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We constructed an efficient and accurate computational tool based on the potentials-of-mean-
force approach for computing the detailed hydrophilic hydration of complex molecular structures in
aqueous environments. Using the pair and triplet correlation functions database previously obtained
from computer simulations of the simple point charge model of water, we computed the detailed
structural organization of water around two B-DNA molecules with sequences d(AATT)3-d(AATT)s
and d(CCGG)3-d(CCGG)s, and canonical structure. [A, T, C, and G denote adenine, thymine, cyto-
sine, and guanine, respectively, and d(- - -) denotes the deoxyribose in the sugar-phosphate backbone.]
The results obtained are in agreement with the experimental observations. A-T base-pair stretches
are found to support the marked minor-groove “spines of hydration” observed in x-ray crystal struc-
tures. The hydrophilic hydration of the minor groove of the molecule d(CCGG)3-d(CCGG)s exhibits
a double ribbon of high water density, which is also in agreement with x-ray crystallography obser-
vations of C-G base-pair regions. The major grooves, on the other hand, do not show a comparably
strong localization of water molecules. The quantitative results are compared with a computer
simulation study of Forester et al. [Mol. Phys. 72, 643 (1991)]. We find good agreement for the
hydration of the — NH2 groups, the cylindrically averaged water density distributions, and the
overall hydration number. The agreement is less satisfactory for the phosphate groups. However,
by refining the treatment of the anionic oxygens on the phosphate groups, almost full quantitative
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agreement is achieved.

PACS number(s): 87.15.Da, 87.15.By, 68.45.—v

I. INTRODUCTION

In their functional form, biomolecules are surrounded
by an aqueous environment. The intrinsic stability of
biomolecules and their biochemical reactions depend cru-
cially on the interactions with their environment, i.e.,
water and ions. In particular, water plays an essential
role in mediating molecular association such as antibody-

antigen complex formation, protein-DNA interaction, or
drug binding to proteins and nucleic acids [1-4]. Struc-
turally localized water can result in strongly enhanced
specificity of these reactions. Therefore, proper under-
standing, modeling, and prediction of the properties and
interactions of central biomolecules such as nucleic acids
and proteins require an adequate description of their in-
teractions with water.

In the case of the DNA-water interaction, a substan-
tial amount of information has been accumulated dur-
ing the past 40 years using experimental techniques such
as fiber [5,6] and particularly crystal x-ray studies dis-
cussed below, infrared [7,8] and Raman spectroscopy [9],
buoyant density [10,11], and gravimetry [12], and more
recently by volumetry [4], ultrasonics [13,14], Brillouin
scattering [15], neutron diffraction [16], and nuclear mag-
netic resonance (NMR) spectroscopy [17,18]. The ex-
perimental results have been widely reviewed [19-24].
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These results mainly indicate that the short-range hy-
drophilic interactions of electronegative DNA atoms with
water give rise to a strongly sequence- and conformation-
dependent organization of water molecules forming well
localized networks on parts of the DNA-solvent interface.
The rest of the water in the system can be thought to
affect DNA via the poorly understood hydrophobic in-
teraction as well as via its bulk-medium properties, e.g.,
providing a high dielectric constant, low compressibility
fluid background.

Many of the characteristic features of B-DNA struc-
tural hydration were first observed by Dickerson and
collaborators using x-ray crystallography. For example,
they first described the “water spine” covering the mi-
nor groove of the AATT part in the d(CGCGAATTCG-
CG) dodecamer [25,26]. [A, T, C, and G denote adenine,
thymine, cytosine, and guanine, respectively, and d(-- )
denotes the deoxyribose in the sugar-phosphate back-
bone.] Other research groups subsequently described var-
ious patterns of structural hydration in A-DNA [27] and
Z-DNA crystals [28,29], and in D-DNA fibers [16]. The
presence of a “spine of hydration” in A, T, tracts of
B-DNA in solution was also observed in NMR studies,
which showed anomalously long residence times of water
molecules in the minor groove [17,18].

On the theoretical modeling side, until recently the
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main approach used to study DNA hydration has been
the computer simulation technique of placing a DNA
oligomer and several hundred to a few thousand water
molecules in a simulation box, specifying the interaction
potentials, and letting the computer numerically solve
Newton’s equations for a given period of time (molecu-
lar dynamics) or generate particle configurations of the
canonical ensemble via the Metropolis Monte Carlo algo-
rithm.

Studies of this kind were first reported 13 years ago
by Corongiu and Clementi [30-32]; these studies dealt
mainly with energetic aspects of the water-DNA system.
Subsequently, a number of Monte Carlo and molecular
dynamics studies of various oligomer sequences [33-36]
described some features of the experimentally observed
DNA structural hydration.

Computer simulations of DNA (and, in general,
biomolecular) hydration are subject to serious limitations
owing to the complexity of the DNA-water and, even
worse, the DNA-water-ion system, and severe method-
ological difficulties. In conjunction with long relaxation
times, the large particle numbers required result in enor-
mous computing times. The treatment of the long-range
and strong Coulomb interactions under periodic bound-
ary conditions requires particular care. Another serious
technical problem arising in the computation of water
densities around biomolecules is the poor density statis-
tics, which is a consequence of the rather open liquid wa-
ter structure (low bulk-water particle density of about
33.33 nm™3). In order to understand this point con-
sider the fluctuation of particle numbers N in a volume
AV, which is related to the isothermal compressibility xr
through (N2) — (N)2 = (N)pkpgTxT, where (N) = pAV.
For water with xyr ~ 4.5 x 1071 m2N~! under nor-
mal conditions we obtain pkpTxT = 0.06. If we as-
sume that in the vicinity of a solvated macromolecule
the density varies considerably over distances of, e.g.,
0.05 nm (approximately one sixth of the molecular diam-
eter) and calculate average particle numbers in a volume
AV = (0.05 nm)3, we obtain (using bulk-water charac-
teristics) (N) = 0.004 and ((N?) — (N)?)¥/2/(N) ~ 1.
Correspondingly, the number of counts in a local den-
sity calculation is extremely small and subject to large
fluctuations. In view of this brief discussion it becomes
clear that new routes are needed in order to allow rou-
tine investigations of solvent effects on the hundreds of
structures derived from experiments (x-ray, NMR, etc.)
or theoretical modeling.

