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Diffusion of water bound to a DNA molecule along its surface has been studied. A lattice model has been proposed
to describe this process. The DNA sorbing surface has been considered as a fractal one. The values of the water
diffusion coefficient, which depend on relative humidity of environment, have been estimated in the framework of
the model within each interval of the ambient relative humidity where the DNA restores its conformation. They
increase monotonously within each interval involved to about 5-107", 1.7:107° and 3.5107° m¥s for partly
disordered form of DNA, A- and B-DNA, respectively. Also, we estimated values of longitudinal diffusion
coefficient, i.e. the diffusion directed along the helix axis, which for conformational states considered run into about
9107, 38107 and 7-107% m¥s. At the highest relative humidities the diffusion coefficient values tend to the
values of the water self-diffusion coefficient for DNA solutions. We consider this fact as a result of increasing the
number of the water molecules indirectly bound to the DNA binding sites.
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Ton-hydrate surroundings play a fundamental role in determining a structure and physical properties of a
DNA molecule [1-3 and references therein]. Conformational state of a DNA molecule depends strongly on its
water content as well as on concentration and type of the counterions [1-5]. Therefore, the problem of studying
the properties of the DNA surrounding elements is of great interest. One of the base physical characteristics of
interactions between the ion-hydrate shell and the DNA molecule is a water diffusion coefficient near the DNA
molecule surface.

Beginning with the work of Wang [6], researchers studied the diffusion process systematically. /r vivo
most often a DNA molecule is in a closely packed and ordered form. This fact caused an interest to investigate
the diffusion process in ordered DNA samples both experimentally and theoretically. There have been obtained
the diffusion coefficients of counterions and water for macroscopic, i.c. intermolecular, diffusion process (for
review see [7] and references therein). As for a water diffusion, data on the diffusion coefficient of bulk water
and water in dilute solutions of DNA, in which characteristics of the hydration water are spread, are available
[6,8]. Besides, in the work [9] the diffusion coefficients of water molecules in oriented wetted DNA films have
been experimentally determined. However, theory of the bound water diffusion in a DNA-water system with a
small water content has not been developed enough vet.

This paper is an attempt to stop a gap in this field to some degree. We have carried out estimation of the
water diffusion coefficients in the hydrate surroundings of an individual NaDNA molecule for various water
contents (in the whole relative humidity (r.h.) range).

THEORY

Molecules adsorbed on a solid surface are in the thermal motion and in the presence of a concentration
gradient of an adsorbate phase a diffuse stream against the gradient direction appears. In the present paper a
simple model of adsorbed water translational diffusion along a DNA matrix is proposed. As a basis we took the
approach described by Frenkel [10] in the kinetic theory of real crystals. As known the theory of such a type is
used to describe self-diffusion in liquids and solids. Classic Frenkel-Eyring theory supposes a molecular motion
in liquids and real crystals to be a one-particle one, a particle travelling in a potential field spatially periodic
and stationary [10]. The motion consists of oscillations near an equilibrium position in the vicinity of the
bottom of a potential well and periodic jumps over the barrier to a new equilibrium position. In case of a
biopolymer-water system we assume that an application of this theory is possible as a certain approximation
due to existence of the distinct water binding sites on the biopolymer surface and a low water content in the
system. That is to say “condensed” state of the DNA-water system is studied here.

In order to describe the diffusion process let us consider the polymer matrix as a lattice structurc with a
period equal to «. In this case migration of water molecules adsorbed is a thermal-activated process due to
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energy barriers on the adsorbent surface. The energetic heterogeneity in such a structure arises because -of
spacing of the matrix clements. Let us assume also that each water molecule adsorbed is disposed in a lattice
knot (a binding site) which, in its turn, is situated within a nucleotide. The diffusion process is considered as a
process of a water molecule release from one binding site with subsequent occupation of the nearest onc by a
water molecule. One should note that in the DNA-water system involved there is no bulk water, therefore, a
process of exchange with bulk water is not considered.

Let w=n/N be the probability of finding a binding site being occupied by a water molecule, where N is a
total number of binding sites in the DNA sample, » is number of the binding sites occupied. Within time
interval ¢ a binding site is occupied for time f,=wr and the number of occupation events A/ is equal to wi/z,
where 7 is the lifetime of a water molecule in the bound state or the duration of an occupation event. Then,

t,=t/M = 7w is the mean time between release of one bindi ng site and occupation of another one or the time for
which a water molecule displacement between the two binding sites equal to a occurs. In other words 7, is the
time between two "collisions” of the water molecule with knots, i.e. the translational time.

