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Abstract: Altogether eight keto and enol tautomers of guanine were studied theoretically in the gas phase,
in a microhydrated environment (1 and 2 water molecules) and in bulk water. The structures of isolated, as
well as mono- and dihydrated tautomers were determined by means of the RI-MP2 method using the
extended TZVPP (5s3p2d1f/3s2pld) basis set. The relative energies of isolated tautomers included the
correction to higher correlation energy terms evaluated at the CCSD(T)/aug-cc-pVDZ level. The relative
enthalpies at 0 K and relative free energies at 298 K were based on the above-mentioned relative energies
and zero-point vibration energies, temperature-dependent enthalpy terms and entropies evaluated at the
MP2/6-31G** level. The keto form having hydrogen atom at N7 is the global minimum while the canonical
form having hydrogen atom at N9 represents the first local minimum at all theoretical levels in vacuo and
in the presence of 1 and 2 water molecules. All three unusual rare tautomers having hydrogens at N3 and
N7, at N3 and N9, and also at N9 and N7 are systematically considerably less stable and can be hardly
detected in the gas phase. The theoretical predictions fully agree with existing theoretical as well as
experimental results. The effect of bulk solvent on the relative stability of guanine tautomers was studied
by self-consistent reaction field and molecular dynamics free energy calculations using the thermodynamic
integration method. Bulk solvent, surprisingly, strongly favored these three rare tautomers over all remaining
low-energy tautomers and probably only these forms can exist in water phase. The global minimum (tautomer
with hydrogens at N3 and N7) is by 13 kcal/mol more stable than the canonical form (3rd local minimum).
Addition of one or two water molecules does not change the relative stability order of isolated guanine
tautomers but the respective trend clearly supports the surprising stabilization of three rare forms.

1. Introduction a dominant role in these highly polar systems and can dramati-
cally change the relative stability of various tautomers. Many
theoretical studies on the tautomeric equilibria of NA bases
exisE~13 and attention was particularly paid to cytosine. For

Different tautomers of nucleic acid (NA) bases are obtained
when considering different positions of hydrogen around the
base. Rare tautomers may be involved in various biochemical
processes including the point mutatidnevertheless, direct » »
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cytosine, an agreemégiexists that besides the canonical form,
two enol and two imino forms are energetically similar and,

packages with standard potential energy functions, in the present
study, we adopted GROMACS molecular modeling packetje

therefore, they should coexist in the gas phase. Bulk water modified by our own code with thermodynamic integration
changes the relative stabilities significantly and the canonical (T1)?” method and soft core potential energy scafihg.

form is now unambiguously favored over other structdféshe
situation with guanine is different since it is the nucleobase witl
the largest number of tautomeric forms (oxo-hydroxy, amino-
imino, NIH-N3H, N7H-N9H). Many theoretical studies were
devoted to tautomeric equilibria of guantfie?® and calculations

h 2. Methods

Computational Strategy. The gas-phase geometry of guanine
tautomers was determined using the resolution of indentity MP2 (RI-
MP2) procedur® using the double-polarized triple{TZVPP) basis

mosﬂy show the existence of four |0W_energy tautomers (amino_ set [5s3p2d1f/3s2pld] and the default auxiliary basis set. The relative

oxo and amino-hydroxy) with the amino-oxo form having

energies of tautomers were evaluated at the same level as well as at

hydrogen at N7 as their most stable gas-phase tautomer. Th@ighe_r CCSD(T) IeVL_eI covering higher portio_n of cprrelation energy.
imino tautomers were shown to be energetically less stdble. Rclauve free energies were obtained by including the zero-point

. ;i . vibration energies (ZPVE), temperature-dependent enthalpy terms and
Experimental results fully agree with the theoretical data and

. . . entropies. A molecular dynamics/quenching technique with the Cornell
four tautomeric forms of guanine were recently detected in the ¢ 5 empirical potenti& was utilized to explore the potential energy

gas phasé! Besides these low-energy tautomers, other ones alsosurface (PES) of the guaninevater and guanine (water), clusters.
exist but their energies and, also, free energies are considerablyrour energetically most stable structures were later recalculated at the
higher. Similarly, as in the case of cytosine, the water phase RI-MP2/TZVPP level. Relative stability of various guanine tautomers
significantly destabilizes the enol forms and favors the keto in awater environment was deduced from the free energies determined
forms18 However, the authors of the cited study considered only as a sum of gas-phase free energies and free energies of hydration.
the five lowest energy tautomers and evaluated the hydration The latter energies were estimated using a self-consistent reaction field
free energy only for them. It is, however, possible to expect ©" Molecular dynamics free energy calculations. _
that hydration free energy will be for higher-energy tautomers hQr”a?“rJi”:i Chefm"';aLtcalcur:?nt'O”ts' 'tznn‘:r%et'fflt:”d geon;]etnca\:v i
much larger than for other ones that can result in favorable free Charactenstics ol eight guanine tautomers in the gas phase were
. . . . investigated using the RI-MP2 procedure. Efficient handling of four-
energy. This is not speculation. Recently, an interesting study

A center integrals used in the RI-MP2 method allowed decreasing the
was presentéd showing that the most stable tautomer among computational cost by approximately the order of magnitude in

gas-p.hase Al-guanin_e complexes is the one in which both of comparison with the exact MP2 with almost no loss in accuracy, as it
the nitrogen atoms in the five-membered ring are bound to was shown for hydrogen-bonded and stacked DNA base pa@esides
hydrogen. This tautomer is energetically clearly unfavorable but the RI-MP2 method, also the exact MP2 and CCSD(T) methods were
its interaction with aluminum atom overcomes the energy (free applied using the aug-cc-pVDZ basis set. The respective calculations
energy) barrier. It must be mentioned that there was no prior were performed for the RI-MP2/TZVPP geometries. Harmonic vibration
theoretical or experimental observation of such isomer. analysis providing the ZPVE, thermodynamic characteristics (via

. . partition functions) as well as a character of the stationary point found

In this paper, we present a study of the tautomerism of

. . . - was performed at the MP2/6-31G** level.
guanine. Gas-phase calculations of the relative stability of