In this work, we present an alternative computational
method that is capable of determining the detailed struc-
tural organization of water near DNA (and, with trivial
adaptations, any other biomolecule and biomolecular as-
sembly) several orders of magnitude faster than computer
simulations. It is based on the potentials-of-mean-force
(PMF) approach developed in our group [37-41] that
aims at the implicit description of the solvent using a
database of its correlation functions. This approach al-
ready yielded excellent results concerning ionic effects on
DNA with a much cruder water description sufficient for
diffuse ionic effects but inadequate for hydration studies
(for reviews, see Refs. [41] and [42]). A simpler version
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of the technique described here was used in conjunction
with the restricted primitive model of electrolytes and
ionic pair correlation functions to compute ionic distri-
butions around DNA conformations [40]. The approach
described here was carefully tested in a very recent study
of the water density at the ice-water interface [43]. A
preliminary account of some of the results obtained con-
cerning DNA hydration was presented in Ref. [44]. From
the presentation in the following section it will become
clear that because of its generality the approach followed
in this work offers many possibilities for applications in
various other fields of nonuniform equilibrium fluids in-
volving liquid phases of molecular solvents.

II. THEORY

We start from an atomic representation of a solvated
macromolecule with N, atoms of type a at positions r;_
and M different types of atoms a. The set of atomic
coordinates (obtained from x-ray crystallography, NMR,
modeling, etc.) will be denoted by {r; }. We will as-
sume the molecule to be rigid. For the time being we
will consider only equilibrium structures. However, the
great computational efficiency of the method allows one
to introduce an additional averaging over the set of co-
ordinates of the molecule. This thermal average can, for
instance, be performed using the temperature factors ob-
tained from x-ray crystallography or by using the set of
different molecular coordinates consistent with the NMR
data, interpreting them as a representative ensemble of
molecular configurations.

For the sake of notational simplicity, we present the for-
mal development for the case of a one-component solvent.
An explicit description of molecular solvents requires the
inclusion of additional angular coordinates or, in the case
of interaction site models, intramolecular interactions or
bond length constraints. However, the formal develop-
ment follows along the same lines.

The conditional solvent density at position r; can be
expressed as a configuration space integral. The solvated
macromolecule appears by and large as an external field.
But for reasons of generality we prefer a notation with a
total potential energy U, which may also contain three-
and multiparticle interactions. In the case of a canonical
ensemble of N solvent particles with a set of coordinates
{r;} we find for the conditional solvent density

Jdra---dryexp[—BU({r:}, {r: })]
Jd{ri}exp[-BU({r:}, {r:.})]

(1)

where 3 = 1/kgT. The conditional density can then be
related to multiparticle correlation functions,

prrl{ri, }) =N

g(]-?{Na})(r, {r"a })
D ((r:))

where p = N/V is the solvent density. The correlation
functions are defined in the conventional way as

p(ri{ri.}) =p (2)
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J d{r:} exp[-BU({r:}, {ri.})]

M
gD ({r;,}) = (H Na!p;”"‘)

M
gtNeD(ry {r; }) = Np? (H NolpNe
a=1

where p, = N,/V. The higher-order correlation func-
tions g{{N=}) and g(ti{Na}) are not readily accessible to
an explicit calculation. They describe the correlations
of sets of atoms {N,} in the limit of infinite dilution in
water. However, we can systematically expand them in
terms of lower-order correlation functions. This is ac-

complished using the PMF expansion for W) ({r;}) =
J

M N,

prl{ri, ) =p | I] ¢ (x i)
a=1li,=1
M N, M Ng

J d{ri.}d{r:} exp[-BU ({r:}, {r:, })] ’

Jdrs---dry exp[-BU({r:}, {r:. })]
J d{ri.}d{r:} exp[-BU ({r:}, {r:, })] ’

(4)

)

—kpT In g™ ({r;}) [45]. Truncation after pair and triplet
correlation levels corresponds to the Kirkwood [46] and
Fisher-Kopeliovich [47] superposition approximations for
the two- and three-particle correlation functions, respec-
tively. If we retain terms up to the three-particle corre-
lation level in the PMF expansion of Eq. (2), we find for
the conditional solvent density

g(l;a,ﬂ) (r, i, rig)

<(ITITIT 11

a=1li,=1pB=1ig=14+6apta

where d,p is the Kronecker symbol.

We now simplify Eq. (5) with regard to the num-
ber of different atom types used to model the macro-
molecule, recalling that the main interactions between
water and a solvated macromolecule are hydrogen bonds.
The highly directional, relatively weak noncovalent hy-
drogen bonds are also the main reason for the struc-
turally complex nature of dense water phases (liquid, ice).
This property of water is well understood in terms of the
quantum-mechanical sp-hybridization concept. Among
other things it explains the highly asymmetric electronic
density (lone pairs) on an oxygen atom in water accom-
panying the formation of H,O from an oxygen and two
hydrogen atoms, to which a hydrogen from another wa-
ter molecule can couple. The other atom exhibiting the
same phenomenon is oxygen’s next neighbor in the peri-
odic table, namely, nitrogen, which is even more chemi-
cally versatile than oxygen and therefore is incorporated
in the heterocyclic base rings of DNA.

