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ABSTRACT

The procedure developed in Part I of this series is
applied to the homopolymeric sequences poly(da) .poly(dT) and
poly (dG).poly(dC) on the double helical structure of B-DNA.
Some aspects of the base sequence influence on the polymer's
attraction for water molecule are described. The results are
used to discuss the gemeral hydration features of those systems
in relation to recent experimental studies of DNA single

crystals.
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I INTRODUCTION

Chemical or biological properties of macromolecules
are often strongly influenced by -their surroundings. Among the
various environmental factors, the detailed nature of hydration
certaihly plays an important role.'However, due to the size and
complexity of macromolecules, a detailed picture is difficult
to obtain either from the experimental or the theoretical viewpoint.

Nowadays; since the advent of fast digital computers,
it has been possible to study theoretically the hydration of
macromoleculés such as DNA molecules or proteins1-5. These
investigations have been carried out using the Monte Carlo method
with different atom-atom pair potentials obtained from quantum
mechanical calculations.

In part I of this series6 a procedure was developed to
take into account both the sterical and energetic aspects of the
interaction between small polar molecules and macromolecules. The
intermolecular interaction .energies were computed through the
overlap between the multipole expansions of the charge distrib-
utions of the interacting entitiesj_g. The macromclecule is
built from its constituent fragments and the multipolar expansions
(up to guadrupoles) of the charge distributions of each constituent
are derived from ab initio SCF wave functions. This procedure is
the same as that adopted in a large number of theoretical studies
devoted to the reactivity of nucleic acids based on their
molecular electrostatic potentials or fiel1as10-13

As an example, the above procedure was applied, in

part I, to the interaction surface between the component units

of nucleic acids and water molecules. By investigating thoroughly
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all orientations of a water molecule at each binding site, it
was possible to cﬁaracterize its lability.

Following the line of the previous works; an extension
of this study to a model fragment of B-DNA is presented now. We
show primarily the results regarding model segments of the
homopolymers poly (dA).poly(dT) and poly{dG).poly{dC), for which
it is assumed a double helical structure of B-DNA. These two
homopolymeric. sequences allows a description of some aspects of
the base sequence influence on the polfmer's affinity towards a
water molecule.

Subsequently, a model is proposed for a relatively
complete first hydration layer in the minor groove of the homo-
polymeric sequences. This attempt to go a step further is
motivated'by recent X-ray diffraction studies of single crystals
of oligomeric DNAs; fragments of this molecule in different

B14—18r A19—21 22,23 have been studied and

conformations, and 2
in several cases the positions of cations, polycations and water
molecules appearing in the crystals have been also located with
precision. We further discuss the present theoretical results and
those concerning hydration of single drystals of oligomeric
B-DNA to establish the sigﬁificant correlations between them.

The present study is restricted to the standard B-DNA

24

conformation” of the oligomers.

II RESULTS

The results regarding water binding to the major groove,
minor groove and phosphates groups of the B-DNA model are presented

in Sections II.1, II.2 and II.3, respectively.
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The model polymer consists of one turn of the double
helix with 11 phosphates in each strand and'homopolymeric base
sequences (GC) and (AT)n. In section II.4 we describe the model
adopted in order to obtain a profile of the second hydration
layer in the minor groove of the oligomeric sequences.

Unless otherwise stated water molecules were bound to
the central nuc¢leoticles of the model double helices to minimize
end effects. The binding 6f_water molecule to bases electro-
negative heteroatoms, to amino group hydrogens (other than those
involved in the hydrogen bonds of the nucleic acid base pair},
to furanose and ester oxygens of the phosphodiester linkage
and to phosphate group anionic oxygens are investigated. Standard
notations are employed for the atoms of the various components of
DNA, for exampie, NT(G) for the atom N, of guanine, 01JS) for
the sugar oxygen, HG(A) for the Ns-adenine free amino hydrogen
and so on.

Table I shows the studied oligomer regions, DNA component
atoms involved in the interaction site, the optimum enefgies and
the number NC (see ref. 6) of water configurations having energies
within 1 Kcal/mele of the optimum energy.