. ) - . Relative gas-phase free energies were determined as a sum of relative
different tautomers are accompanied by the microhydration energy changes, ZPVE, temperature-dependent enthalpies, and entro-

studies as well as studies taking the solvent effects of the bulk pies Relative energy changes were calculated at the RI-MP2/TZVPP
water fully into consideration. These calculations, performed l|evel. Thermodynamic functions were taken from partition functions
systematically for all guanine tautomers, yield a final insight computed with MP2/6-31G** characteristics (geometry, vibrations)
into tautomeric equilibrium of guanine forms in the gas phase, according to rigid rotor-harmonic oscillator-ideal gas approximation.
microhydrated environment as well as in bulk water. We believe that the use of HartreEock (HF) characteristics is not
Although in our previous papéf, the thermodynamics sufficient since the HF level does not describe correctly the nonplanarity

. " of the guanine amino group and the respective vibration modes (which
parameters were calculated using the B&$$id AMBER can play an important role in evaluation of vibration entropy) can be

thus far from the accurate values.

Interaction energy of guanirewater and guanine (watery com-
plexes was determined at the RI-MP2/TZVPP level with inclusion of
basis set superposition erfdand deformation energy.
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All calculations were performed with GAUSSIANS8MOLPRC*
and TURBOMOLES suites of programs.

Molecular Dynamics/Quenching (MD/Q) Technique.Interaction
of guanine with microhydrated environment was investigated using
molecular dynamics/quenching technique with the modified Cornell
et al. potentiaf® MD/Q simulations were performed in the NVE
microcanonical ensemble (N, V, E mean number of particles, volume,

The rectangular periodic box of approximate sizex226 x 20 A
was filled with about 470 TIP3Pwater molecules and all perturbations
were performed in the NPT ensemble at 1atm and 298.15 K. Time
step was set to 1 fs and nonbonded cutéf® & was used for van der
Waals and Coulombic interactions. Before perturbations a standard
equilibration run was performed: 100 ps run; 1 fs time s&A cutoff.
Berendsen temperature and pressure coupling schewer® system-

and energy) within quaternion formalism. The respective code uses aatica"y used with weak COUpIing constant and the center of mass motion

fifth-order predictor-corrector algorithm with a 0.5 fs integration step.
The MD simulations were performed at a constant total energy
corresponding to the average temperature of 298 K which is high

and rotation were periodically removétShorter perturbations (2 ns)
were carried out in 251 and longer perturbations (6 ns, 11 ns) in 501
sampling windows. The number of configurations used in equilibration

enough to allow crossing over relatively high energy barriers and thus Part and in data collection part is shown in Table 1. Calculations in
to sample the whole potential energy surface. Every 1ps, the MD run vacuo (reference states) were performed also according to a standard
was interrupted, the kinetic energy was removed and the structure of Protocol: 1 fs time step; 100 ps simulation time. SETFt&gorithm

the cluster of guanine with one or two water molecules was optimized

was used for water molecules, no constraint algorithms were applied

using the conjugate gradient method, the geometry, and the energyto solute.
stored, whereas the MD run was restarted from the point where it had  To ensure real independence of free energies on soft core parameter

been interrupted. The total simulation time was 250 ns.
Employment of the molecular dynamics techniques involved modi-

fication of canonical guanosine libraries in the Cornell et al. force¥ield

to include new atomic types and their parametrization of all guanine

tautomers. Constants for geometrical parameters most strongly affected
by tautomerization (i.e., bond lengths, valence and dihedral angles of
the enol group) were derived from quantum chemical calculations. The
torsion constants, being the most important for precise description of
the hydrogen bond, were parametrized using Hopfinger and Pearlstein

differential fitting proceduré® The atomic charges of the tautomers
were generated with an electrostatic potential fitting procéd(RESP)
at the HF/6-31G* level. For the dihedral angles of hydroxy group a

o (asc), several calculations with differentsc values were performed.
Parametensc affects the minimum effective distarféér.«) and height®
atr = 0 (V,) according to the following equations

— 2
Feft = OV A0

o [1-2%
VX(I' = 0) = %X(W)

@

@

whereoy is scaled® as an arithmetical ang as a geometrical average
of atomic vdW parameters; andoj;, respectivelye; andej, andi is

set of thirteen constrained geometries was calculated at the HF/6-31G+*standard coupling parameter. Critical valuewfin aqueous solution

level. Then, we calculated the molecular mechanical torsion curves for iS 7.5 kcal/mol, which is comparable with the mean kinetic energy of
the same values of dihedrals as used in the quantum chemicalwater molecules at 298 K. At that point of perturbation water molecules
calculations, with zero dihedral force constants. The desired differential can effectively penetrate volume delimited by van der Waals radius of
curve was obtained as a difference between these two curves. ThePerturbed atom, which could affect the configuration space sampling

differential curve was fitted with the least-squares method (using
software Mathematiég) and the coefficients obtained were built into
the AMBER libraries.

Free Energy Calculations Molecular Dynamics Thermodynamic
Integration (MD-TI) technique was utilized to calculate relative free
energy of hydrationAG"YP) between guanine tautomers. All calcula-
tions were performed using GROMACS molecular modeling pack-
age>28 with our own code implementing the Tl method (taken from

and also, indirectly, the total free energy estimatibihe following
values ofasc were used:

() asc= 0.6; water can penetrate at the very end of atom annihilation
(4 = 0.99, “harder” soft core);

(i) asc= 1.51; effective penetration of water even in the middle of
simulation ¢ = 0.50, “softer” soft core);

(i) asc = 1 seems to be a good compromise between previously
mentioned values and will be used in the present study. It also fully

ref 27). van der Waals parameters for guanine originate from the Cornell corresponds with recommendations listed in the GROMACS méfiual.

et al. force field and were converted from AMBER to GROMACS
using our own code AMBCONVW? To avoid instability of simulations
and incorrect accumulation of free energy during the Tl perturbations
arising from singularities in van der Waals and Coulombic potential
functions, soft core potential scalitfgvas systematically used.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(34) Molpro, a package of ab initio programs designed by M.-J. WerRed.
Knowles, version 2002.1, R. D. Amos et al.

(35) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kémel, C.Chem. Phys. Lett.
1989 162 165.

(36) Hopfinger, A. J.; Pearlstein, R. A. Comput. Cheml984 5, 486.