With respect to canonically averaged DNA-water in-
teractions we expect the difference in identity between
nitrogen and oxygen atoms in DNA and oxygens in wa-
ter to be only a minor second-order effect. In the case of
nucleic acids with no large hydrophobic regions we rep-
resent the nonpolar atoms simply as excluded volume.
In future refinements, nonpolar atoms (e.g., carbon) can,
for example, be modeled by using correlation functions
of methane in water. A more intriguing question is the
treatment of the charged phosphate groups PO,~ on nu-
cleic acids. We expect the presence of the negative charge
to be well represented by the four oxygens, each carrying
a negative partial charge. However, a refined treatment
is outlined in Sec. III, where the two anionic oxygens are
represented by two “oxygen ions” carrying a fractional
negative charge.

gt (r, 13, )g(@P) (ry, , i ) g BV (ri, 1)

In the following we will obtain a good first-order pic-
ture by equating all DNA nitrogen and oxygen atoms to
water oxygen. This is supported by a large body of the
experimental and quantum-mechanical studies of the ge-
ometry and the energies of X ---H— O and X—H ---O
hydrogen bonds (X = N or O). A complete description
of this evidence is not within the scope of this article.
However, it provides a rather uniform picture of such
bonds with X— O distances 0.27-0.32 nm, quasilinearity
(X— H— O angles 180° + 20°), and energies 20 + 12
kJ/mol.

In addition, it should be noted that the slightly weaker
N...-H— O and N— H- - -O bonds in some molecular com-
plexes are strengthened when nitrogen is part of an aro-
matic ring because of the delocalized w electrons. More-
over, the number of electronegative DNA atoms is essen-
tially zero compared to the large number of water oxy-
gens. As a consequence, water organization around DNA
is dominated by water-water correlations; and apart from
trivial steric exclusion owing to the structure and second-
order interactions (e.g., dispersion) hydrophilic hydration
can be modeled by fixing water oxygens (and if necessary
water hydrogens) at the positions of electronegative DNA
atoms (or DNA hydrogens).

In view of this brief discussion and the presently feasi-
ble crude level of description of real interactions in many-
body systems in terms of simple pairwise additive power-
law potentials plus large sets of empirical parameters, we
think that a more detailed modeling of the difference be-
tween nitrogen and oxygen is presently not warranted.

The exact expression Eq. (2) combined with any trun-
cation of the PMF expansion Eq. (5) yields approximate
working formulas for computing particle densities any-
where around a defined structure. Accuracy increases
with the number of terms retained in Eq. (5). For sim-
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ple models with spherically symmetric pair interactions
it suffices to work at the pair level, triplet and higher-
order correlation functions being only second-order re-
finements. This is, for instance, the case for restricted-
primitive-model descriptions of electrolytes [48] and their
application in the computation of ionic densities around
DNA [40].

In the case of microscopic water models, it is essen-
tial to include triplet correlations because of the highly
anisotropic nature of the intermolecular interactions in
water (hydrogen bonds, tetrahedral coordination) [43].
In particular, retaining the triplet term in the expansion
corrects for the considerable, but wrong, pair contribu-
tions of equilateral triplets with edges 0.275 nm. There is
only a negligible probability for these triplets to occur in
liquid water, which exhibits a preferentially tetrahedral
local structure with oxygen distances 0.275, 0.275, and
0.45 nm as a result of the hydrogen bond interactions.
Equation (5) truncated at the triplet level yields the
working formula for calculating the water-oxygen den-
sity around any configuration of electronegative atoms
(oxygen and nitrogen for DNA) at positions ry,...,rn,,

po(r|ry,...,rm)

n

oty gg())o(l’,l‘j,l'k)
x H kH @ 2 (6)
j=

2 b
ki1 9o (T, T5) 9590 (55, Tk) g0 (T, T)

where pg is the bulk-water density. The oxygen pair cor-
relation function gg()) entering Eq. (6) is known both from
experiment and computer simulations employing various
water models. The previously unknown triplet correla-
tions gg())o were computed recently in collaboration with
Procacci and Corongiu [49], from a molecular dynamics
(MD) simulation of the highly refined ab initio Niesar-
Corongiu-Clementi model of water [50].

In the present study we use the simple point charge
(SPC) water model [51], which is simpler but also gives
satisfactory results. Many structural, dynamic, and ther-
modynamic properties of bulk-water phases are repro-
duced well. The SPC model has a rigid structure with
one oxygen and two hydrogen interaction sites. The O—
H bond length is 0.1 nm and the H— O— H bond an-
gle is ideally tetrahedral (109.47°). The oxygen and hy-

drogen sites carry partial charges of go = —0.82|e| and.

gu = 0.41]e|, respectively. These charges are buried in-
side a Lennard-Jones interaction sphere centered at the
oxygen position. Metropolis Monte Carlo computer sim-
ulations were used to calculate two- and three-atom cor-
relation functions of SPC water, as described in Ref. [43].
Pair and triplet correlations were obtained at a discretiza-
tion of 0.005 nm and 0.02 nm, respectively. The particle
correlations were sampled up to pair distances of 1.1 and
0.72 nm for pairs and triplets. (Because of the homoge-
neous and isotropic character of the bulk fluid, the two-
and three-atom correlations can be represented as func-

tions of one and three pair distances, respectively.)

Oxygen pair distances below 0.25 nm hardly occur in
SPC water under normal conditions; but electronegative
oxygen and nitrogen atoms on DNA and other macro-
molecules are found as close as about 0.2 nm if they are
connected through an intermediate carbon. For those
configurations only the pair contribution in Eq. (6) can
be calculated, since the appropriate three-particle corre-
lations are not known from bulk-water simulations. How-
ever, it is possible to calculate the three-particle correc-
tions from computer simulations with two particles con-
strained to shorter distances than found in bulk simula-
tions. The conditional density at distance r and s from
two particles constrained to a distance ¢ is given by

g®(r,s,t)
g (t)

The three-particle correction required in Eq. (6) can then
be calculated as p(r, s|t)/[pog‘® (r)g?(s)]. Monte Carlo
simulations were carried out to calculate p(r, s|t) for oxy-
gen distances 0.19, 0.21, 0.23, and 0.25 nm to supple-
ment the ¢g® data of the bulk fluid. The same condi-
tions and methods as in the bulk simulations were used
[43]. As in the computer simulation calculation of g(3),
the calculation of the normalization volumes of p(r, s|t)
requires some caution with regard to the triangle inequal-
ities [48]. The p(r, s|t) data were sampled over 225000
Monte Carlo passes for each value of ¢ of a system con-
taining 256 SPC water molecules. The oxygen atoms of
two water molecules were constrained to a given distance
t, with the two molecules otherwise being free to rotate
and translate.

p(T,SIt) = Po (7)

III. RESULTS AND DISCUSSION
A. Characteristics of B-DNA structural hydration

In this work we will report representative results for
DNA duplexes in the B family of conformations. A more
extensive discussion of the information obtained so far,
including the other DNA and RNA conformations [44,52]
and also proteins [53] will be presented elsewhere.