The water molecules are assumed to diffuse according to Fick's law. In the case of one-dimensional
diffusion one can write down some modified solution of the Fick's diffusion equation, which spatially
corresponds 10 a Ganssian’s distribotion of squared standard deviation =211 {3

Plxolx, =(dnDrty exp(- %&})‘] , o)

where parameter 22 is a diffusion coefficient (for the case of one-dimensional diffusion); P(xlx, £) is a
probability of finding a molecule at the moment ¢ in the point with coordinate x provided it was in the point x,
at the zero time. The squared standard deviation ¢ is equal to the mean square displacement along a single
direction of a molecule from its starting point. An analogy with the problem of random walks of a particle can
be traced here. Taking into account the fact that the value of the mean square displacement from starting point
for time 7, is fixed (equal to &) and assuming displacements along different directions are statistically
independent, we have <P>=a*=) D, L.
2 2
D=a=Zy @)
2, 22

By analogy with the case of one-dimensional diffusion the diffusion coefficients of two- and three-
dimensional diffusion can be obtained. They are expressed as D=d*/At, and D, =a*/6t,, respectively. The
diffusion coefficients for the different dimension problems are seen to differ only with a numerical factor. It is
obvious this factor is equal to 1/2d, where d is a dimension of the diffuse problem. Thus, in a general case we
have: , '

-
D o w. 3)

Therefore, in consideration of the diffusion process of bound water along the DNA surface a question of
DNA molecule dimension arises. To assume the diffusion involved as a two-dimensional one is incorrect since
the DNA molecule is known to have a very complicated structure of its surface. In connection with this fact it is
necessary to note that surfaces of the most sorbents are very uneven. Such surfaces are characterized with a
fractal dimension, D). The values of D lie within interval 2<D<3 although some sorbents have a fractal
dimension even a little greater than 3 [11]. Also, it is interesting that the fractal dimension values of water
clusters bound to DNA molecules are within the same interval of the I values [12}. The problem of the fractal
dimension of DNA surface has been considered in work [13]. In the work the fractal dimensions of the A- and

B-DNA surfaces, D , have been obtained by using a method of determination of DNA accessible surface [11,
14]. They are equal to about 3.0 and 2.5 for A- and B-form of DNA, respectively.
Thus, calculating the water diffusion coefficients in the hydrate surroundings of the NaDNA by using the

equation (3), we have to substitute in this equation the fractal dimension D fora topological one d for each
form of the DNA molecule:

D =——w. @
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The evaluative calculations were realized in the following way. From the whole region of r.h. from 0 to
100% (that corresponds to the number of water molecules per nucleotide () from 0 to about 22 [2]) three
miervals were chosen by using a criterion of the existence of certain DNA forms having their definite structural
characteristics in these intervals. Three distinct DNA structures exist in the r.h. region involved: a B-like form
1] or in P-form [15] (r.h.£72%, n<7), A-form (r.h=78-90%, n=8-15) [2], and B-form (r.h.>92%, n>16) [2].
Therefore, the water diffusion coefficients were estimated for the following intervals of n:

(1y a7 (B-like form);

(2) n=8-15 (A-form),

(3) n=16-22 (B-form).

The intervals n=7-8 and n=15-16 correspond to conformational transitions from the B-like form to A-form
znd from A-form to B-form of DNA, respectively. Therefore, it is problematical to say about the DNA structure
i these intervals. In connection with this the calculations for these values of » cannot be performed by using
orocedure described.

The 7 values necessary for the diffusion coefficient estimations have been calculated by using an equation
linking the lifetime of a water molecule in the bound state with the hydration energy excess AE(n):

on)=To exp(AE)RT) ®)

where 17, (equal to about 2.5-107% s [16]) is the lifetime of a water molecule in the bound state in bulk water at
room temperature; R is the universal gas constant; 7 is temperature; » is water content expressed as number of
moles of water per mole of nucleotide (MH,O/MN), which is corresponds to the number of the binding sites
accupied. Besides, for calculation of w=n/N figuring in the equation (4) the NV value is taken as the total number
of water molecules per a nucleotide necessary to form the DNA hydration shell and equal to about 22 (in other
words N=n at 100% r.h.).

In energy terms a water molecule can be considered “bound” if its energy of interactions F with an
hvdrate-active center exceeds the mean energy of water-water interaction in liquid phase (£,=40.5kJ/MH,0).
Then the hydration energy excess AE is equal to £-£,. We made use of data on dependence of the hydration
energy excess on 7 obtained by direct microcalorimetry measurements for NaDNA {2].

In the first interval of #» (n<7) mainly phosphates are hydrated [17] although hydration of sugars and
bases is also observed [2]. Within this interval DNA molecule exists in partly disordered state, structural
parameters of the sugar-phosphate backbone resembling ones for B-form of DNA [1]. Since NaDNA is

supposed to be in the B-like form, which is structurally similar to the B-form,. the surface dimension D for the
B-like form is accepted the same one as for the B-form of DNA.

In the second interval of n (#=8-15) wherc NaDNA is in the A-form there are the following features of
hvdration: the clear primary shell of sugars and bases are absent while the most polar groups, phosphates, are
hvdrated and their hydration shells are high-ordered (in contrast with B-form); in the grooves there are no
water spines, however, functional groups exposed to the grooves are hydrated; the water bridges binding
adjoining phosphates are formed along each strand of DNA; there also exist the water bridges binding the
phosphate groups of different strands across the major groove, which tighten its edges [3, 18].

In the last interval of n (n=16-22) where the B-form exists, the hydration rcaches its high level:
phosphates are hydrated significantly; there are hydration shells of bases and sugars; the binding sites in the
erooves are taken by water molecules (thus, the water spines in the grooves are formed); the water bridges bind
bases and phosphates of the opposite strands [3, 18, 19].

