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The hydration Gibbs energies of adenine, cytosine, guanine, thymine, uracil and isoguanine
are determined by the molecular dynamics-thermodynamic integration method (MD-TI) and
using continuous COSMO and hybrid models. The role of solvents in the COSMO model is
described by permittivity and by combining the permittivity and specific hydration of single
water molecules placed on the energetically most probable position in the hybrid model.
The hybrid model describes hydration similarly to the COSMO model; both the continuous
methods are in good agreement with the MD-TI method. Differences are small and the use
of both models can be recommended.
Keywords: COSMO; Hybrid model; Hydration; Gibbs energy; Nucleobases tautomers; Purines;
Pyrimidines; Thermodynamic integration; Molecular dynamics; Tautomerism.

Contemporary computational chemistry has become very powerful in in-
vestigating the properties of molecules in the gas phase. Unfortunately, the
gas phase is not biologically relevant. The study of chemical systems in the
condensed phase, which is much closer to the natural environment, is far
more difficult. This paper compares several theoretical procedures for deter-
mining of hydration Gibbs energies (∆GHYD) and, as a result of this compar-
ison, we recommend the most appropriate solution. Both accuracy and
time dependence of the methods is taken into account.

One of the “most standard” methods – molecular dynamics (MD) – deals
with a large number of explicit water molecules, but averaging a large num-
ber of configurations (sampling of the phase space) is very time-
demanding. Moreover, only the empirical potential (force field) is reliable
at the moment. Another explicit approach relies on a limited amount
(1–10) of solvent molecules fully described by the most accurate quantum
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chemical methods1,2. This approach corresponds to gas-phase hydration
but is less appropriate for liquid phase. The effect of an infinite number of
hydration shells could easily be described by continuous methods like PCM
or COSMO (C-PCM)3–6, but only under the assumption that the system
does not exhibit specific hydration (i.e., one or a small number of water
molecules tightly bind to the system and affect its properties). Unfortu-
nately, this is exactly the case of nucleic acid (NA) bases and other bio-
molecules. The natural choice for such calculations is the hybrid/discrete
model that incorporates explicit hydration into continuous methods. Here,
the main problem of the application concerns criteria that identify the
need for specific water molecules and then select the proper number of ex-
plicit water molecules. Various criteria (∆E, ∆G) were suggested7.

Another minor problem is that parameters specifically derived for contin-
uum methods are also used in the hybrid model. These parameters partially
compensate the solvation-first-shell effect and applying them in the pres-
ence of the specific water molecules could overestimate hydration7,8.

The aim of this paper is to investigate the reliability of bare/hybrid meth-
ods (only with one explicit water) for nucleic acid bases – adenine, cyto-
sine, guanine, thymine, uracil, isoguanine – and provide a simple, rapid,
solid and reliable method for the evaluation of Gibbs energy of hydration
applicable to NA bases and other biosystems. We extensively use quantum
mechanical (QM) and molecular dynamics-thermodynamic integration
(MD-TI) results published in our laboratory in the last three years9–12 as well
as new data, in particular the calculations of hybrid model criteria.

Our recent studies on cytosine13, guanine10, adenine11, thymine12, ura-
cil12 and even other literature data14 have shown that bulk water plays an
important role in the stability of NA tautomers and can even change the
relative stabilities of various tautomers in comparison with the gas phase.
The canonical form of cytosine (being, in the gas phase, the first local mini-
mum destabilized over the global minimum by about 2 kcal/mol) becomes
clearly favored compared with other structures in water environment13. The
canonical form of guanine in the gas phase was energetically comparable
with three other tautomers. Surprisingly, bulk water stabilized unusually
rare tautomers (with very large dipole moments) which were extremely
disfavored energetically in the gas phase (by about 20 kcal/mol)10. In the
case of adenine, the polar solvent also reduced the gap between the canoni-
cal form (global minimum) and the first two local minima resulting in the
coexistence of these three forms, as predicted11. This conclusion was fully
confirmed by NMR experiments in DMSO 11. Finally, we refused all “evi-
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dence” about the uracil enol form and we fully confirmed the dominance
of the canonical form in all environments12.