Using Eq. (6) along with linear interpolation of the dis-
crete pair and triplet correlation data, water-oxygen den-
sities were computed at vertices of a three-dimensional
Cartesian grid covering a volume 3 x 3 x 4.2 nm®. A grid
spacing of 0.03 nm was used. The carbon atoms were
surrounded by a sphere of radius 0.3 nm, from which
water oxygens were excluded. This radius corresponds
approximately to the distance of closest approach of wa-
ter oxygens to methane. The triplet correction in Eq. (6)
was applied to triangles with all edges between 0.19 and
0.71 nm. The atomic coordinates of canonical (Arnott-
Hukins) B-form structures [54] for d(AATT)3-d(AATT);
and d(CCGG)3-d(CCGG);3 were used in the computa-
tions. These particular sequences were chosen because
they contain all possible steps of like base pairs A-T and
G-C, i.e., 5'-ApA, 5'-TpA, 5'-ApT, 5'-GpG, 5'-CpG, and
5’-GpC. Here and in the following we adopt the standard
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nomenclature for the nucleic acid composition [20]. We
use abbreviations for the bases: adenine (A), guanine
(G), thymine (T), and cytosine (C). The deoxyribose
in the sugar-phosphate backbone is denoted by d(---).
The strand polarity is represented by writing the base
sequence in the 5’ to 3’ direction. To emphasize the polar-
ity, dinucleotide steps XY are written as 5'-XpY, where
p represents the sugar-phosphate linkage. A dot denotes
Watson-Crick base pairing (i.e., A-T and G-C).

Unlike the crystallographic structure of B-DNA
oligomers, canonical B-DNA does not exhibit variations
in the local helical parameters. In particular, the minor-
groove width is constant while crystallographic structures
show a distinct sequence dependence, with the minor
groove in general being narrow at A-T and wide at G-C
base pairs. However, the study of these idealized DNA
structures with uniform helical parameters allows one to
demonstrate the general sequence-dependent character-
istics of B-DNA hydration. Similar studies can be done
for x-ray crystal structures, for which some results are
shown in Ref. [44].

Figure 1 shows a stereographic plot of the main fea-
tures of the structural hydration obtained for the do-
decamer d(AATT)3-d(AATT)3;. The positions marked
by points correspond to grid points of highest density
for water oxygens. A density threshold of five times the
bulk value was chosen to illustrate the characteristics of
B-DNA hydration. The most pronounced localization
is observed in the minor groove of the molecule, with
elongated high-density regions in the center of the mi-
nor groove between consecutive base pairs. The regions
with high water density show the strongest localization
at 5'-ApT steps. They are somewhat diffuser at 5-ApA
steps. At 5-TpA steps, an even larger volume shows
water densities above 5. (Here and in the following, wa-
ter densities will be given in units of the bulk density.)
However, the density maxima are higher at 5-ApA and
5-ApT steps. The density values at 5'-TpA steps are
below 20, whereas at 5'-ApA and 5'-ApT steps few grid
points (one to three per base pair for the resolution of

FIG. 1. Hydration of the B-DNA dodecamer with sequence
d(AATT)s-d(AATT)s and canonical structure. The stereo-
graphic plot shows grid points with water density larger than
five times the bulk-water density.
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0.03 nm used in these calculations) show densities above
30. (The absolute maximum observed is about 60.)

The pronounced hydration of the minor groove cor-
responds to the experimental observation of a “spine of
hydration” in A-T tracts of B-DNA x-ray crystal struc-
tures [25,26]. In addition to the density maxima between
the base-pair planes we also observe high water density
closer to the base-pair planes, but more distant from the
surface of the minor groove. These peaks are split up
into two regions above and below the base-pair planes in
a distance of about 0.15 nm. For base pairs involved in
5'-TpA steps, they reach density maxima of about 7; for
other base pairs, densities of approximately 10 and 20
are observed at the two peaks, respectively. This second
layer of density peaks represents water molecules bridging
those of the first layer and thus forms the actual “spine
of hydration.”

The major groove of d(AATT)3-d(AATT); shows a
less pronounced localization of water molecules compared
to the minor groove. Regions of high water density are
observed at 5'-ApA steps between consecutive adenines
and at the center of the base-pair steps. At 5-ApT steps,
two small high-density regions are found between the
adenines and thymines on both sides of the major groove.
The major-groove hydration of 5-TpA steps does not
show significant localization.

