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Comparative study of three systems of potential functions

for simulation of nucleic acid hydration
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Three systems of potential functions (PF) which are used in simulations of hydration of
bioorganic molecules have been compared: Poltev and Malenkov (PM), Weiner and Kollman
(WK) (used in the widespread AMBER program), and OPLS (optimized potentials for liquid
simulations) of Jorgensen (J). The values of interaction energies of individual water
molecules with single molecules of nucleic bases calculated vie PM potentials are in
somewhat better accord with mass spectrometric data than those calculated via WK PF.
OPLS give much smaller energy values for all compounds considered; therefore they were
not used in further computations. Monte Carlo simulation of hydration of 9-methyladenine,
I-methyluracil, and [-methyithymine in systems with 300 water molecules and periodic
boundary conditions have been performed. Simulations with PM potentials give better
agreement with the experimental data on hydration energies than those with WK PF that
allows to prefer PM PF for simulation of hydration of nucleic acids.
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Computer simulation of hydration of organic mole-
cules is associated with some methodological problems,
incorrect solutions of which may give even qualitatively
inadequate results. The search of potential functions and
boundary conditions for adequate description of intermo-
lecular interactions in a liquid and generation of Markov
chains long enough to achieve the required accuracy of
calculations are among these problems. '

Nevertheless, computer simulation makes it possible
to obtain data frequently unavailable by experimental
methods. Thus, simulation of hydration of DNA and its
fragments is necessary to elucidate the structural aspects
of the functions of this important biopolymer. In this
connection, it is necessary to mention the well-known
dependence of the conformation of the double helix on
the water content in a sample! and the X-ray study of
crystals of oligonucleotide duplexes? indicating a spe-
cific hydration of the minor groove of AT-sites of DNA
(the stability of the B'-conformation of
poly-dA : poly-dT is explained sometimes by the "water
spine” formation3). In conjunction with that, the hydra-
tion of fragments and separate components of DNA is
also interesting from the methodological viewpoint. There
is a set of experimental results that may be used for
guantitative testing a calculation procedure. The ener-

gies of interactions of the individual water molecules
with nucleic bases and their derivatives obtained in mass

‘spectrometric studies? and the energies of hydration of

bases®3 (calculated as differences in energies of dissolu-
tion and sublimation of the corresponding compound)
are the required data.

In 1984, we have refined the system of atom-atom
potential functions (PF) for the calculation of interac-
tions between water molecules in "liquid water” and
water molecules with the components of nucleic acids.$
These PF (designated as Poltev—Malenkov potentials,
PM) were used in several works on simulation of hydra-
tion of DNA fragments (e.g., see Ref. 7 and references
therein), thus makes possible to reveal and describe the
peculiarities of structure of the hydration shells of sepa-
rate bases and double-helix fragments of nucleic acids.

Another system of PF frequently used in simulation
of the structure of biopolymers was proposed by Weiner
and Kollman (PF WK).8 Together with the Jorgensen’s
TIP3P water model,? this system is used in the wide-
spread computer program AMBER for simulation of
biopolymers.10

This work deals with comparison of two systems of
potential functions, viz., PM and WK, and calculations
with OPLS potentials (Optimized Potentials for Liquid
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Simulations) designed by Jorgensen!!:12 (PF J), in which
his TIP4P model of water was used.?

Procedure of Calculations

The calculations of energies of intermolecular inter-
actions are performed within the framework of the
method of the atom-atom potential functions using
three systems of PF: PM, WK, and J. The averaged
crystallographic data on several related compounds were
taken for obtaining geometric parameters of nucleic
bases. The positions of force ficld centers of water
molecules for all of the system of potentials were taken
according to the model accepted for this system.

The simulation of hydration by the Monte-Carlo
method (Metropolis sampling) was carried out for 300 K
using procedures previously described.5? The periodic
boundary conditions were imposed only to the water
molecules. Water—base and base—base interactions be-
tween the neighboring unit cells were neglected. The
parameters of the unit cell in the system of 300 water
molecules (25.0 Ax25.0 Ax14.4 A) are in accord with
the density of 0.98 g/cm?. As to water—base systems,
one of the dimensions of the cell (height) was changed
to take intoc account the intrinsic volume of a molecule
of a base. The following molecular volumes at 300 K
were used: water, 30 A3; 9-methyladenine, 168 A%;
1-methylthymine, 169 A3; 1-methyluracil, 137 A3
The molecular volumes of bases were calculated
using X-ray data on crystals of 9-methyladenine,!3
[-methylthymine,14 and 1-methyluracil.13 These estima-
tions of the molecular volumes of the bases practically
coincide with the data on the various, including mixed,
crystals.

