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Abstract

A new method to calculate approximate water density distributions around
DNA is presented. Formal and computational simplicity are emphasized in
order to allow routine hydration studies. The method is based on the appli-
cation of pair and triplet correlation functions of water-oxygen calculated
by computer simulation. These correlation functions are combined with the
configurational data of the electronegative atoms on DNA (oxygen and ni-
trogen) taken from crystal structures. For three B-DNA struciures water
density distributions are calculated and discussed. The observed character-
istic features agree well with the prevalent picture from experiments. The
minor groove shows a more structured hyd‘ra,tion than the major groove.
Also, the minor groove hydration of A-T basepair tracts differs from that
found in G-C basepair regions. In A-T tracts single peaks of high water den-
sity appear (spine of hydration), whereas in G-C regions the minor groove

is occupied by two side-by-side ribbons of water.



Introduction

Water plays a crucial role in biomolecular systems. Both structure and re-
actions of biomolecules such as proteins and nucleic acids are influenced by
interactions with the aqueous environment. Therefore, an adequate descrip-
tion of biomolecular hydration is indispensable for a detailed understanding
of many important biological processes. Here we will focus on the interac-
tion of DNA with water. A considerable amount of information has been
obtained by various experimental techniques (for reviews see refs. (1-5)).
Particularly crystal X-rays analysis revealed that the hydration of DNA
molecules shows distinct sequence and structure dependent features, such
as the characteristic so-called spine of hydration first observed by Dick-

erson’s group (6, 7) in the AATT tract of the minor groove of a B-DNA

dodecamer.

On the theoretical modeling side, Monte Carlo and molecular dynam-
ics computer simulations provide flexible though costly methods to study
the hydration of DNA. Several groups have analysed energetic and struc-
tural aspects of DNA-water systems (8-12). However, it must be stressed

that in the case of biomolecular hydration analysis the computer simulation



methodology is subject to serious limitations, e.g., the enormous amount of
CPU time required owing to the large number of particles involved and the
slow relaxation times present in the system. Moreover, the long-range and
strong Coulomb interactions cause additional problems; and the low density
of bulk water (only about 0.034 particles per A3) results in considerable sta-
tistical uncertainties in water density distributions, even if these are based
on very extensive computer simulation studies. Therefore, the development
of alternative methods that allow a fast and accurate hydration analysis is
essential to study the many biomolecular structures derived experimentally

(X-rays, NMR etc.) and through computer modeling.

Here we describe a method to calculate the structural hydration of DNA
molecules at comparable accuracy to good quality simulations but several
orders of magnitude faster (13). It is based on the concept of potentials
of mean force (PMF), which allows an implicit description of the solvent
(water, ions) in terms of particle correlation functions. The PMF formalism

was already successfully applied to study diffuse ionic effects (14-19) on

DNA.



Theoretical Methods

We will here give only a brief outline of the theoretical methodology. For
a detailed presentation and discussion of the formalism see ref. (13). The
peculiar physical properties of condensed water phases can primarily be as-
cribed to the ability of water molecules to form complex networks of hydro-
gen bonds of the type O---H-O. These are of quantum mechanical nature
and they basically originate from the angular structure and the charge dis-
tribution on the water molecule with the oxygen carrying a net negative
charge due to its lone pair electrons. Like oxygen, nitrogen also exhibits a
marked electronegativity. On DNA, the two strongly electronegative atoms
oxygen and nitrogen are expected to have a predominant influence on the
arrangement of water molecules in the surrounding through their capability
of forming hydrogen bonds with water molecules. These hydrogen bonds of
types N---H-O, N-H-- -0, and O---H-O are all within quite narrow bands
concerning energy, bond angle, as well as bond distance; and they do not
differ significantly from those found in bulk water. In a first order attack
on the problem at hand, oxygens and nitrogens on DNA are identified with
water oxygens, and the water density caused by these is calculated. This is

accomplished by expanding the conditional density pg"l) of finding a water



oxygen at a position r, given n water oxygens at the positions ry,...,r, of

the electronegative atoms oxygen and nitrogen on DNA in terms of water
i and triol lati (2) (3)

oxygen pair and triplet correlations gg and g500,

n
2
rlry,. .. ra) = p % [[9ba(r, 1)