(37) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollmann, P. A. Phys. Chem.
1993 97, 10269.

(38) Mathematica, Wolfram Research, Inc.

(39) http://www.gromacs.org/contributions/uploaded_contributions/ambconv.

tgz.
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Another parameter, which is critical for correct Tl calculation, is a
correct sampling of configuration spat®2, 6, and 11 ns forward and
backward runs were used to ensure convergence of free energy and to
estimate error limits.

Relative free energy of hydration of guanine (1,7) tautomer (related
to canonical (1,9) tautomer) can be determined from thermodynamic
cycle shown below (Scheme 1): From the cycle it is apparent that

HYD BULK _ VAC HYD
AG(1,9) + AG(1,9—'1,7) =A (1,9-1,7) + A('?"(1,7) (3)

It means that relative free energy of hydration can be determined as
follows

(40) Jorgensen, W. L.; Chandrasekhar].JPhys. Chem1983 79, 926.

(41) Berendsen, hem. Phys1984 34, 3684.

(42) Harvey, S. C.; Tan, R. K. Z.; Cheatham, TJEComput. Cheni998 19,

726.

(43) Miyamoto S.; Kollman P. AJ. Comput. Cheml992 13, 952.

(44) Pitera, J. W.; Van Gunsteren, W. Molecular Simulatior2002 28, 45.

(45) Schier, H.; Van Gunsteren, W. F.; Mark, E. A. Comput. Chenil999
20, 1604.

(46) GROMACS User Manual, version 3.1.1, www.gromacs.org/documentation/
paper_manuals.php.

(47) Villa, A.; Mark, E. A.J. Comput. Chen002 23, 548.

(48) Van Gunsteren, W. E. Chem. Phys1998 108 6109.
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Table 1. Thermodynamic Integration: Parameters of Simulation, Estimated Free Energy (AG) and Its Deviation (dev)

system enva SCal NWINe TIME? NEQUIL® NCOLL' AGY dev
1,9—(1,7) vacuum 1.00 251 0.1 200 200 —77.38 +0.00
water 0.60 251 2.0 4000 4000 —78.24 +0.00
water 1.51 251 2.0 4000 4000 —78.97 +0.08
water 1.00 251 2.0 4000 4000 —78.06 +0.40
water 1.00 501 6.0 2000 10000 —78.20 +0.23
water 1.00 501 11.0 2000 20000 —78.29 +0.17
1,9)— (7,02) vacuum 1.00 251 0.1 200 200 —95.27 +0.00
water 0.60 251 2.0 4000 4000 —91.90 +0.04
water 151 251 2.0 4000 4000 —91.46 +0.41
water 1.00 251 2.0 4000 4000 —92.29 +0.17
water 1.00 501 6.0 2000 10000 —92.03 +0.34
water 1.00 501 11.0 2000 20000 —92.17 +0.01
(1,9)— (9,02) vacuum 1.00 251 0.1 200 200 —49.76 +0.00
water 0.60 251 2.0 4000 4000 —43.39 +0.25
water 151 251 2.0 4000 4000 —44.07 +0.78
water 1.00 251 2.0 4000 4000 —43.12 +0.57
water 1.00 501 6.0 2000 10000 —43.66 +0.07
water 1.00 501 11.0 2000 20000 —44.18 +0.05
(1,9— 3,7 vacuum 1.00 251 0.1 200 200 —54.78 +0.02
water 0.60 251 2.0 4000 4000 —73.40 +0.08
water 1.51 251 2.0 4000 4000 —73.49 +0.16
water 1.00 251 2.0 4000 4000 —73.17 +0.47
water 1.00 501 6.0 2000 10000 —73.68 +0.44
water 1.00 501 11.0 2000 20000 —73.26 +0.10
(1,9— (3,9) vacuum 1.00 251 0.1 200 200 —8.50 +0.26
water 0.60 251 2.0 4000 4000 —32.76 +0.35
water 151 251 2.0 4000 4000 —31.18 +1.60
water 1.00 251 2.0 4000 4000 —32.78 +0.40
water 1.00 501 6.0 2000 10000 —32.58 +0.01
water 1.00 501 11.0 2000 20000 —32.90 +0.00
1,9—(7,9) vacuum 1.00 251 0.1 200 200 —84.85 +0.02
water 0.60 251 2.0 4000 4000 —115.53 +0.00
water 151 251 2.0 4000 4000 —115.50 +0.00
water 1.00 251 2.0 4000 4000 —115.18 +0.33
water 1.00 501 6.0 2000 10000 —115.96 +0.36
water 1.00 501 11.0 2000 20000 —115.53 +0.27

a Environment according to thermodynamic cycle in SchenfeShft core parameter [cf. egs 1 and 2Number of sampling windows\Z~%). 9 Simulation
time in ns.© Number of equilibration steps in each windovWumber of data collection steps in each windévEstimated average free energy (in kcal/mol)
AGVAC or AGBUYLK according to Scheme 1 and eq™Deviation of forward and reverse runs (defined a§AGwg — AGre]).

Scheme 1 tautomers having either hydrogens on both nitrogens (N7, N9)
A (L9-17) at five membered ring (7,9) or at N3 and N9 (3,9) or at N3 and
WATER WATER
Gua 1,9%* — Gua 1,7 N7 (3,7) (see Figure 1).

Energetically less favorable imino- forAfsvere not consid-
_ T v ered. The geometries, rotational constants and dipole moments
T AG2(19) AR of all these tautomers are depicted in Table 2 while Table 3
shows their relative energies, enthalpies, and free enéfjies.