Similarly to our previous studies, the effect of bulk water was estimated
by two entirely different methods which considered the solvent as a contin-
uum or an explicit/discrete medium. It must be mentioned that neither of
the methods used is parameter-free and both methods have advantages and
disadvantages. The main problem is that the effect of specific hydration
cannot be described properly by either approach. Molecular dynamic/
empirical potential simulations (in the present versions) that are adopted to
describe discrete solvents cannot account for important QM effects such as
electron and charge transfers or polarization. On the other hand, quantum
chemical methods used in the self-consistent reaction-field calculations of
isolated solute do not consider the specific electrostatic effects of most
strongly bound water molecules. Combining both approaches seems to be a
natural solution. The hybrid approach, where solute molecules with a small
number of the most strongly interacting water molecules are placed in the
continuum solvent, has attracted a lot of attention3,15–18. There are some
uncertainties, the most critical one concerns how to define the criterion
when specific hydration should be considered and how many water mole-
cules should be taken into account. Further, the performance of hybrid
models was not sufficiently tested and compared with benchmark MD re-
sults. Our aim was to answer these questions and find a method which
would be easy to apply to much larger systems (e.g. fragments of DNA)
than the present isolated bases and which would provide reliable estimates
of hydration Gibbs energies.

METHODS

Quantum chemical calculations. The gas-phase geometry characteristics of
NA bases was determined using the RI-MP2 procedure19 with a TZVPP
[5s3p2d1f/3s2p1d] basis set. Gas-phase Gibbs energies of the cluster forma-
tion (∆GFORM) were calculated at the MP2/cc-pVDZ level using the rigid ro-
tor harmonic oscillator ideal gas approximation. The interaction energy of
the base···water complexes (monohydration) was determined at the RI-MP2/
TZVPP level with the inclusion of a basis set superposition error20 and de-
formation energy. All calculations were performed using Gaussian 03 21,22,
and TURBOMOLE programs23.

Molecular dynamics/quenching (MD/Q) technique24. The MD/Q simulations
were performed in the NVE microcanonical ensemble within quaternion
formalism using the modified potential of Cornell et al.25 Treating the bases
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as rigid molecules is sufficiently accurate approximation for the MD/Q
method, where the main goal is quite quick but solid exploring of the PES.
The code uses a fifth-order predictor-corrector algorithm with a 0.5 fs inte-
gration step. The MD simulations were performed at a constant total energy
corresponding to an average temperature of 298 K. The MD run was inter-
rupted every 1 ps, the kinetic energy was removed and the structure of the
cluster with one water molecule was optimized using the conjugate gradi-
ent method. The geometry and energy in the minimum was stored, then
the MD run was restarted from the point where it was interrupted.

Constants for geometrical parameters of non-canonical tautomers (not
parametrized in the standard Cornell et al.25 force field) were derived
from quantum chemical calculations using the recommended standard
procedure26. The atomic charges of the tautomers were generated using the
restrained-electrostatic-potential fitting procedure27,28 (RESP) at the
HF/6-31G* level.

Self-consistent reaction field – continuum and hybrid approaches. Bulk water
was modeled with a continuum model based on the C-PCM (COSMO)3–5

methodology implemented in Gaussian 03 22. The cavity was described by
UAHF radii29 (United Atoms radii optimized for HF/6-31G* level of theory).
In the case of the hybrid method, the solvation-first-shell effect was ap-
proximated considering one explicit water molecule. In all cases, we
adopted the following strategy concerning the choice of geometry for
C-PCM calculations: The geometry of isolated tautomers (i.e. without con-
sidering any explicit water molecule) and also of their clusters with one wa-
ter molecule was optimized in the continuum solvent at the B3LYP/6-31G*
level using standard Gaussian 03 parameters and the recommended optimi-
zation strategy3 (iterative method, preconditioning, tessarea2 0.4 Å). Addi-
tional nonelectrostatic first derivatives (related to cavitation, dispersion and
repulsion energies) were included in the self-consistent reaction field
(SCRF) procedure. Reliable solvation Gibbs energies were obtained when
the geometry optimization was followed by a single-point calculation at the
HF/6-31G*/UAHF level.

The molecular dynamics-thermodynamic integration method was applied to
calculate the relative Gibbs energy of hydration (∆∆GHYD). All calculations
were performed using the GROMACS molecular modeling package30,31 with
our own code implementing the TI method. Soft core32 potential scaling
was used systematically. All other details of the simulations have been pre-
sented in our previous studies10–13.
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STRATEGY

The hybrid model approximates the solvation-first-shell effect by including
one or more explicit water molecules in a continuum solvent in order to
describe specific hydration. Inclusion of only one water molecule was con-
sidered in this paper. According to our previous studies the main and the
highest specific hydration arises from the first water molecule. Two and
more water molecules around the base start to cluster together rather than
create some specific single interaction with bases. Moreover there are too
many structures with two water molecules that it would be very difficult to
find a criterion for specific hydration what is crucial in our method.