Figures 1 to 6 depicte the first layer water molecule
interaction sites in poly(dA).poly(dT) and poly (dG).poly (dC)
grooves for which we have employed only three nucleotides of
each double helix strand. In order to simplify the visualization
of these diagrams we indicate the water molecule at its optimum
energy position; the oxygen atoms of the other water molecule
configurations are indicated by a shaded zone. All figures in
the present work were drawn with the help of a graphic plotter

connected to & Apple II microcomputer,
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I1.1 MAJOR GROOVE

As indicated in table I, the strongest binding site
in poly(da).poly (dT) major groove lies between the N7(A) and
HG(A) atoms. This site is virtuaily the same as that located for
isolated adenine6 but in the polymer its binding energy becomes
more favourable by 3.2 Kcal/mole. However, for the second site
located in the major groove, this extra stabilization is not
found when a water molecule interacts with 04IT); in this case
the interaction energy falls by 1 Kcal/mole in comparison to
that of the isolated base. In figure 1 the bound water habilities
(that in a bridge position between N,{A) and HG(A) and the cne
bound to 04(T) are denoted by W1 and W,, respectively) can be
visualized: W1 is not very labile whereas W, can be displaced
over a wide region in the major groove of the polymer,

In poly(dG).poly(dC)'méjor groove the strongest binding .
site giving rise to an interaction energy of -15.3 Kcal/mole is |
associated with a bound water molecule lying between the N?(G)
and OG(G) atoms {(denoted by Wy in figure 2)}. This configuration
is more stable by 4 Kcal/mole than the corresponding one in
isolated guanine6 (although in equivalent binding site). The
second located site involves the N, free amino hydrogen of
cytosine (W4 in figure 3). We recall that for isolated cytosine
the optimum interaction energy of a water molecule with this
atom is —6.4 Kcal/mole; in the macromolecule this value increases

to —-11 Kcal/mole despite a relatively high water lability.

11.2  MINOR GROOVE

If we first considere binding to the poly(dA) strand of
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poly (dA) .poly (dT), energy optimization indicates that in preferred
location the water molecule is shared by NB(A) and 0? atom of
the sugar bound to the consecutive adenine in the sequence .
5.APA3..The optimum energy in this case is -12.3 Kcal/mole which
coincides with that found for water binding between N, (A) and the
Ng-hydrOgen in isolated adenine.

As to bindings to the poly(dT) strand our calculations
show that the resulting configuration bridges the OZ(T) and
01JS) atoms, with an interaction energy of -11.9 Kcal/mole. The
resulting bond is oriented similarly to that obtained for the
poly (dA) strand.

It may be remarked that in figure 3 the water molecules
bound to poly (dA) and to poly(dT) strands (denoted by Wg and W,
respectively) presents labilities significantly smaller than the
corresponding water molecule lability found for the association
with 0148) in the isolated sugar subunits. For this latter case
the interaction energy is -5.7 Kcal/mole; however, this water
molecule gains an extra stabilization when embedded in the
macromolecular system. |

In the case of poly(dG).poly(dC) minor groove the
stronger binding (-11.8 Kcal/mecle) is associatéd with a water
molecule (w7 in figure 4) interacting simultaneously with three
centers: one of these centers is the Nztg) free amino hydrogen
of the central guanine and the other two are the OZ(C) and 0145)
atoms both belonging to the nucleoticle on the 3' side of the
central cytosine. As reported in table I the resulting inter-
action energy inveolving a water molecule and the NB(G) atom in
poly (dG) .poly (8C) minor groove is less favourable than that
mentioned above and the binding site (W8 in figure 4} is located

in the neighbourhood of the guanine amino group. Analyse of the
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distance between the water molecules W7 and WB.shows that both
sites cannot coexisf due to steric hindrance. Hydration of
OT(S) atom on poly{dG) strand yields a water configuration very
similar to that found for NB(G},‘the binding energy being, bow-
ever, 2 Kcal/mole less favoﬁrable. According to these results
it would seem that only one binding configuration can be found
in this region of poly (dG).poly (dC) minor groove; We shall
return to this peint later.

Figure 5 and 6 depicte a view of the bound water con-
figurations in the major and minor groove of poly(dA).poly (dT),
and poly (dG) .poly (dC), respectively, on a plane perpendicular to

their helical axis.

I1.3 PHOSPHATE GROUPS

The strongest binding energies within the two studied
sequence models are associated with phosphate groups {see table I).
The binding of water to anionic oxygens is favoured both from
sterical and energetic considerations. For instante, Oq:atom is
sterically highly hindered preventing it from directly attacking
a water molecule. The resulting configurations show high water
jabilities associated with the anionic oxygens. A water molecule
may bridge the O, and O, atoms and also the 0, and Oz atoms
through a hydrogen bond, although the latter is less favoured.
Figure 6 shows, as an example, the poly {dG).poly(dC) sequence
in which the waFer molecule W, is situated between the two
anionic oxygens of the phosphate group. As indicated in table I
there are about a hundred possible configurations for Wg; such
configurations spread over a wide region (also depicted in figure

6) around the anionic oxygens.
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I1.4 A MODEL TO INVESTIGATE A SECOND HYDRATION LAYER IN MINOR
GROOVE