Gua 1,9VACUIM . Gua 1,7VACUM From Table 2, it is evident that various tautomers have very
different values of dipole moment. The smallest one belongs
AAGH,YeDﬂJ): AG(T% — AGHYQE)’ = AGZQQLE1’7)_ AGX\&L?) 4 to (1,7) keto form, whereas the other keto form (1,9) possesses

more than three times larger dipole moment. Let us remember
The total relative free energy of guanine tautomer was finally Nere that the dipole moment of (1,9) keto form is the largest
determined as a sum of relative gas-phase free energy and relative freétmong all canonical NA bases. Surprisingly, however, (7,9) and
energy of hydration (according to Scheme 1); in fact, the MD-TI relative (3,9) rare tautomers have even larger dipole moments, around
gas-phase free energy from Scheme 1 should be replaced by morelOD! These extreme values indicate considerable stabilization
accurate ab initio one (see later). when these tautomers are exposed to a polar solvent like water.
The hydration free energies were besides the MD-TI method Furthermore, their interaction with several water molecules
determined also by using the self-consistent reaction field using the should be accompanied by significant stabilization. Concerning
COSMO formalism with 6-31G* basis sét. the relative energy it is evident that the (1,7) keto form is the
3. Results and Discussion global minimum, whereas the (1,9) keto form is only slightly
less stable. Two isomers of enol form (9,02), (9,01) are

Gas-Phase TautomersWe have examined the relative  gpgrgetically close and are again slightly less stable than both

stability of two keto forms having hydrogen either at nitrogen

N9 (1,9) or at nitrogen N7 (1,7), three enol forms having (50) The RI-MP2 dipole moments presented in Table 1 differ only slightly (in
hydrogen at N9 (9 Ol) (9 02) or at N7 (7 02) and three rare tenths of D) from the HF/6-31G* ones used in RESP procedure, and,

! T ! ! consequently, also from the dipole moments yielded by the empirical
potential. This means that the electrostatic term of the empirical force field
(49) Barone, V.; Cossi, M.; Tomasi, J. Comput. Chenil998 19, 404. (dominant among nonbonded terms) is described adequately.
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Figure 1. The eight stable guanine tautomers. Standard numbering and adopted nomenclature are presented.

Table 2. Geometries, Rotational Constants and Dipole Moments of Guanine Tautomers (RI-MP2/TZVPP level of theory)

atom?
taut.> 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 e u

(1,7) x¢0.0000 1.0654 2.2308 2.2970 1.1380 3.6231 4.2945 3.48D@545 1.0609 4.0131 5.37011.1886-—1.9504—0.8788 1.9209 1.87
y 0.0000 0.0000 0.0213 0.0090 0.0005 0.0282 0.0496 0.0449 0.0713 0.0053 0.0291 -6®MEB03—0.5291 0.0816 1.1279
z 1.3776 2.1174 1.4019 0.01110.8222-0.3002 0.8883 1.9369 1.95852.0433—1.2285 0.9326 2.9565 1.54410.4921 0.7114
(9,02) 0.0000 1.0601 2.2024 2.3611 1.1571 3.6904 4.3222 3.4812404 1.1580 5.3928 3.73961.2648—-1.9975 0.2264 1.9208 3.02
0.0000 0.0000 0.0233 0.0378 0.0182 0.0624 0.0619 0.0369 0.0526 0.0147 0.0793 -6M3436-—0.2658 0.0076 1.1361
1.3547 2.1603 1.4703 0.07950.6352—0.2809 0.8751 1.9603 1.94251.9739 0.9915 2.9327 2.9030 1.363®.2352 0.7142
(9,01) 0.0000 1.0526 2.1994 2.3517 1.1597 3.6755 4.3196 3.484B403 1.1502 2.0738 5.3903 3.7543.2768—-2.0029 1.9277 3.75
0.0000 0.0000 0.0316 0.0501 0.0229 0.0832 0.0862 0.0538 0.0511 0.0165 0.0366 0.1121 -@EFFHH—0.2308 1.1405
1.3563 2.1792 1.5009 0.11540.6189-0.2607 0.8915 1.9801 1.93701.9613—2.2475 1.0025 2.9490 2.8979 1.3476 0.7169
(7,02) 0.0000 1.0505 2.2273 2.3376 1.1586 3.6768 4.3056 3.47297475 1.2042 4.1113 5.38061.2688—1.9991 0.2824 1.9080 4.21
0.0000 0.0000 0.0293 0.0504 0.0229 0.0772 0.0712 0.0411 0.0537 0.0158 0.1020 -6M23%0-0.2803 0.0031 1.1389
1.3636 2.1702 1.5248 0.12680.6148-0.1448 1.0713 2.0959 1.94091.9630—1.0514 1.1433 2.9039 1.36432.2567 0.7136
1,9) 0.0000 1.0821 2.2050 2.3320 1.1372 3.6505 4.3127 3.48172365 0.9851 5.3847 3.75691.1764—1.9727—0.8805 1.9223 6.29
0.0000 0.0000 0.0207 0.0156 0.0063 0.0328 0.0456 0.0380 0.0663 0.0118 0.0621 -6M4069—-0.4556 0.0634 1.1218
1.3657 2.0935 1.3276-0.0582—0.8593—-0.4395 0.7010 1.7957 1.97182.0657 0.7978 2.7653 2.9620 1.524D.4924 0.7090
3,7) 0.0000 0.6794 2.0428 2.7517 2.0679 0.6267 3.0518 4.2416 4.0955 0.0121 243988 0.4238 2.8965 5.1847 1.9481 4.34
0.0000 0.0000-0.0449—-0.1292—-0.1431—0.0944 —0.2274—0.2607 —0.2009—0.1229—-0.1927 0.2095 0.5233-0.2584—0.3276 1.1196
2.3109 1.1997 1.0916 2.2646 3.4603 3.5571 4.4057 3.7471 2.4249 4.6153 0.2057 603285 5.4006 4.2602 0.7116
(3,9) 0.0000 1.1217 2.3102 2.4070 1.1941 3.7316 4.4037 3.5817889 1.1591 5.4744 3.8747 1.0229.2283—-1.9763 1.9444 10.54
0.0000 0.0000 0.1044 0.1321 0.1014 0.1861 0.1876 0.1327 0.0411 0.1463 0.2336 0.0975 -@3EB—0.0853 1.1072
1.2883 2.1048 1.4252 0.05120.7605—-0.3248 0.8036 1.9117 1.99431.9741 0.9027 2.8732 3.0348 2.7992 1.3763 0.7065
(7,9 0.0000 1.0414 2.1733 2.3242 1.1598 3.6818 4.3356 3.4609222 1.2630 4.0772 5.3978 3.69611.2645—1.9932 1.9893 9.12
0.0000 0.0000 0.0241 0.0423 0.0230 0.0620 0.0593 0.0353 0.0238 0.0234 0.0770 0.0740 -@@HD—0.2117 1.1385
1.3183 2.1766 1.5084 0.15680.7096—0.1048 1.0214 2.0268 1.91331.9152—-1.0211 1.1299 2.9965 2.8670 1.3315 0.7243

a Atom 1 is placed at the origirt.For atom numbering and tautomer classification cf. FigureRlotational constants A, B, C in GHZ Dipole moments
in Debye.® Coordinates are in A.