The sugar-phosphate backbone does not show consid-
erable regions with high water density. However, by
reducing the density threshold in Fig. 1 one finds the
PO4~ groups to be surrounded by regions with water
density well above 2. The explanation for the compa-
rably low localization of water is a lack of cooperativ-
ity. The local density maximum caused by a single po-
lar atom is (within the approximations of our method)
limited by the maximum of the oxygen pair correlation
function g(3), which is approximately 3 for the SPC wa-
ter model used in our calculations. Two polar atoms can
give a maximum density equivalent to the maximum of
g® (r,s,t)/g® (s, t) with respect to their distance |t—s|.
Only if two, three, or more polar atoms are positioned in
a favorable arrangement may one expect a strong co-
operative effect resulting in a high water density. In
other words, the by and large spherical character of the
PO4~ groups within our approximations and their dis-
tance from other polar groups (on B-DNA) make it un-
likely to observe similarly high water densities as in the
minor groove of B-DNA. This is in agreement with the
experimental ordering scheme for water affinities derived
from crystallographic data by Kopka et al. [26], but dis-
agrees with a scheme supported by infrared spectroscopy
measurements [7]. Nevertheless, the phosphate groups
are well hydrated, in the sense of being surrounded by
regions of water density 2 and higher. The situation is
different with structures of other DNA families (e.g., 4,
Z), where the phosphate groups are in closer proximity
[65] resulting in possible cooperative effects. The same
is true for the hydration of the sugar-phosphate back-
bone in crystal structures of DNA molecules. The crys-
tal packing can bring PO4~ groups in contact with other
molecules, resulting in an increased water density.

In the following we study the hydration of the B-DNA
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molecule with C-G base pairs. A canonical structure
for a B-DNA with sequence d(CCGG)3-d(CCGQG)3 was
used. Figure 2 shows a stereographic representation of
the structural hydration obtained for this dodecamer.
As in the case of the d(AATT)3-d(AATT); dodecamer,
the minor groove shows the most pronounced hydration.
However, the qualitative appearance has changed com-
pared to DNA with A-T base pairs. Two side-by-side
ribbons of high water density follow the O2 and N2 atoms
of the cytosines and guanines in the minor groove of the
molecule. These ribbons of high water density in C+G
stretches are in agreement with the findings of x-ray crys-
tallography [56].

In addition to the two ribbons, high water densities
are found between consecutive base pairs at 5-CpG and
5/-GpG steps. At 5-CpG steps, the high-density region
is elongated and bridging the two ribbons. At 5'-GpG
steps, the high-density peak forms a part of the ribbon
on the cytosine strand. The localization of water is found
to be less pronounced in the case of C-G base pairs com-
pared to A-T. The high-density regions appear to be less
extensive in relation to those shown in Fig. 1. Also the
density maxima are approximately 20 and thus signif-
icantly lower than those found in the minor groove of
d(AATT)3-d(AATT)3. (The overall maximum density
value on the grid was about 30.)

Similarly to the d(AATT)3-d(AATT)3; dodecamer, the
major groove does not show a very distinct hydration.
We observe density maxima between the base pair planes
at 5-GpC and 5-GpG steps. The maxima are located
between two bases of a strand. In the case of the gua-
nines, the N7 atom appears to be the dominant source
of water localization in the major groove. The hydra-
tion on the cytosine strand is closer to the center of the
base pair and involving mainly the N4 atom of the cy-
tosine. The hydration of the sugar-phosphate backbone
again does not show any considerable water localization
at an underlying density threshold of 5.

B. Quantitative analysis of B-DNA hydration

Various quantities of relevance to the DNA hydra-
tion can be easily derived from the computed three-

FIG. 2. Hydration of the B-DNA dodecamer with se-
quence d(CCGG)3-d(CCGG)s and canonical structure in
stereographic representation. Details as in Fig. 1.
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dimensional density distributions. For instance, cylindri-
cal averaging yields the radial water-oxygen densities in
the minor and major grooves of the B-DNA molecules
d(AATT)3-d(AATT)3; and d(CCGG)3-d(CCGG); de-
picted in Fig. 3. The densities were calculated on a cylin-
drical grid with spacings Ar = 0.015 nm in the radial,
Az = 0.015 nm in the axial, and A¢ = 27/100 in the an-
gular direction. The densities were averaged over an axial
range of 4 X 0.338 nm covering the central four base pairs
(AATT and CCGG, respectively) to avoid end effects.
Global helix axes were obtained from diagonalization of
the molecules’ tensor of inertia, as discussed in Ref. [57].
The angular coordinates of the C1’ atoms are used to sep-
arate minor and major groove. As expected from Figs. 1
and 2, the surface of the minor groove is covered with
pronounced high-density regions. In the case of the DNA
with A-T base pairs, we observe two peaks reflecting the
formation of a “spine of hydration” with water molecules
covering the floor of the minor groove that are bridged by
a second water layer. The peaks are followed by a min-
imum between 0.6 and 0.8 nm distance from the helix
axis. The water density then gradually increases to its
bulk value. (No correction for the excluded volume was
applied in the angular averaging of the densities, which
explains the density values below 1 despite strong local-
ization.) The radial density distribution in the major
groove does not show such a pronounced structuring and
approaches its bulk value more continuously.
Integration of the radial densities yields the hydra-
tion numbers. Within 1.2 nm of the helix axis we
find approximately 7.6 and 7.1 water molecules per
base pair in the minor groove of d(AATT)3;-d(AATT);
and d(CCGG)3-d(CCGQG)s, respectively. This reflects a
somewhat stronger minor-groove hydration of A-T base
pairs. The major groove, on the other hand, shows the

1.2 . . . . .
1t
08
g
= 06t ;
i'/’
04t / AATT major ——
AATT minor -~
02 ¢+ CCGG major ......... )
. CCGG minor
0 i . . . ) )
02 04 06 08 1 12 14 16
r (nm)

FIG. 3. Radial dependence of the water-oxygen density
in the minor and major grooves of the B-DNA molecules
d(AATT)s-d(AATT)s and d(CCGG)3-d(CCGG)s. The den-
sities were averaged in axial and angular directions over
the central four base pairs and are plotted versus the
distance from the helix axis in units of the bulk-water
density po. ( ), major-groove d(AATT)s-d(AATT)s;
(- — -), minor-groove d(AATT)3-d(AATT)s; (----- ), ma-
jor-groove d(CCGG)s-d(CCGG)s; (------ ), minor-groove
d(CCGG)3-d(CCGG)s.
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opposite trend with 18.6 and 19.3 water molecules per
base pair within 1.2 nm of the helix axis for the molecules
d(AATT)3-d(AATT)3 and d(CCGG);3-d(CCGG)s, re-
spectively.