Such a model consists in the preliminary construction
of a relatively complete first hydration layer. In the case of
poly (dA) .poly (@T) minor groove we have located the two bound water
configurations Wg and We. These two molecules are distant enough
from each other, as the minimal distance between two of their
atoms is approximatly 5.5 g ; consequently it may be assumed
these binding associations do not interfere with subsequent
hydration. In this way our model for a first hydration layer in
minor groove has been built with the following approximation: in
view of the homopolymeric poly (dR) .poly{dT) seguence we inserted
into the polymer at each base.pair water molecuies identical to

W and'WG, i.e., the configurations at the minimal energy

5
position found for the central base pair. Figure 7 shows the re-
sulting scheme: W;, Wy and W, represent the binding configurations
on poly (dA) strand ; Wé, W and Wg the corresponding ones on

poly (dT) strand. Now, the water molecules are integrated to the
macromolecular system and their multipoles are also taken into
account for the interaction energies computatio;s. In order to
obtain a profile of the second hydration iayer we then studied a
subsequent binding with the tﬁo central W, and W, water molecules.
The resulting hydration scheme indicates that it is constituted

by bridging the binding configurations on poly (dAa) strand and

those on poly(dT) strand. However, this bridge does not link

water molecules associated with one base pair, but instead a

water molecule bound to adenine and the following one in the

5'_.3' direction bound to thymine. The interaction energy for this

binding (-1%.8 Kcal/mole) is markedly larger than those obtained
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for water molecules of first hydration 1ayer._In figure 7 it is
shown the resulting configurations W,., (bridging W, and WE) and
W, , (bridging Wy and W.).

As to poly (dG).poly(dC) we recall that apparently
only the water molecule W7_may associate with the central_
nucleotides in minor groove. In order to investigate the structure
of water molecules in this region we have adopted a similar
procedure to that employed for the poly (dA) .poly (dT} case.
Nevertheless; it is necessary to study the possibility of
binding at the hydrophilic centers NB(G) and 01JS) of the
poly(dG) strand, taking into account the presence of other water
molecules identical to W, in the minor groove of poly(dG).poly(dC}.
The results indicate that binding to 0,, sugar oxygen (-9 Kcal/mole)
is preferred to binding to N3(GJ atom by an amount of
interaction energy about 3 Kcal/mole. In figure 8 W;, W, and
#
Wg. Wy and Wg'

denote the resulting configurations on poly(dC) strand;
those on poly(dG) strand.

Subsequent bindings to W7 and Wé molecules shoﬁs that
in contrast to the poly(da).poly(dT) minor groove, no Cross
st:and bridging occurs and that, in fact, the binding configurations
on poly (dC) strand are inaccessible to direct attaking of sub-
sequent water molecules. Yet, the corresponding ones on poly (dG)
strand can accept another strong hydrogen bonded water molecule
(-20.5 Kcal/mole) locating in the neighbourhood of the backbone
phosphate groups (W12 in figure 8).

A view of both poly(da).poly(dT) and poly(dG).poly(dC)
hydration scheme ©On a plane perpendicular to the helical axis

is presented in figures 9 and 10, respectively.
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111 DiscussIONS AND CONCLUDING REMARKS

The above results indicate that when comparing hydration
features in the minor and major grooves of the B-DNA model, as
functions of its base sequence, relevant differences can be esta-
blished. We remark that the major groove of both poly(da).poly(d4T)
and poly (dG).poly (dC) have nearly the same general hydration
features; the biﬁding being associated with a single base. More-
over; the wafer molecule can bridge between two base atoms, which
is the case for the site involving N7(A) and HG(A) or that
involving N7(G) and 06(G). The highest labilities in the major
groove are associated with the water molecule bound to 04(T)
and that bound to H4(C) for which there appears to be no pre-
ferential neighbouring atom available to render these associations
bidentates.

However, bidentate bound water configurations can be
formed between atoms of different component units of the double
helix and such states have been found in the two oligomer‘s
minor grooves. This is the case for the bridge formed between
base edge atoms OZ(T)-QI'N3(A) .and'01ts)'in poly (dA) . poly (4T)
and that involving OZ(C" H2(G) and 0148) in poly(dG) .poly {(dC)
minor grooves. '

A tentative investigation of a subsequent layer hydration
in the minor groove of the B-DNA model reveals clear contrast in
their hydration features and only for poly (dA) .poly (AT) a
cross—linking of the first hydration layer is observed. The
presence of the guanine amino group in the poly (dG)}.poly (dC)
minor groove appears to play on instrumental role in inhibiting

such cross-linking.
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Through the comparison of the two studied sequences
we may deduce that not only the interaction energy of bindings
in the grooves are strongly correlated with the base sequence
involved, but alsc the geometrical arrangement of the water
molecules; this effect is emphasized in the minor groove case.