keto forms; the energy gap is larger for the second enol form paper on cytosine tautoméisye have shown that these relative
(7,02). Rare tautomer (3,7) is only by about 6 kcal/mol less energies were accurate and very close to the MP2/aug-cc-pVTZ
stable than the canonical form. Very large energy difference of values. To estimate the role of higher correlation energy
about 19 and 20 kcal/mol was found for remaining rare contributions we performed the CCSD(T) calculations using the
tautomers (7,9) and (3,9). aug-cc-pVDZ basis set. From Table 3, it is apparent that the
Let us remember that the above-mentioned results were MP2 and CCSD(T) relative energies evaluated with this basis
obtained from the RI-MP2/TZVPP calculations. In our previous set are very close. The largest difference was found for (3,9)
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Table 3. Relative Energies (AE), Zero Point Vibration Energies (AZPVE), Enthalpies (AH) and Free Energies (AG) (in kcal/mol) of Guanine
Tautomers in the Gas Phase

method

structure” AE (RI-MP2)? AE (MP2)? AE [CCSD(T) AZPVE? A(Ge®® —E) AE¢ AHP AGy8
1,7 —0.50 -0.71 —0.69 0.07 0.04 —0.48 —-0.41 —0.44
(9,02) 0.09 0.30 0.22 —0.05 0.11 0.01 0.04 0.12
(9,01) 0.29 0.58 0.62 —0.05 0.09 0.34 0.29 0.43
(7,02) 3.10 3.10 3.01 —-0.25 —-0.16 3.01 2.76 2.85
(1,9) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(3.7) 5.77 - - -0.13 —-0.29 5.77 5.64 5.48
(3,9) 18.95 18.66 18.10 —0.50 —-0.71 18.39 17.89 17.78
(7,9) 20.08 - - —-0.23 —-0.27 20.08 19.85 19.81

aRI-MP2/TZVPP//RI-MP2/TZVPP.? MP2/aug-cc-pVDZ//RI-M P2/TZVPP.© CCSD(T)/aug-cc-pVDZ//RI-MP2/TZVPPJ MP2/6-31G**. € AEMP2 +
(AECCSD(M) — AERI-MP) f AE + AZPVE. 9 AE + A(G?% — E). " Cf. Figure 1." Not corrected for higher correlation energy terms.

Table 4. Nonplanarity of the Guanine Tautomers’ Amino and Enol

tautomer (0.56 kcal/mol, i.e., less than 3% of the respective gqpsa

energy difference). It is thus possible to conclude that relative
gas-phase energies are only negligibly affected by the higher

tautomer NIC2NH N3C2NH XNH N1C60H C2N1C60

correlation energy contributions. To compare these values with %Z))z) ;g'é :;g'? 2%"9‘ 06 179.8
experimental data it is necessary to include the ZPVE. It means (9/01) 202 208 347.6 179.9 179.7
to pass from relative energies to relative enthalpies at 0 K. From (7,02) 23.7 —20.6 345.3 0.6 179.6
the fifth column of Table 3, it is evident that the ZPVE  (1.9) 38.2 —13.6 340.4

(3,7) 12.9 —37.4 340.8

corrections are systematically small and only for the (3,9) (3.9) 93 _a33 338.3
tautomer is it larger than 0.3 kcal/mol. The relative stability of  (7,9) 16.2 -19.1 350.4
guanine tautomers is thus not affected when the ZPVE correc-
tions were considered. The same is true when the temperature-, *=XNH is the sum of the three amino group valence angles. Angles in
. degrees.

dependent enthalpy terms and entropy are taken into account.
The sixth column in Table 3 collects these changes and it is
seen that most affected is the (3,9) isomer but the respective
change is smaller than 0.8 kcal/mol.

Final relative energies\E), relative enthalpiest® K (AH®)
and relative free energies at 298 K®&2°9) are summarized in
the last three columns of Table®BThe relative energies were
constructed from RI-MP2 values corrected for the [CCSD(T)-
MP2] terms, relative enthalpies 8 K were based on these
energies and were corrected by théPVE terms, and, finally,
relative free energies were determined from relative energies
and A(G?°8 — E) terms.

Nonplanarity of the Guanine Amino Group. It is well
established that amino groups of isolated nucleic acid bases ar
nonplanar due to a partial $pyramidalization of their amino
group nitrogen atoms and, further, that nonplanarity of guanine
amino group is considerably larger than that in other NA bases.

Amino group nonplanarity in all guanine tautomers, evaluated
at the RIMP2/TZVPP level, is collected in Table 4 and can be
now considered as new reference data. Amino group in all
tautomers is strongly nonplanar and the largest nonplanarity
(even larger than in canonical guanine) was detected for (1,7)

and (3,9) tautomers. The sum of XNH valence angles in the

amino group is in these two cases the smallest one (and differs
considerably from 360 which reflects the fact the amino group

in not planar. For these two tautomers the two amino hydrogen
dihedral angles are also significantly nonequivalent which is

explained by electrostatic repulsion between amino group
hydrogen and H1 (H3) hydrogen. On the other hand, smallest
nonplanarity was detected in (7,9) tautomer.