First, all hydration positions of a base must be known which requires de-
termination of the potential energy surface (PES) of the base-one water
molecule cluster. The MD/quenching technique was utilized to explore the
PES. The second step must determine which structures fulfil the criteria for
specific hydration. Two different criteria were considered:

a) The hydration is always specific. Only the most populated structure
(with the largest ∆GFORM) for each of the tautomers was considered. The
value of ∆GHYD is obtained as a sum of ∆GHYD

COSMO (the base–H2O complex)
and ∆E (the base–H2O complex). Finally, the COSMO hydration Gibbs en-
ergy of an isolated water molecule ∆GHYD

COSMO (H2O) was subtracted.
b) The ∆GFORM of the base–water complex was chosen as a criterion for

specific hydration. The hydration of a base is considered to be specific if the
value of ∆GFORM of the complex is by 1 kcal/mol (or more) smaller than that
of the water dimer (∆GFORM(base–H2O) + 1 ≤ ∆GFORM(H2O–H2O)); i.e. forma-
tion Gibbs energy of the base–water cluster is more favourable than that of
the water dimer. When this criterion is fulfilled, the value of ∆GHYD is ob-
tained in the same way as in the previous case a); if the criterion is not ful-
filled, the hydration is not considered and ∆GHYD is equal to ∆GHYD

COSMO of
a bare base.

RESULTS AND DISCUSSION

Table I shows relative Gibbs energies in the gas phase, relative Gibbs ener-
gies of the monohydrate complex formation and relative hydration Gibbs
energies for various tautomers of adenine, cytosine, guanine, thymine, ura-
cil and isoguanine. The hybrid model results in columns a and b refer to
criteria a) and b) described above. Figures 1 and 2 present the most stable
structures for various monohydrated tautomers.
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TABLE I
Relative Gibbs energies in the gas phase (∆G), relative Gibbs energies of the complex formation
(∆∆GFORM) and relative hydration Gibbs energies (∆∆GHYD) of the tautomers studied (in kcal/mol)

Base Structurea ∆G ∆∆GFORM
b ∆∆GHYD

COSMO c
∆∆GHYD

COSMO-HYBRID d

∆∆GHYD
Tl e

1 2

Adenine a9 0.0 0.0 0.0 0.0 0.0 0.0
a1 18.4 –6.1 –13.4 –14.9 –14.9 –11.5
a17r 16.8 0.4 –7.3 –8.0 –8.0 –7.8
a19r 11.8 –0.3 –4.1 –4.2 –4.2 –4.0
a3 8.5 –1.6 –4.6 –4.9 –4.9 –5.0
a37l 17.8 –3.0 –4.4 –7.4 –7.4 –5.1
a39r 30.5 –1.2 –14.6 –15.6 –15.6 –12.2
a7 7.3 0.6 –6.8 –3.4 –3.4 –4.7
a79l 37.0 –7.6 –14.7 –18.6 –18.6 –21.3

Cytosine c1 0.0 0.0 0.0 0.0 0.0 0.0
c2a –2.2 0.8 6.5 7.5 6.1 3.7
c2b –1.5 1.4 6.0 6.4 5.5 7.3
c3a 2.0 0.4 4.3 0.9 3.9 3.8
c3b 0.5 0.5 5.2 5.2 4.7 4.7

Guanine g19 0.0 0.0 0.0 0.0 0.0 0.0
g17 0.3 –0.7 1.5 –0.1 –0.1 –0.9
g39 19.0 –0.7 –12.7 –11.4 –11.4 –24.8
g37 7.2 –1.7 –1.5 –3.9 –3.9 –18.5
g79 23.2 –2.1 –10.6 –11.1 –11.1 –30.7
g7o2 4.5 1.0 5.1 3.8 3.7 3.1
g9o2 1.0 1.8 6.8 6.0 5.4 5.6

Thymine t1 0.0 0.0 0.0 0.0 0.0 0.0
t1o2r 9.8 0.3 0.1 2.5 0.1 1.0
t1o4l 22.3 –1.5 –4.6 –5.3 –6.5 –5.5
t3o2l 18.0 –2.6 –5.7 –6.5 –7.7 –2.5
t3o4r 12.9 –1.4 –4.0 –4.1 –5.2 –3.5
to2lo4r 12.0 2.2 0.1 0.6 0.1 3.0
to2ro4r 10.9 –0.6 1.3 1.5 0.4 3.9

