Michaels, M. L.; Miller, J. HJ. Bacteriol. 1992 174, 6321.

because of its extremely low solubility. Only th&pvalues of

8-oxoguanosine (the nucleoside analogue of 8-0x0G) have beerggg
reportec® This case illustrates that our approach can be applied

to obtain K, values even when the experimental determination
is extremely difficult or almost impossible. The details of these

calculations for isoguanine will be covered in a separate paper

(37) Grollman, A. P.; Moriya, MTrends Genetl993 9, 246.
(38) Bruner, S. D.; Norman, D. P. G.; Verdine, G.Nlature200Q 403

(39) Cho, B. PMagn. Reson. Cheni993 31, 1048.

(40) Albert, A.; Brown, D. JJ. Chem. Socl954 2060.

(41) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Cheni991, 95, 5610.
(42) Pearson, R. Gl. Am. Chem. S0d.986 108 6109.

(43) Tinoco, I., Jr.; Sauer, K.; Wang, J. Bhysical Chemistry. Principles

by the same authors. The 8-0xoG calculations are detailed inand Applications in Biological Scienceznd ed.; Prentice-Hall: New Jersey,

ref 90.
o) NH, H o)
6 N

N5 H N5 8 H o N5 H
8</ | 1 8</ 1 0 1

A ok Ol
oN"IN"NH,  INTAIN20 N“>NT2>NH,
H 3 H 3 H 3

guanine isoguanine 8-oxoguanine
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