Microhydrated Tautomers. The MD/Q simulations on
monohydrated and dihydrated tautomers yielded about 5 stable
structures with one water and about 20 stable structures with
two waters. The four energetically most stable structures were
%hen studied using ab initio methods and their structures are
presented in Figures 2 and 3. The stability of these structures
decreases from left to right. The relative energies of these
structures are presented in Table 5 while interaction energies
and relative energies of global minima can be found in Table

Binding Patterns. The water-binding motifs of monohydrated
structures (cf. Figure 2) agree well with patterns founded by
Shiskin et ak? Our work extends an interest also to less stable

(51) Comparing the ab initio relative free energies with the empirical potential  tautomers (3,9), (7,9), and (3,7) and rotamer of enol-form of
ones (Cf Table 1) we found a dramatic difference and the latter values are guanine (9 Ol) Oppos|te to monohydra‘ted Cytd§|a$tructure
much too large. We were aware of this problem and we presented the gas- e .
phase empirical potential relative free energies only to show the convergence of a global minimum depends on type of guanine tautomer. For
of free energy and to estimate the errors bars. Let us further mention that (1 7) (9 Ol) (7 9) and (3 7) tautomers a water molecule forms
large values of these relative free energies are not an artifact of the code *™' 77 \™’ Tl ! N
used; the same values were obtained when using the Amber/Gibbs program.a bridge between O6 oxygen and N7 nitrogen atoms. For (7,02)
The unrealistically large gas-phase free energies are due to two main i ;
reasons: first, empirical force field is by definition unable to describe energy a_nd (1’9) tautomers a water molecule interacts with O6 and N1
changes during a bond creation, annihilation or modification (Leach, A. nitrogen atoms, whereas (9,02) and (3,9) tautomers prefer an

R. Molecular Modelling, Principles And ApplicationBearson Education: ; : ; ;
Harlow, 1996; p 194); second, bonded hydrogen atom cannot be describedImeractlon of a water molecule with nitrogen atoms Only'

by classical harmonic potential (GROMACS User Manual, version 3.1.1.). The four most stable structures of dihydrated guanine
The fact that intermolecular free energy changes are often large is known. . . .
The solution of the problem mentioned is relatively easy. The values tautomers are depicted in Figure 3. The most stable structure

mentioned will cance| when combining different parts of thermodynamic  jn all tautomers [with the exception of (9,01) and (3,9) ones]
cycle used (Harris, D.; Loew, GJ. Comput. Chem1996 17, 273).
Specifically, the intramolecular contribution to the free energy is the same
in vacuo and bulk water and is therefore compensated while the remaining (52) Shishkin, O. V.; Sukhanov, O. S.; Gorb, L.; LeszczynskiPhys. Chem.
contribution (intermolecular one) forms the hydration free energy Chem. Phys2002 4, 5359.
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Figure 2. The four most stable structures of each guanine tautomer with one water molecule optimized at the RIMP2/TZVPP level of theory. Stability is
decreasing from left to right.
contains in the first hydration shell a water dimer motif. This Relative Stability and Interaction Energies. The relative

motif is also present in other dihydrated tautomers. energies and interaction energies of structures presented are
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Figure 3. The four most stable structures of each guanine tautomer with two water molecule optimized at the RIMP2/TZVPP level of theory. Stability is
decreasing from left to right.

summarized in Tables 5 and 6. Table 5 shows that the relativethe computational level (empirical force field, RI-MP2). Simi-
stability order of various structures is almost independent of larly as for cytosin& the differences between results obtained
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Table 5. Relative Energies (in kcal/mol) for Tautomers of Guanine Table 6. Relative and Interaction Energies (in kcal/mol) of
with One and Two Water Molecules Evaluated at Different Levels Guanine Tautomers in the Gas Phase and Mono- and Dihydrated
of Theory? Environment (global minima for each tautomer-water complex are
presented)
structure MD/Q®  RI-MP2° structure MD/Q® RI-MP2°
" iagab H 1 iagc,d
(1,7)-H20 (l,7)-H20 relative energies interaction energies
1 0.00 0.00 1 0.00 0.00 structure RI-MP2 RI-MP2zpve RI-MP2 RI-MP270r
(9102)'H20 (9102)_(H20)2 (1’7) —0.50 —0.43
1 0.00 0.00 1 0.00 0.00
(9,02) 0.09 0.04
2 0.35 0.32 2 1.02 1.29
(9,01) 0.29 0.24
3 211 2.29 3 212 2.27
(7,02) 3.10 2.85
4 151 2.14 4 2.73 3.91 (L9) 0.00 0.00
(9,01)-H,0 (9,01)—(H20)2 ’ ' ’
(3,7) 5.77 5.64
1 0.00 0.00 1 0.00 0.00
(3,9) 18.95 18.45
2 1.16 1.99 2 0.20 0.92
(7,9) 20.08 19.85
3 1.26 3.73 3 0.64 171 = _ _
(1,7yH20 1.76 12.21 11.62
4 3.85 4.56 4 2.63 3.55 _ -
(9,02)H,0 1.44 10.59 9.87
(7,02)-H0 (7,02)-(H20)2 _ _ _
(9,01yH,0 0.66 9.44 8.74
1 0.00 0.00 1 0.00 0.00
(7,02yH,0 3.84 —10.58 —10.20
2 0.10 1.35 2 1.20 1.44 _ _
(1,9¥H.0 0.00 10.83 10.43
3 0.33 191 3 0.74 2.50 _ _
(3,7¥H20 2.91 14.63 13.72
4 0.72 3.93 4 2.23 3.55 _ _
(3,9¢H-0 19.31 12.17 11.76
(1,9)-H0 (1,9-(H20)2 _ _
(7,9¥H-0 15.85 19.24 17.95
1 0.00 0.00 1 0.00 0.00 _ _
(1,7¥(H20)2 0.59 23.42 21.71
2 3.67 1.98 2 4.08 3.09 _ _
(9,02)(H20), 2.38 20.14 18.66
3 4.34 3.00 3 5.31 3.45
(9,01)(H20), 1.22 —20.01 —17.87
4 1.80 3.42 4 4.69 4.34 _ —
(7,02)(H20), 5.47 21.54 20.18
(3,7)-H0 (3,7)-(H20)2 _ _
(1,9y(H20)2 0.00 21.80 20.36
1 0.00 0.00 1 0.00 0.00 _ _
(3,7¢(H20)2 3.76 25.18 23.99
2 3.18 2.71 2 1.98 0.75
(3,9¢(H20)2 18.24 —24.76 —23.11
3 402 323 3 425 238 (7,9%(H:0) 13.62 —3158  —29.02
4 5.13 5.40 4 4.20 3.11 ’ : : :
(13’9)_H20 0.00 0.00 (3;|9)—(H20)2 0.00 0.00 2 Order of relative stability of each tautomer is given with respect to
> 0.24 0.76 > 132 011 canonical tautomer. Total energies of tautomers, mono- and dihydrated