Uracil u1 0.0 0.0 0.0 0.0 0.0 0.0
u1o2r 10.3 –1.3 0.4 –0.9 –0.3 0.8
u1o4l 20.8 –2.5 –7.3 –9.2 –8.7 –6.5
u3o2l 18.7 –2.5 –5.7 –6.6 –6.0 –3.2
u3o4r 12.1 –1.1 –3.1 –3.5 –2.9 –3.7
uo2lo4r 11.7 1.5 1.2 0.8 1.2 2.3
uo2ro4r 10.6 –0.4 2.1 1.8 2.3 3.1

Isoguanine ao1 0.0 0.0 0.0 0.0 0.0 0.0
ao7 28.6 0.1 –21.7 –22.0 –22.0 –20.3
c37 38.8 –6.3 –20.4 –20.7 –20.7 –24.7
t37 51.0 0.8 –30.8 –29.7 –29.6 –31.5

a Figs 1 and 2. b ∆GFORM of water dimer, a9, c1, g19, t1, u1 and ao1 amounts to 4.85, 2.97,
3.62, 2.88, 4.02, 3.93 and 1.61 kcal/mol. c COSMO method used for bare tautomers. d Hy-
brid model, 1- the hydration of a base is always considered as specific, 2- the hydration of a
base is considered being specific if the water dimer criterion is fulfilled. e The thermody-
namic integration method.



By comparing the values in columns 1, 4, 5, 6 and 7 we can deduce the
role of the solvent in the stability of various tautomers. In the following
paragraphs, single NA bases will be discussed.
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FIG. 1
The most populated structures of each adenine, cytosine and guanine tautomers optimized at
the MP2/cc-pVDZ level of theory



Adenine. Based on the TI results (column 7 in Table I), adenine tautomers
were hydrated in the following decreasing order: a79l > a39r > a1 > a17r >
a37l > a3 > a7 > a19r > a9. The bare continuum model (column 4 in Table I)
gave similar relative results and the difference concerned the a7, a3 and
a37l tautomers (i.e. the order is a79l > a39r > a1 > a17r > a7 > a3 > a37l >
a19r > a9). However, the differences between the TI and COSMO results
for these tautomers were small (2.1, 0.4 and 0.7 kcal/mol, respectively).
Only for the a79l tautomer was the COSMO value considerably smaller (by
6.6 kcal/mol). The monohydration Gibbs energy of various adenine
tautomers was significantly smaller than that of the water dimer, the results
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FIG. 2
The most populated structure of thymine, uracil and isoguanine tautomers optimized at the
MP2/cc-pVDZ level of theory



in columns 5 and 6 (hybrid model) are identical. When the hybrid model
was adopted (columns 5 and 6 in Table I), the tautomers were hydrated in
the following decreasing order: a79l > a39r > a1 > a17r > a37l > a3 > a19r >
a7 > a9. The respective order was similar to that for the TI method, only the
a7 and a19r tautomers were exchanged. The gap between TI and COSMO
hybrid results for the a79l tautomer also became smaller (2.7 kcal/mol) and
the absolute average error (AAE) slightly decreased (from 1.8 to 1.7 kcal/mol;
cf. Table II). The hybrid model brought the COSMO values and the relative
order of adenine tautomers closer to the TI values.

Cytosine. The TI results indicate that the canonical tautomer c1 is hy-
drated better than other cytosine tautomers. A similar conclusion was ob-
tained by the COSMO calculations. Based on TI results, tautomers were hy-
drated in this decreasing order: c1 > c2a > c3a > c3b > c2b. A continuum
model gave similar relative results and the only difference concerned the
c2a tautomer, which was the second in the TI series and the last one in the
COSMO series. However, the difference between the TI and COSMO results
for this tautomer was less than 3 kcal/mol.

Application of the hybrid model to the cytosine tautomers was more dif-
ficult than in the previous case. The monohydration was less specific and
considerably weaker compared with adenine tautomers. Consideration of
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TABLE II
The absolute average error (AAE) of the relative hydration Gibbs energies (∆∆GHYD) obtained
by COSMO and the hybrid model compared with the MD-TI (in kcal/mol)

Base COSMO

Hybrid modela

ab bc

Adenine 1.8 1.7 1.7

Cytosine 1.3 2.0 1.1

Guanine 9.1 8.3 8.2

Thymine 1.8 1.8 2.5

Uracil 1.1 1.8 1.5

Isoguanine 2.1 2.5 2.5

Average 2.9 3.0 2.9

a Hybrid model, see strategy. b The hydration of a base is always considered as specific. c The
hydration of a base is considered to be specific only if the water dimer criterion is fulfilled.



the water dimer criterion b) is thus more useful. Although the relative order
of cytosine tautomers obtained by the hybrid model was the same in both
cases, the AAE for the criterion b) was smaller than that for bare COSMO
(1.1 vs 1.3 kcal/mol; cf. Table II).