We now calculate the number of water molecules per
base pair in the first hydration shell. We define two quan-
tities N(r) and n(r). N(r) is the average number of wa-
ter molecules within a distance r of any polar atom on
the DNA molecule; and n(r) is the average water-oxygen
density at accessible points (p > 0) at a distance r of the
closest polar atom. N(r) and n(r) can be computed from
the density distribution on a Cartesian grid for a volume
extending over one symmetry unit in the axial direction
(four base pairs for the sequences studied here). N(r)
and n(r) are shown in Fig. 4, which also contains the

oxygen pair correlation function gg())(r) of SPC water as
a reference. The n(r) curves have a strong first peak at
about 0.275 nm distance with heights of 2.6 (AATT) and
2.5 (CCGG). They resemble closely the pair correlation

function gg()) of oxygens in water. However, the ice peak

of gg()) at r = 0.45 nm appears only as a series of small
bumps in n(r). For r > 0.5 nm, the n(r) and ggc))(r)
curves are almost identical. The first minimum of n(r) is
located at R = 0.35 nm. The corresponding numbers of
water molecules per base pair within R are 10.8 (AATT)
and 10.7 (CCGG).

The experimental values for hydration numbers of B-
DNA quoted in the literature vary considerably (see, e.g.,
Ref. [22]). The reason is that different experimental
techniques measure different physical properties of hy-
dration water; and as a consequence the extracted hy-
dration numbers are not directly comparable. The most
widely quoted hydration numbers are those of infrared
spectroscopy experiments by Falk et al. [7,58]. These au-
thors estimate the primary hydration shell of DNA to

4 T -— 40
35t 135
r 30
3 N[r,d(AATT)] — |
25t n[r,d(AATT)] - 125
o N[r,d(CCGG)] -
- 2 n[r,d(CCGG)] - 120 2
=l g(r) ———
1.5 115
1r e — e —— 10
0.5 {15
0 . 0
02 03 04 05 06 07 08
r (nm)
FIG. 4. Hydration number of the B-DNA molecules

d(AATT)3-d(AATT)s and d(CCGG);3-d(CCGQG)s. N(r) is
the number of water molecules per base pair within a distance
T of the closest polar atom on the DNA; n(r) is the average
water density in the accessible volume (p > 0) at a distance
r of the closest polar atom. ( ), N(r,AATT); (- --),

n(r, AATT); (---- - ), N(r,CCGG); (------ ), n(r,CCGQ);
(— - —), oxygen pair correlation function gg(), (r) of SPC wa-
ter.

contain of the order of 10-13 water molecules per nu-
cleotide, i.e., 20-26 per base pair. These numbers are
significantly larger than those we obtained from N(R) if
R is the first minimum in n(r). We find a corresponding
number of about 25 water molecules per base pair if we
integrate up to about R = 0.47 nm, i.e., if we partly in-
clude the water molecules bound to the first layer. But
it is clear that there does not exist a simple choice of the
distance parameter R that allows a direct comparison be-
tween the integrated density distributions N(R) and the
experimental data of Falk et al.

However, the different experimental techniques mea-
suring hydration numbers determine the amount of wa-
ter having physical properties different from bulk water.
Strongly localized water molecules are expected to show
the most pronounced deviations from bulk-water behav-
ior. Therefore, we define a quantity S(p),

sw= [ o, 400 (8)

which is the number of water molecules in regions with
a water density above a density threshold p. S(p) was
calculated for a volume extending over the central four
base pairs of the B-DNA dodecamers and is shown in
Fig. 5 in units of water molecules per base pair. In terms
of S(p), the molecule with A-T base pairs shows con-
siderably stronger hydration compared to C-G base-pair
DNA, as expected from Figs. 1 and 2. The number of wa-
ter molecules per base pair in regions with density above
10 are 8.3 (AATT) and 4.4 (CCGG). This observation of
a stronger hydration (in terms of strongly localized wa-
ter molecules) of A+T-rich DNA compared to G+C-rich
DNA is in agreement with ultrasonic velocity measure-
ments [14].

C. Comparison with computer simulations

A detailed comparison of our results with the published
simulation studies is presently not possible because of the
following reasons. First, to our knowledge none of the
papers published so far reports a detailed computation

20 T v
18
16
14
12 '-\
» 10 b

oON O

FIG. 5. Number of water molecules S(p) per base pair in
regions with water density above p. (——), S(p, AATT);
(=--), S(p, CCGG).
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of the hydration (e.g., oxygen probabilities) on a lattice
comparable to the one presented here. The snapshots
of “typical” water configurations usually reported do not
contain the information provided by the most quanti-
tative modeling of hydration yielding probability maps
like those computed here and also obtained in the x-ray
experiments. Second, various groups use different empir-
ical force fields and different amounts of water molecules
ranging from 1 (simple energy computations) to about
2000; therefore, the simulations are not easily comparable
among themselves. However, by and large the results of
the present study agree qualitatively with those of previ-
ous studies concerning the most likely formation of “wa-
ter spines” in the minor groove of A+T-rich structures
and the less-marked hydration of G+C-rich segments.

In a recent computer simulation study, Forester and
McDonald studied the hydration of a B-DNA decamer
with sequence d(CG)5-d(CG)s using molecular dynamics
simulations of a system comprising one full turn of DNA
and 950 SPC water molecules [59]. As in this work, the
DNA was assumed to be rigid. The authors reported an
average water-oxygen radial distribution function for the
four hydrogens of the N4 and N2 atoms on the cytosine
and guanine, respectively. In order to allow a quantita-
tive comparison with their data, we calculated the ra-
dial water density distribution around each of the hydro-
gens at a discrete set of radii with intervals of 0.005 nm.
For each distance a set of 50000 points was chosen ran-
domly on a sphere and the density was averaged over
those points.