tautomers are considered. RI-MBZe is defined as a sum of relative RI-

3 09 222 3 3.02 154 MP2 energy and\ZPVE; the former energy is evaluated with TZVPP basis
4 237 329 4 232 166 set while the latter are at the MP2/6-31G** leveFor description of
(7,9)-H0 (7,9)-(H20)2 abbreviations used for methods cf. notes to TablelBteraction energies
1 0.00 000 1 0.00  0.00 were evaluated with TZVPP basis séffotal complexation energy RI-
2 5.34 463 2 156  0.16 MP2ro7 is defined as a sum of the RI-MP2 interaction energy and
3 5.79 5.86 3 0.93 0.98 deformation energies of the monométs.
4 6.30 7.26 4 3.97 1.34

aOrder of relative stability was referred to the most energetically water molecules will f"?a”y compensate re.latlve mStablhtY of
preferable hydrated structure within complexes of one tautoidadified the tautomer and the microhydrated form will become dominant

Cornell et al. force field® RI-MP2/TZVPP. (and thus spectroscopically visible) in the gas phase. The
respective calculations are in progress in our labordtoihe
other rare tautomer (3,9) possessing also very large dipole
moment is connected with smaller increase of stabilization
energy with 1 or 2 water molecules. Interesting case represents

. o the (3,7) tautomer, which possesses rather large stabilization
tautomers, respectively and these values are similar to thoseenergies with 1 and 2 water molecules. This tautomer is,

obtained previously for cytosirié Larger values of stabilization however, only moderately less stable than the canonical form
energy were only obtained for (3,7) and (7,9) rare tautomers. (cf. Table 3).

The largest stabilization energy was determined for the latter Hydrated Tautomers. Test of the Computational Proce-
tautomer, which Is in fu]l agreement with its large dipolg dure: As mentioned before, we used in the present study the
moment. The global minimum of monohydrated structure is \ip 1| method with several newly introduced options and the
surprisingly stable and its stabilization energy is higher than neh64 should be thus carefully tested. We systematically used
19 kecal/mol. This means that this structure is by about 6 kcal/ o soft core potential scaling and it was necessary to test the

mol more stable than the other most stable structures of yonendence of relative free energiessgg, Table 1 shows that
remaining monohydrated tautomers. The situation is even MOre q|ative free energies of guanine tautomers are practically

pronounced in the case of dihydrated (7,9) tautomer. Stabiliza- independent of the value afsc and in the following study we

tion energy of the global minimum is more than 29 keal/mol se44¢. equal to 1.0. This conclusion is in full accord with
and also the first and the second local minima exhibit stability previously derived resul. Further, it was necessary to test
higher than 28 kcal/mol. The corresponding structures of other o convergence of the procedure. From Table 1, it becomes
tautomers are by more than 9 kcal/mol less stable. An exception e that reasonable relative energies have been already obtained
forms dihydrated (3,7) and (3,9) rare tautomers that are more it rather short simulation time of 2 ns. Increasing the
stable than other (classical) tautomers. We are aware of the fact;, ;iation length to 6 ns the convergence was practically

that relative stability of each tautomer should be taken into ,.o-hed and this length of simulation can be recommended for
account. This disfavors mono- and dihydrated forms of the (7,9)

tautomer. It is, however, possible to expect that addition of more (53) Kabel&, M.; Hanus, M.; Hobza, P. In preparation.

from Cornell et al. force field and RI-MP2/TZVPP calculations
are very small, usually about 1 kcal/mol.

The interaction energies (Table 6) are generally in the range
of 9—12 kcal/mol and 1822 kcal/mol for mono and dihydrated
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Table 7. Relative Gas-Phase Free Energies (AG?%), Relative
Free Energies of Hydration (AGHYP), Evaluated with MD-TI and
COSMO Methods and Relative Free Energies in Aqueous Solution

[AG?%(TI) and AG?*8(COSMO)] (in kcal/mol) of Guanine
Tautomers

4. Final Assessment of the Relative Stabilities of
Guanine Tautomers in the Gas Phase, in a
Microhydrated Environment and in Water

Theoretical relative enthalpies for isolated tautomers support

AGHVD AGHVD AGZQB AGZQB . . .

structure® AGb Ry (COSMO) oy (COSMO) the coexistence of five low-energy structures while three rare
@7 o044 T0.90 0oL Y 045 tautomers [(3,7), (7,9), and (3,9)] will be populated only

(9.02) 0.12 557 4.96 '569 '5.08 negligibly and cannot be thus detected experimentally. The
(9,01) 0.43 relative stabilities will not be changed when the temperature of
(7,02) 2.85 3.10 3.43 5.95 6.28 the experiment increases and even at 298 K, only the five
(1,9) 0.00 0.00 0.00 0.00 0.00 ; :

@3.7) 548 1848 175 -13.00 373 mentioned low-energy tautomers will be observed. Recent
(3:9) 17.78 —24.84 -8.37 —7.06 9.41 experiments from the Mons laboratory fully agree with these
(7,9) 1981 —-30.68 —11.30 —10.87 8.51 conclusiong! The bulk solvent brings, however, dramatic