As we have mentioned Dickerson and colaborators X-ray
studies of a single crystal oligomeric DNA allowed to locate
water molecules in different regions of the B-DNA self-comple-

mentary dodecamer ceeeaarreece 018

. Here, it is important to
remark that we have carried out the present investigations
regarding oligomers with homopolymeric base seguence having
the classical B-DNA conformation. In the case of Dickerson's
dodecamer geometry the base sequence has a more complicated
arrangement and presents noticeable local structural hetero-
geneities. Nevertheless a theoretical interpretation of its
NMR spectrum suggests that, in solution, its conformation may be
considerably closer to that of a regular B-DNA26.

The results of the dodecamer crystal, indicate that
one of the most stricking hydration feature observed is a
‘regular spine of ordered water molecules binding betweén
successive adenine N3 and thymine 02 atoms in the minor groove
in the AT-rich center of the polymer. Moreover, the second
hydration layer is found to bridge this first layer in an
approximate tetrahedral bound configuration. This regularity is
disrupted on passing from the AT center of the self-complementary
dodecamer towards its GC ends. In contrast, hydration of major
groove showed that most water molecules in the first layer

interact with nitrogen or oxygen atoms on the edges of the base

pair, and the majority of the binding observed are associated
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with one single base. The hydration geometry in the major groove
did not present a regularity comparable to the hydration in the
minor groove.

Since the classical work of Falk et az.zs’za

the pre-
ferential hydration of the anionic oxygen atoms in the phosphate
groups of_DNA is well established. This feature was nevertheless
invisible in the primitive Dickerson's X-ray results at room
temperature and insufficiently resclved spectrum of the
dodecamer crystal CGCGAATTCGCG, indicating thermal or static
disorder of the backbone atoms16. A further investigation of the
same dodecamer at 16°K17 and of a bromo derivative d«IIIFEETBQxKE)

in a 60% MPD (2-methyl 2,4-pentanediol) solution'®

enabled a
refinement of the initial conclusions, indicating the phosphates
as the sites of strongest hydration. This correlates with our
findings since strong binding may be observed favouring the
anionic oxygens of the phosphate groups. Moreover the largest
water labilities associated to these binding sites seems to be
one of the most important factors rendering difficult the
observation of water molecules in this regions of the dodecamer
crystal.

Although the present theoretical investigation refers
to classical B form of DNA it seems to account satisfactorilly
for experimental observations such as those relevant to the

structure of hydration in major and minor groove as well as those

relevant to the affinity of this biomolecule for water molecules.
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FIGCURE CAPTIONS

FIG. 1 - Preferred interaction sites of a water molecule in
poly {da).poly (dT) major groove.

F1G. 2 - Preferred interaction sites of a water molecule in
poly (dG) .poly (4C) major groove.

FIG. 3 - Preferred interaction sites of a water molecule in
poly(da)}.poly(dT) minor groove.

FIG. 4 - Preferred interaction sites of a water molecule in
poly (@G) .poly (AC) minor groove.

FIG. 5 - A view on a plane perpendicular to the helical axis
- of poly (dA) .poly(dT}. The three base pair planes are
placed at the distances:
z ), Z-h {—====a }, Z+h {
® nitrogen atoms, ....... hydrogen bonds invelved.

), © oxygen atoms,

FIG. 6 — A view on a plane perpendicular to the helical axis
of poly{dG).poly(dC).

FIG. 7 - A schematic representation of the partial first and
second hydration layer in poly{da).poly(dT) minor
groove.

FIG. 8 -~ A schematic representation of the partial first and
second hydration layer in poly (dG).poly(dC) minor groove.

FIG. 9 - A view on a plane perpendicular to the helical axis of
the scheme obtained in poly(dA).poly(dT) minor groove.

FIC. 10 - A view on a plane perpendicular to the helical axis of
the scheme obtained in poly (dG).poly(dC).
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Table 1

Preferred interaction sites between a water molecule and a mo-
del fragment of B-DNA. NC denote the number of a water molecu-
le configurations at each binding site having energies within
1 Kcal/mole of the optimum energy.

Base pair Receptor atans
Region sequence ‘involved  AE (Keal/mole) N@
NT(A" HG(A) ~ 14.6 9
. AT '
Major 04(T) - 8.4 24
Groove _
N7(G), OB(G) - 15.3 3
GC H, (C) - 11,0 96
N5 (a), 0,,(S) ' - 12.3 15
AT T), 0., (S) 11.9 20
Minor 0, (T}, Oq4 - ‘
Groove .
aC ozan,nzun,or(S) - 11.8 5
01, 02 - 25.5 103
Phosphate
Group 05. - 20.8 2
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