Figure 6 shows the radial water density distributions
around each of the hydrogen atoms. The hydrogens H1
point towards the center of the C-G base pair and the

0.7 1 Forester-McDonald —
PMF-average -
06T PME-N2-H1 ]
PMF-N2-H2
05} PMF-N4-H1 - 1
=z PMF-N4-H2 .-
< 04t - N
0-3 | -
o2t I f s\ T
o1t
0 A . . . .
0.1 0.2 0.3 0.4 0.5

FIG. 6. Radial dependence of the water-oxygen density (in
units of the bulk-water density po) around the hydrogens H1
and H2 of the N4 and N2 atoms of the cytosine and gua-
nine, respectively, for the B-DNA molecule with sequence
poly[d(CG)]-poly[d(CG)]. H2 atoms are pointing towards the
grooves; H1 atoms are involved in the hydrogen bonds of the
Watson-Crick base pair. Computer simulation: ( ), av-
erage over the four hydrogens taken from Fig. 5 of Ref. [59].

PMF expansion results: (- — —), average over the four hydro-
gens; (- - - -), H1 of the N2 atom (guanine); (------ ), H2 of the
N2 atom (guanine); (— - —), H1 of the N4 atom (cytosine);

(-- --), H2 of the N4 atom (cytosine).
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hydrogens H2 are oriented towards the grooves (minor
and major groove in the case of the N2 and N4 groups,
respectively). The average radial distribution is com-
pared with the corresponding curve taken from Fig. 5 of
Ref. [59]. The radial distribution data of Forester and
McDonald were rescaled with a factor of 0.79, since the
authors used the actual water density in the simulation
box to normalize their distributions rather than the bulk-
water density. The PMF density expansion shows large
variations between the radial distributions of the four in-
dividual hydrogen atoms. In particular, the H2’s lying
in the grooves show strong density peaks at a distance
of 0.2 nm. The H1’s, on the other hand, are involved
in hydrogen bonds between the bases and show much
weaker peaks at a distance of about 0.35 nm. However,
the average distribution function of the PMF expansion
agrees very well with the corresponding simulation curve
of Forester and McDonald. The positions of the maxima
and minima of the curves are reproduced by the PMF ex-
pansion. Some quantitative differences are observed for
the peak heights. Reflecting the use of a slightly smaller
oxygen van der Waals radius for the nitrogen atoms in the
PMF expansion, the PMF curve shows nonzero values for
distances about 0.02 nm closer than the simulation data.
The height of the first minimum is in quantitative agree-
ment with the simulation data; and we also observe a
plateau beyond 0.4 nm distance, although at somewhat
lower densities.

The observation of good agreement for the hydration
of the molecular subgroups — NH;, justifies fundamental
approximations made in this work: the substitution of ni-
trogens by oxygens; and that hydrogens were not explic-
itly considered. The small differences observed must also
be seen in the light of possible statistical and method-
ological uncertainties in the simulations. As mentioned
above, the force-field parameters employed in the simu-
lations are empirical. In addition, the production part
of the simulations of Forester and McDonald extended
over only 81 ps, a time certainly too short compared to
minor-groove residence times of about 1 ns measured in
NMR experiments [17].

In Fig. 7, we compare the cylindrically averaged wa-
ter density for two base pairs in the center of the do-
decamer d(CG)g-d(CG)e with the corresponding data of
Fig. 6 of Ref. [59]. Unlike Fig. 3, the contributions of mi-
nor and major groove were not separated. We find good
overall agreement between the computer simulation and
PMF expansion curves. However, some differences are
observed. In particular, the first peak in the simulation
curve appears only as a shoulder and the second peak is
too close. An interesting point is that the computer sim-
ulation curve does not approach the correct bulk limit
of the water density for large r. This is a consequence
of the strong inhomogeneity present in the DNA-water
system because of the dense packing of DNA molecules
under periodic boundary conditions.

Integration of the radial distributions yields the num-
ber of water molecules within a given distance from the
helix axis. For a distance of 1.5 nm, the PMF expansion
gives 54.8 water molecules per base pair. A numerical
integration of the simulation curve (Fig. 6 of Ref. [59])
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FIG. 7. Radial dependence of the cylindrically aver-
aged water-oxygen density (in units of the bulk-water
density po) for the B-DNA molecule with sequence
poly[d(CG)]-poly[d(CG)]. r is the distance from the helix axis.
Computer simulation: ( ), water-oxygen density distribu-
tion taken from Fig. 6 of Ref. [59]. (- — -), PMF expansion
result.

yields 56.4 water molecules per base pair, showing ex-
cellent agreement of the overall hydration numbers be-
tween the computer simulation and the PMF expansion
method.

Figure 8 shows the radial water-oxygen distributions
for the anionic oxygens O1 and O2 of the PO4~ groups
taken from Fig. 4 of Ref. [59]. As expected, the hydration
of the negatively charged phosphate groups shows the
most significant discrepancies between computer simula-
tion and PMF expansion. The simulations show a very
strong structuring with a high first peak. In the PMF
expansion, the angular average with its considerable ex-
cluded volume effects gives only a comparably weak first
peak in the radial distribution function, though at the
right position. Clearly, the modeling of charged atomic

3 ' T T T T T T
Forester-McDonald —
25 | PMF - ]
' PMF with correction -
~ 27
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FIG. 8. Radial dependence of the water-oxygen density (in
units of the bulk-water density po) around the oxygens O1
and O2 of the PO4~ groups, averaged over the Ol and O2
atoms at 5-CpG and 5'-GpC steps of the B-DNA molecule
with sequence poly[d(CG)]-poly[d(CG)|. Computer simula-
tions: ( ), average over the four oxygens taken from Fig. 4
of Ref. [59]. PMF expansion results: (- — -), average over the
four oxygens; (------ ), corrected PMF expansion representing
O1 and O2 as negative ions with charge ¢ = —0.85|¢|.
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groups within the expansion formalism requires further
refinement. As outlined in Sec. II, this can be accom-
plished by enlarging the database of correlations used in
the calculations.