changes in the relative stabilities and the three highest-energy
tautomers [(3,7), (7,9), and (3,9)] become the clearly dominant
ones. Following the hydration free energies obtained from the
more reliable TI method, we must conclude that only these
2 to 6 ns and, when longest simulations were performed itrqautomers can exist in a water phase and .(3’7) and (7,9)
L . . ' tautomers will be populated dominantly. What is the source of
reached _negI|g|bIe yalues. Finally, we successw_ely reprOduceds'[abilization of these two tautomers in water phase? Favorable
the relative hydr_at|on free energies forscytosme tautomers o ative free energies of these tautomers in aqueous solution
calculgted by using the MEFEP method: _Our resullts. for are realized in different ways. The first local minimum in
(canonical formlmlno form 3a) ar_1d (canqnlcal formr imino aqueous solution (7,9) is highly unstable in a gas phase and
form 3b) mutations fully agree with published values (&8 ¢, apje total relative free energy in agueous solution is due
0.2 keal/mol and 5.3 0.1 kcal/mol, respectively). To further jts very large hydration free energy. It is to be mentioned
prove the applicability Of, the procgdure, we tested it for a SEres that absolute values of relative gas-phase free energy and relative
of small systems for which experimental as well as theoretical pygration free energy are for this tautomer the highest among
hydration free energies are known. Specifically, we investigated g tautomers. Let us repeat that large relative hydration free
the annihilation of methane (metharenothing) apd mutation energy of (7,9) tautomer was expected on the basis of its large
of methane to methanol, methane to methylamine, benzene todipole moment (cf. Table 2). On the other hand, the global
aniline and benzene to phenol. In all these cases the agreementinimum (3,7) does not possess a large dipole moment and,
between present theoretical results and theoretical results taker&:onsequently, its relative hydration free energy is moderate. By
from literaturé* as well as experimental data was perfédtor combination of moderately unfavorabd2% and moderately
application details and reliability of the TI method see also ref fayorable AGHYP (TI) terms one obtains the most favorable
55. AG?%8 (TI) term. Further, it is instructive to compare the net
Guanine Tautomers: The relative hydration free energies hydration contribution to the relative tautomer stabilities caused
for guanine tautomers are shown in Table 7, which also gives by microhydration. From Table 6, it is evident that (7,9)
gas-phase free energy and free energy of tautomerization intautomer is by about 20 kcal/mol less stable than the canonical
aqueous solution. In the case of five low-energy tautomers, thereform. This very large energy difference is, however, dramatically
is qualitative agreement between the relative free energy of reduced upon complexation with one13 kcal/mol) and two
hydration determined using the MD-TI and COSKMGCap- (~9 kcal/mol) water molecules. Single water or two water
proaches. For the rare (3,7), (7,9), and (3,9) tautomers, themolecules were not able to change the tautomeric equilibrium
COSMO values are considerable smaller than the more reliableof an isolated guanine but we expect that this can happen when
Tl values. It must, however, be mentioned that the relative order @ higher number of water molecules is added. The situation with
of hydration free energy determined by both procedures is the (3,7) tautomer is slightly different. The isolated tautomer is by
same, and clearly all three rare tautomers are strongly stabilized>-8 kcal/mol less stable than the canonical form and addition

aCf. Figure 1.° Cf. Table 1

further studies. The error (defined as W&y — AGre)

in water. The MD-TI relative free energy values for (1,7) and
(9,02) tautomers<0.9 and 5.6 kcal/mol) agree reasonably well
with the previous calculatioh%(1.7 and 6.4 kcal/mol, respec-
tively) which again supports reliability of the present calcula-
tions 6

(54) McDonald, N. A.; Heather, C. A.; Jorgensen, W.JL Phys. Org. Chem.
1997, 10, 563.

(55) (a) Pearlman, D. A.; Rao, B. G. I&Rncyclopedia of Computational
Chemistry Schleyer, P. v. R., Ed.; John Wiley: Chichester, 1998; 1054.
(b) Kollman, P. A.Chem. Re. 1993 7, 2395 (c) Miller, J. L.; Kollman,
P. A.J. Phys. Chem1996 100, 8587.

(56) We are aware of the fact that the direct comparison of the thermodynamic
results from Monte CarloFree Energy Perturbation approach (used in ref
18) and our present results based on Molecular Dyna#iibermodynamic
Integration is not straightforward. Because the convergence limit was not
determined in ref 18 we believe that our data are therefore more reliable.
Higher number of sampling windows as well as larger box used in the
present study give additional evidence about reliability of our results.

of one and two water molecules reduces this energy gap (to 2.3
and 2.0 kcal/mol, respectively}.Evidently, the microsolvated
data are between the gas-phase and bulk solvent predictions
and supports the unexpected bulk solvent results.

(57) Favorable relative hydration free energy of (7,9) tautomer can be explained
on the basis of large stabilization energy with water environment. This is
confirmed by large stabilization energies of this tautomer with one and
two water molecules. Situation with (3,7) tautomer is different since this
form possess only modest dipole moment (contrary to (7,9) having very
large dipole moment) and, therefore, its stabilization energy with one and
two water molecules is also modest. To explain large hydration free energy
we evaluated the temperature dependence of hydration free energy. From
the slope of this dependence we calculated the entropy term. At 298.15 K
the following estimate was obtained\H(—4 kcal/mol); TAS(15.5kcal/
mol). Despite the fact that the error in determining the enthalpy and entropy
contributions can be significant we must admit that the leading stabilization
term is entropic one. For the sake of comparison, we performed the same
calculation also for (7,9) tautomer and here the entropy term was found
considerably smallerAH(—24 kcal/mol); TAS6.5kcal/mol).
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Finally, it should be mentioned that surprising stabilization difference (1.2 kcal/mol) was found for 7,9 tautomer. The
of (3,7) and (7,9) tautomers in a water phase is understandablePoisson-Boltzmann relative free hydration energies agree rea-
in the light of unexpected stabilization of these tautomers by sonably well with our COSMO values and describe correctly
their interaction with aluminum ato?,Al —(7,9) and A-(3,7) the relative destabilization (1,7; 9,02; 7,02) or stabilization (3,7;
tautomers represent the global and first local minimum. 3,9; 7,9) of various tautomers. Absolute values of hydration free
energies are larger than the respective COSMO data (largest
difference of 5 kcal/mol was found for 3.9 tautomer), which
can be explained by the fact that we did not perform the
optimization of the tautomer’'s geometry in a continuum solvent.

Note Added in Proof: In a recent pape® the relative An important finding is that both Poisson-Boltzmann continuum-
stabilities of guanine tautomers in various environments were Solvation model and COSMO model yielded the same order of
studied. Authors utilized the DFT method for the gas-phase relative hydration free energies. However, the present MD-TI
predictions and Poisson-Boltzmann continuum-solvation model results (which we believe are more reliable) yield considerably
for estimation of hydration free energies. The relative DFT gas larger (more negative) hydration energies, and therefore, the
phase free energies agree well with our results, and the |argesg|0ba| and the first local minima in the bulk water determined
in ref 58 differ from the present ones.
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