Results and Discussion

Interactions of the individual water molecules with
nucleic bases. The results of a search for the deep-
est minima of energies of interactions between a single
water molecule and considered purines and pyrimidines
are presented in Table 1, and the relative positions of
molecules of bases and water in these minima are pre-
sented in Fig. 1. All of these minima are correspond to
the planar position of the nucleic bases and the oxygen
atom of water. As can be seen from Fig. 1 and the
nearest interatomic distances presented in Table 1, the
positions of water molecules are almost the same in
every minimum for all types of PF. In addition, the
global minima for all of the bases (except guanine)
calculated using these potentials, refer practically to the
same position of water molecules near the base. The
ranging of energy minima are also practically the same.
In calculations with PM potentials for 9-methylguanine,
the global minimum corresponds to the formation of H-
bonds between the water molecule and the N(7) and
O(6) atoms, and in calculations with WK and J poten-
tials, the H-bonds involve the O(6) and H(1) atoms.

b

ow(l) A

1

7 Hw(1)

AL

Hw(2) 3
1 " o,
D
33 Ow(2)*
5 M, Ow(3)
N ./ 2 ‘.)}-‘- 2
83 ® fw3) 31 C
T vaf-’: C -
Ow(3) g Hw(4)
L)‘.Ll-H(\QI i D
C d
'Y A
A owh ()m!:&
27 PoHw(1) 4
1 i . - . 4
Hw(l) r\h _”\\'l'g) 3. \‘»-__.
! 7 B ('}“i“:) B
L Ow(2) Yo ook =Y
j r’< Al L ./ H ")?x?(}““’
5 7 Ow(3) N A < :
T Yoo 2943 C
. i ) ryHw(4)
Hw(4) ¢, =2 i
Iw(4) A\ [ RHOw(4)
; of Ow(4) OWd) S, 7
- D D

Fig. 1. Positions of water molecules in local interaction
energy minima of with 9-methyladenine (a), 1-methylthymine
(b), 9-methylguanine (¢), and 1-methylcytosine (d). Designa-
tions of PFs are as follows: PM I; WK 2; J 3. The minima,
whose energies are presenied in Table 1, are designated by
letters.

These calculations show that the energy values ob-
tained using PM and WK potentials are rather close to
each other, but J potentials always give the underes-
timated values. Since PM potentials are chosen with
regatd to (inter alia) the energies of interactions
of individual water molecules and bases, WK potentials
are in good agreement with these experimental data as
well.

The detailed comparison of PF using the data on the
energies of interactions of a single water molecule with
methylated bases is presented in Table 2. The caicula-
tions show that the replacement of the H atom by the
methyl group in all of the positions, besides those
involved in formation of H-bonds, changes the value
of energies of water—base interactions in local
minima only by 0.1—0.2 kcal mol~!. Hence, one can
compare our calculations for 9-methylpurines and
1-methylpyrimidines with the data on polymethylated
bases with a satisfactory accuracy. Using the PM
potentials, the calculations for other derivatives of bases,
for which the experimental data are available, are also
possible, but we did not carry out such calculations due



Simulation of nucleic acid hydration

Russ. Chem.Bull., Vol. 44, No. 7, July, 1995

1335

Table 1. Energies of intermolecular interactions and the nearest interatomic distances in