Guanine. Based on the TI results, guanine tautomers were hydrated in the
following decreasing order: g79 > g39 > g37 > g17 > g19 > g7o2 > g9o2. The
continuum model gave different results and the g19 and g17 tautomers
were exchanged, which was also true for the g39 and g79 tautomers (i.e. the
order is g39 > g79 > g37 > g19 > g17 > g7o2 > g9o2). Despite the quite good
qualitative values, the absolute values obtained by the TI and COSMO
methods differed considerably (as much as 20 kcal/mol).

When applying the hybrid model, the tautomers were hydrated in the
following decreasing order: g39 > g79 > g37 > g17 > g19 > g7o2 > g9o2. The
use of the hybrid model lowered the AAE from 9.1 to 8.3 (criterion a)) or
8.2 (criterion b)) and also changed the order of the g17 and g19 tautomers.

Thymine. According to the TI results, thymine tautomers were hydrated
in the following decreasing order: t1o4l > t3o4r > t3o2l > t1 > t1o2r >
to2lo4r > to2ro4r. The continuum model gave slightly different results and
the difference concerned the t1o4l, t3o4r, t3o2l and to2lo4r tautomers (i.e.
the order is t3o2l > t1o4l > t3o4r > t1 > t1o2r = to2lo4r > to2ro4r). When
using the hybrid model with the water dimer criterion b), the order did not
change. The hybrid model with criterion a) gave results which were usually
closer to the TI results; the AAE was comparable for bare COSMO and the
hybrid model with criterion a).

Uracil. Based on the TI results, the uracil tautomers were hydrated in the
following decreasing order: u1o4l > u3o4r > u3o2l > u1 > u1o2r > uo2lo4r >
uo2ro4r. A continuum model gave similar relative results and the only dif-
ference concerned the u3o4r and u3o2l tautomers, which were exchanged
in the COSMO series (i.e. the order is u1o4l > u3o2l > u3o4r > u1 > u1o2r >
uo2lo4r > uo2ro4r). The absolute COSMO values were in a good agreement
with the TI ones. The AAE of the COSMO method was only 1.1 kcal/mol.
The hybrid model did not shift the COSMO results closer to the TI results
and the AAE increased. Not only the u3o4r and u3o2l tautomers but even
the u1 and u1o2r were exchanged (i.e. the order is u1o4l > u3o2l > u3o4r >
u1o2r > u1 > uo2lo4r > uo2ro4r) in the series when the hybrid model was
used. Using the water dimer criterion yielded results, which were closer to
the TI numbers.

Isoguanine. The TI results indicated that isoguanine tautomers are hy-
drated in the following decreasing order: t37 > c37 > ao7 > ao1. The ao7
and c37 tautomers were exchanged in the COSMO series (i.e. the order is
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t37 > ao7 > c37 > ao1). The AAE increased if both hybrid models were used
but the change in the COSMO results caused by using the hybrid model
was less than 1 kcal/mol for all isoguanine tautomers and the relative order
did not change (i.e. the order is t37 > ao7 > c37 > ao1).

CONCLUSION

The hybrid model considering the water dimer criterion gives better results
than the bare COSMO for adenine, cytosine and guanine while for thy-
mine, uracil and isoguanine the opposite is true. When the simple hybrid
model is used (i.e. criterion a) is considered), better results are obtained
only for adenine and guanine. Averaging the AAE for all NA bases yields the
same values for the hybrid model with criterion b) and for the bare COSMO
(2.9) and a slightly higher value for the hybrid model with criterion a)
(3.0).

It can thus be concluded that introduction of specific hydration, which is
physically fully adequate, does not bring any improvement over bare
COSMO. On the other hand, it does not cause any significant deterioration
and it should not be excluded.

Although the bare COSMO and MD-TI results are in a good agreement in
our calculations, some minor differences still remain. We believe that cor-
rectly described specific hydration can minimize this difference. Further-
more many other system different from our can require such hydration de-
scription in order to posses reliable results, comparable to MD-TI results.
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