Figure 8 also shows results for the hydration of the
anionic oxygens with a correction applied according to
Eq. (5). This correction method illustrates how the
PMF expansion method can be systematically extended
to study the hydration of molecules with atomic groups
carrying a net charge. Here, we studied the water-oxygen
distributions around fictitious particles X representing
01 and O2. We approximated these atoms by Lennard-
Jones particles (¢ = 0.33 nm, € = 0.62802 kJ/mol [59])
carrying a fractional charge ¢ = —0.85|e| as used in force-
field representations of macromolecules [60]. Lorentz-
Berthelot mixing rules were applied to the Lennard-Jones
interactions with SPC water [61]. The radial water-
oxygen distribution function gg))( was obtained from a
Monte Carlo simulation of a single atom in SPC water.
Since the two anionic oxygen atoms are very close on
the PO4~ group, the three-particle correction was calcu-
lated using the constraints method described in Sec. II.
Two atoms X were kept at a distance of ¢ = 0.255 nm
and the conditional water-oxygen density po,xx(r, s|t)
was averaged as a function of the distances r and s from
the two particles (bipolar coordinate system). Otherwise,
the conditions and methods were those used in the bulk
simulations [43]. In each of the two simulations, 200 000
Monte Carlo passes were used for averaging the distribu-
tion functions after extensive equilibration.

Each of the pairs of anionic oxygens on the DNA phos-
phate groups was then treated as a pair of X particles in
the density expansion Eq. (5), resulting in a contribution
go;xx (7, 8|t) = po,xx(r,s|t)/po. (For r or s larger than
0.63 nm, the Kirkwood superposition gg J)( (1')g£)2 )){ (s) was
used instead.) The corresponding result for the hydra-
tion of the phosphate groups is shown in Fig. 8. We
now observe much closer agreement between the PMF
expansion result and the simulation curve of Ref. [59].
In particular, the height of the first maximum is now in
quantitative agreement with the simulation data. Also
the first minimum and second maximum agree quantita-
tively. Only for distances r between 0.35 and 0.45 nm
is the corrected PMF expansion curve slightly too low
compared to the computer simulation result. It is evident
that the correction results in a significant improvement of
the description of the PO, -group hydration. However,
a more detailed presentation of the results obtained us-
ing corrections to the PMF expansion method using only
bulk-water correlations is planned for the near future,
in conjunction with studies of the hydration of proteins,
RNA, and other DNA families (A, Z).

For a comparison of quantities such as radial distribu-
tion functions around atomic sites on a macromolecule,
it is important to keep in mind that these functions rep-
resent complex angular averages. Unlike simple atomic
liquids, the average density on a sphere around an atom
shows a strong dependence on the orientation. Therefore,
the information content of radial distributions is very lim-
ited. In particular, excluded volume effects have a signif-
icant influence on radial distributions. This may result in
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an exaggeration of certain features or may cause density
peaks not to be resolved at all if they are strongly local-
ized in space. It explains the densities of less than 0.3
times the bulk-water density at a distance of 0.5 nm from
the — NH; hydrogens. However, it also reveals possible
problems with these quantities in the case of the PMF
density expansion formalism, in which at this stage the
nonpolar atoms (carbon) are only represented as spheres,
inside which the water density is set to zero. In future ex-
tensions it might prove necessary to use, for instance, cor-
relation functions of methane in water. This would better
take into account the excluded volume effect, resulting
in a density increase near nonpolar atoms irrespective of
the weak interactions with water. In particular, quanti-
ties involving averages over large volumes or areas might
be affected by the presently rather crude description of
the nonpolar atoms. However, from the results described
above and the physical basis of the method, we expect the
PMF expansion formalism to represent well the strongly
localized hydrophilic hydration (i.e., the position of the
density maxima), which is of major interest in biomolec-
ular applications.

IV. CONCLUDING REMARKS

On the basis of the quality of the results obtained so
far and the enormous computational efficiency (calcula-
tions like those described above require only about 25 min
of CPU time on a workstation), we are convinced that
the method proposed here provides the only feasible way
presently to describe hydrophilic biomolecular hydration
quantitatively of the large number of x-ray, NMR, and
modeled structures relevant for molecular biology and
biotechnology. Brute force simulations of comparable
accuracy and detail require computation times 103-10%
times longer. They are prone to serious statistical prob-
lems and involve several rather ad hoc assumptions (e.g.,
periodic boundary conditions, minimum image conven-
tion, truncation of potentials, ergodicity, etc.) of un-
certain quality in the context of inhomogeneous polar
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and charged systems of interest to molecular biophysics.
We view carefully done simulations as a very useful tool
for extracting information necessary for the implementa-
tion of effective theoretical frameworks, but not as the
panacea for understanding and modeling complex bio-
physical systems.

At its present state of development, the technique used
here involves two central approximations: (i) the neglect
of second-order effects owing to the difference between
DNA oxygens and nitrogens and water oxygens as well
as the assumed weak interactions of nonelectronegative
atoms with water, and (ii) the truncation of the water
correlations hierarchy at the triplet level. Concerning (i)
we have given above physical reasons why this modeling
is a good first-order attack on the problem; and, judging
from the computational results obtained, we think that
our physical intuitions are justified. However, we plan to
investigate the matter in a series of computational stud-
ies and, if necessary, refine the method as outlined in
Sec. III. Concerning (ii), we already performed a bench-
marking study [43] for the case of the ice-Ih-water inter-
face using both the PMF approach and extensive Monte
Carlo simulations. The results obtained completely jus-
tify both the necessity of including triplet correlations
and the negligible role of higher-order correlations.

As mentioned above, hydration analysis of the other
DNA conformations [44,52] as well as proteins [53] is un-
der way and will be presented in the near future.
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