local minima of the system involving the base and one water molecule

Local Parameter?® PM WK J
minimum?
9-Methyladenine
A E —-10.81 —10.80 -7.76
RoyH©) Roy(1yNe) 1.89 2.77 1.85 2.80 2.02 2.90
B E —9.08 —-9.78 —7.58
Ry, NGy RouNm 1.89 2.82 1.86 2.82 1.90 2.84
Ro, )H(5) Ro,)N ) 1.80 2.78 1.80 2.79 1.90 2.88
C E —6.99 —6.01 —5.16
RN(3)HW(3), Ro(3ING) 1.89 2.87 1.90 2.86 1.90 2.85
I-Methylthymine
A E —6.34 —5.46 ~6.40
Ru ()0 Ro (o 1.85 2.83 1.87 2.84 1.83 2.77
B E —7.95 -8.11 —~7.48
Ry, 0> Ro, 0 1.90 2.76 1.94 2.82 1.87 2.78
Roua) RoNG) 1.92 2.79 1.94 2.82 2.10 2.95
C E —6.98 —8.01 —~6.46
Ry oy Ro.300) 1.91 2.76 1.94 2.82 1.93 2.82
OuMHEY ROLING) 1.93 2.79 1.95 2.83 2.08 2.94
D E -5.93 —-5.58 —6.28
Ry, w00 Ro4)00) 1.86 2.82 1.86 2.83 1.81 2.77
9-Methyiguanine
A E —12.53 —9.98 -9.37
Ry (yNys Ro, (18 1.90 2.81 1.92 2.84 2.08 2.93
06 HW(17s RO6Y0,(1) 1.87 2.74 1.97 2.75 1.93 2.79
B E —-10.94 —11.04 —11.11
Ro, )y Ro,@Na) 1.87 2.74 1.91 2.79 1.99 2.85
Hw(06) Ro,21066) 1.90 2.76 1.94 2.84 1.88 2.79
C E —10.52 —10.16 -9.62
Rommay Rouow 1.88 2.77 1.96 2.87 1.83 2.81
0w IH2) ROLGIND) 1.84 2.74 1.98 2.88 2.39 3.21
D E ~10.40 -9.77 —7.81
Ro, (ayH(2)s Ro(N@) 1.86 2.73 1.89 2.78 1.97 2.86
Ho@NG) Roa)NE) 1.92 2.81 1.95 2.87 2.00 2.92
1-Methylcytosine
A £ -6.70 -7.30 —6.24
Ro(hH @) Ro,()HN@) 1.77 2.77 1.80 2.80 1.88 2.88
B E —11.81 —11.58 -9.92
Ro oH@): Ro N 1.92 2.79 1.93 2.82 2.04 2.92
Ry, NGy Ro,ong) 1.90 2.79 1.89 2.84 1.94 2.86
C E —11.80 —-9.87 —8.75
Ry, ey Rouang) 1.93 2.77 1.89 2.84 1.89 2.85
Ry, h0@) Ro,(3)02) 1.96 2.68 2.47 2.96 2.85 3.19
D E —7.57 -6.92 —7.33
Ry 002> Ro,wo) 1.85 283 . 184 2.82 1.78 2.73

@ Pesignations of focal minima (Fig. 1).

5 Values of energies are given in kcal/mol, and the distances are given in A.

to the lack of literature data on atomic charges in these
compounds (obtained within the framework of PF WK
and J).

The data in Table 2 demonstrate a good agreement
of the results obtained using PM potentials with all of
the experimental values, except for the value for
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Table 2. Experimental enthalpies of formation of methylated
base monohydrates and the corresponding calculated energies

Base AH gyt PM . WK 3

miThy ~104%09 -79(B) -81(B) -75(B)
m!Cyt ~11.4408 -118(B) =116 (B) —9.9 (B)
mlyp#4Cyt  —11.8409 —11.8(C) —9.9(C) —8.8 (B)
m°Ade -10.6+1.0 —108 (A) =108 (A) -7.8 (B)
méy69%Ade  —8.3+08  —7.0(C) —6.0(C) —5.1(C)

m?329Gua —14.1£1.0 —125(A) —11.0(B) —11.1 (B)

Note. The designations of minima are given in parentheses
after the corresponding calculated values.

1-methylthymine (WK potentials and J also give a dis-
agreement in this case). Slightly lowered absolute values
of energy minima of interactions between water and
9-methyladenine and 9-methylguanine vs. the experi-
mental data on 6,6,9-trimethyladenine and 2,2,9-tri-
methylguanine are related with the absence of two addi-
tional methyl groups. WK PF give considerably worse,
but satisfactory, agreement of calculations with the
experimental heats of formation of monohydrates of
1,4-dimethylcytosine, 1,4,4-trimethylcytosine, 6,6,9-tri-
methyladenine, and 2,2,9-trimethylguanine.

The energies obtained using the J potentials were too
underestimated for all of the compounds, in spite of
some parameters of these potentials were chosen using
the data obtained by ab initio calculations for the wa-
ter—bhase interactions.1? Therefore, we did not carry out
the further calculations with J PF.

Simulation of hydration of nucleic bases by the Monte
Carlo method. In numerous works on simulation of
hydration of molecules by the Monte Carlo method the
cluster approximation is used, i.e., either the considered
system has boundaries, or the location of boundaries
makes the density substantially lower than that of liquid
water. We began a comparison of the two systems of PF
with the calculations for clusters containing a various
numbers of water molecules (from 25 to 400) and for the
same clusters containing one of the nucleic bases. It
appeared that such calculations cannot be used for
quantitative comparison with experimental data. There-
fore, we report only general, methodologically impor-
tant conclusions from these calculations.

An increase in a number of water molecules in
clusters containing the DNA bases to 100 affords a
gradual increase (in absolute value) not only in the total
energy and the energies of water—water interactions per
one water molecule (this is easy to understand as a result
of increase in a portion of non-surface water molecules),
but in the water—base interaction energy and in a slight
increase in number of H-bonds between water and bases
as well. In this procedure, one can generate Markov
chains (as a rule, 100—200 thousand configurations per
water molecule are enough), giving the reproducible
average energies and numbers of H-bonds remaining

constant during the further increase in a number of
configurations.