=1

= g(()s())O(r l'j,!‘k) 1
H I1 o : 1]

k=j+ 900(1' r})g(z) (rj,rx)960(Te.T)

where p is the bulk water density. This formula for the conditional density
is based on the expansion of n-particle PMF’'s in terms of lower order PMF'’s
(20). It is important to retain the three particle correction in equation 1
in the case of water. This guarantees that the preferentially tetrahedral
arrangement of water molecules is taken into account properly, which stems
from the highly anisotropic intermolecular interactions in water. The water
pair and triplet correlations g(2) and ¢(® were calculated previously (21)
for the highly elaborate ab initio Niesar-Clementi-Corongiu (NCC) water
model (22) for pair distances between 2.3 and 7.9 A with 0.2 A increment

and are used here along with linear interpolation.



Results and Discussion

We will show results for the sequence and structure dependent hydration
of three B-DNA crystal structures. The positional data were taken from
the Brookhaven Protein Databank. The water density was calculated us-
ing equation 1 for a volume of 30 x 30 x 42 A3 around the molecules on a

cartesian grid with a grid width of 0.3 A.

Figures 1-3 show stereo plots of the main features of the structural hy-
dration obtained for the Dickerson B-dodecamer d(CGCGAATTCGCG)
(6) re-refined by Westhof (23), the dodecamer d(CGCATATATGCG) (24),
and the decamer d(CCAACGTTGG) (25). The positions marked by points
correspond to positions of highest probability for water oxygens (>10 times
the bulk value). In the case of the dodecamers, the narrow central A-T base-
pair region of the minor groove is covered with a distinct spine of hydration.
In the wider G-C region, the spine splits into pronounced double ribbons of
high water density. The major grooves do not show as much localized water
as the minor grooves. Also along the sugar-phosphate backbone the water
molecules are not strongly localized, except for clusters of high probability

points at the phosphates.



The dodecamer d(CGCATATATGCG) exhibits a quite continuous high
water density region in the central part of the minor groove that is only
interrupted at the two 5’-TpA steps. A disruption of the spine of hydration
at 5’-TpA steps was recently observed by X-rays crystallography (26); and
simple energy calculations showed that the 5’-TpA step is unfavorable for

a hydration spine formation (27).

The decamer d(CCAACGTTGG) shows a minor groove hydration pat-
tern at the central 5’-CpG step that differs from the side-by-side ribbons
observed at the terminal G-C regions of the dodecamers. Though less pro-
nounced than in the A-T tracts of the dodecamers, the high density regions
of water are well structured. This is in agreement with the X-rays crystal-
lography observations of a short spinelike hydration in the central part of
the minoxi groove of this mclecule (25). Interestingly, the minor groove of
the A-T tract 1s covered with a double ribbon of high water density, unlike
the hydration pattern found in A-T basepair regions of the dodecamers.

This finding again agrees with the X-rays results (25).




Concluding Remarks

We have presented a method that allows an accurate and computationally
extremely efficient calculation of the structure and sequence dependent wa-
ter density distributions around DNA molecules. Calculations like those
described above (1.4 x 10° grid points) require only approximately 25 CPU
minutes on a workstation. The results we obtained for the hydration of
three B-DNA crystal structures are in very good agreement with the exper-
imentally ‘established picture of B-DNA hydration. The formalism allows
routine hydration investigations of the many nucleic acids structures found
experimentally or modeled on the computer. Results for other DNA struc-
tures (A- and Z-DNA) will be presented elsewhere. Moreover, the generality
of the appro: ch does not limit its application to nucleic acids. The extension

to protein hydration analysis is under way.
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Figure Legends

Figure 1: Hydration of the B-DNA crystal structure of the dodecamer
d(CGCGAATTCGCG). " 'he stereo plot shows grid points with high water

density (=10 times the bulk water density).

Figure 2: Hydration of the B-DNA crystal structure of the dodecamer

d(CGCATATATGCG). Details as in figure 1.

Figure 3: Hydration of the B-DNA crystal structure of the decamer

d(CCAACGTTGG). Details as in figure 1.
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