Thus, when the number of water molecules in a
cluster is relatively small, one can achieve adequate
average energies (the water molecules are kept together
by the field of a base). However, in this case, the part of
surface water molecules is high and we fail to obtain
both reliable values of total energy and the energy of the
water—base interaction. When the number of water
molecules in clusters is large, a convergence of the
average energies becomes inadequate, because the water
molecules "evaporate” from the surface of a cluster. As is
shown in the further calculations with periodic boundary
conditions (see below), the average energy of water—
base interactions is obtained with a good accuracy.
However, this energy is only a part of the energy of
hydration of the base. Another part involving a change
in the energies of water—water interactions is unavail-
able in a cluster approximation. Thus, attempts to ob-
tain the energy of hydration as the difference of energies
of a cluster of pure water and the cluster of the same
number of water molecules with a base gave contradic-
tory results. It is appeared that this difference depends
strongly and nonmonotonically on the number of water
molecules in the cluster and also on the shapes of
boundaries.

More correct calculations of hydration energies were
performed using periodic boundary conditions and a
larger number of water molecules in the unit cell. The
results reported here are related to 300 water molecules
(the similar results were also obtained for 400 water
molecules in the unit cell). Using the same concept, the
volume of the studied system can be taken to be in
agreement with the experimental data. It should be
noted that the adequate convergence of the average
energies requires at least 200000 trials per water mol-
ecule: in this case, the average values of total energy of
the system and its components are practically constant
at the further trials. In Fig. 2, the dependencies of
average energy, its components, and a number of H-
bonds between water and the base for a system of
1-methylthymine and 300 water molecules obtained by
calculations using PM potentials are plotted.

The results of calculations are summarized in Table 3.
It appeared that the values of total energy for pure water
(E,y) are rather close for calculations both with PM
potentials and WK potentials. The calculations indicate
that PM potentials afford the adequate hydration energies
for all three nucleic bases, for which the experimental
data are available. A slightly increased value for
9-methyladenine can be only noted. The WK potentials
afford significantly underestimated absolute values of en-
ergies for 1-methylthymine and 1-methyluracil. Simulta-
neously, the hydration energy of uracil calculated using
the WK potentials have the higher absolute value than
that of thymine, whereas the experimental data point to
the opposite situation; this is adequately reproduced in
calculations using the PM potentials.
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Fig. 2. Dependence of average energy, its components, and the number of H-bonds between water and base for the system
containing 1-methylthymine and 300 water molecules on the length of the Markov chain. N is the nurmber of configurations per

water molecule.

Table 3. Average energies of the system containing a base and 300 water molecules and its
components (at 300 K) in comparison with the experimental enthalpies of hydration

Parameter 9-Methyladenine 1-Methylthymine 1-Methyluracil
PM WK PM WK PM WK
Epw —2677.8 —2699.1 —2677.8 —2699.1 —2677.8 —2699.1
E —2702.8 —=2721.4 =2702.1  =2713.1 —26982 —2713.8
E, —50.1 —42.1 -393 —30.7 —38.1 ~30.8
E, —2652.7 —2679.3 —2660.0 —2682.4 —2660.1 —2683.0
Ny 6.78 59 4.8 38 5.1 3.8
AE —25.0 —22.3 —22.5 —14.0 —204 —-14.7
AHeyy -23.0° -23.44 -21.34

Note. Eqy 18 the energy of the system consisting of 300 water molecules (without a base
molecule); E; is a total energy of the system containing a base; F, is the energy of the
water—base interactions; £, is the energy of water—water interactions. N, is the number of
H-bonds between water and base; AE is the calculated energy of hydration (ErEpw);
AH.,, is the experimental enthalpy of hydration (at 298 K).

It is also to be noted that the PM potentials give the
energies of the water—base interactions by ca.
10 kcal/mol higher (absolute value) than those of the
WK potential. This result also correlates with larger
average numbers of the water—base H-bonds obtained
using the PM potentials.

Conclusions. Three systems of potential functions
used in simulation of hydration of bioorganic molecules
are considered; the PM potentials have the best agree-
ment both with the mass spectrometric data on the

interaction energies of purines and pyrimidines with
individual molecules of water and with the experimental
hydration energies (obtained as differences of heats of
sublimation and dissolution). The quantitatively reliable
hydration energies can be calculated using the Monte
Carlo method for systems with periodic boundary condi-
tions. The calculations by cluster approximation afford
only rough estimations of hydration energies of organic
molecules.
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