Estimates of the values of the lattice parameter a were found from consideration of water molecule
transitions between various hydration centers. These transitions are supposed to occur both within the same
DNA strand (e.g. between phosphate groups) and between strands across and inside the grooves. Besides, in the
two latter cases (A- and B-form) the formation of water bridges was allowed for [3, 18, 19]. Taking into
account the possible hydration centers, their implication to the hydration process with water content growth,
and distances between them, after averaging over the distances for possible transitions we obtained the a values
for B-like form, A-and B-form equal to about 8.2 A, 6.9A and 7.7A, respectively.

RESULTS AND DISCUSSION
Dependence of the lifetime of a water molecule in the bound state, 7, on r.h. (the water content in the
system) is presented in fig.1.
As one can see from this figure the 7 values decrease about by factor of 50 when the water content in the
system changes from low to high values. This fact clearly demonstrates decreasing the energy of interaction of
water molecules with the hydrate-active centers. In the work [9] the experimental results of pulsed proton NMR
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Fig.1. Dependence of the lifetime of a water molecule in
the bound state on r.h. (water content in the NaDNA-
water system).
n, MHO/MN
0 2.0 3.2 4.7 9.8 22
4 T T TR] \
N
IR
NI
R
m R
\
st N N
X N A
: N A
A § §
V
N N
0 : e T T \% i &
0 20 40 60 80 100
rh, %

Fig. 2. Dependence of the diffusion coefficient of the bound
water molecules along the NaDNA surface on r.h. (water
content). Hatched areas correspond to r.h intervals of
conformational transitions, which have been eliminated
from consideration in the present study.

relaxation and diffusion study of water
sorbed in solid oriented NaDNA samples at
moderate r.h. (48.8% - 86.6% r.h.) are
reported. Our 7 values are in good
agreement with the estimate of t (about 10°
?5) obtained in this work in the appropriate
water content region.

Real DNA naturally is not “static”
object and its structure fluctuates.
However, times of these motions are on the
time scale of microseconds. These times
are much greater than ones considered in
our case. Therefore, we did not take these
motions into account in the present model.

Dependence of the  diffusion
coefficient 2 calculated from equation (4)
with appropriate values of the parameters
on r.h. (water content) is plotted in fig.2.
Three sections of the dependence
correspond to the hydration intervals where
the diffusion coefficient estimation has
been performed: in the first section
rh.<72% (n<7), in the second section
r.h=78-90% (n=8-15), and in the last one
r.h.>92% (m>16).

The dependence of the diffusion
coefficient 22 increases monotonically in
each section of graph (fig.2). Such a
behavior of 22 values can be explained by
reducing ‘the part of the water molecule

“strongly” bound to the DNA duc to.

multilayer sorption with small binding
energies.

Steps of the 22 values in case of a
passage from one section of the graph to
another one are probably connected to
rearrangement of secondary structure of the
DNA molecule and hydration shell, ie., of
geometry of the system considered, during
conformational transitions.

One of particolar cases of the bound
water diffusion is a longitudinal one 77,
i.c. the diffusion directed along the DNA
helix axis. Such a type of diffusion is
supposed to be a one-dimensional
diffusion. Thus, in the model one should
consider the biopolymer matrix as a one-
dimensional lattice (in the equation (4) D
is equal to 1) and, therefore, use the
equation (2) to estimate values of the
longitudinal diffusion coefficient Z3. The
values of the lattice parameter a, which
corresponded to the mean displacement of
a water molecule in the direction of the
helix axis, were taken as the averaged
values of the axis projections of the water
molecule transitions considered in the
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previous case of diffusion along the fractal surface. For the three # intervals involved the @ values are equal to
~7A for n<7, ~6.1A for n=8-15 and ~6.7A for n=16-22. In this case the w values were the same ones as for the
diffusion along the fractal surface.

Dependence of the longitudinal diffusion coefficient 2 calculated from equation (2) with appropriate
values of the parameters on r.h. (water content) is presented in fig.3. It is seen from this figure that the
dependence obtained demonstrates similar features as one in the previous case of diffusion. However,
quantitative differences are observed. The
values of the longitudinal diffusion
coefficient are greater than the values of
the fractal surface one. This is due to the
fact that the general case of the surface
diffusion comprises the diffusion processes
in all directions over the surface (including
slow lateral diffusion) and, therefore, total
process goes slower than the longitudinat
diffusion. Our 2% values agree with the
experimental ones presented in fig.3 [9]in
the appropriate intervals. The experimental
data considered correspond to the case of
diffusion parallel to the DNA helix axis.
The good agreement between the
theoretical and experimental results attests
adequacy of the longitudinal diffusion
process description by using the equation
(2). At high r.h. the 2 values calculated
tend to the water self-diffusion coefficient
for DNA solutions obtained in the work
[6].

100 It is obvious if water content in the
rh, % DNA-water system grows further the

values of the diffusion coefficient will

Fig. 3. Dependence of the longitudinal diffusion coefficient gradually increase, approaching the value

of the bo@d water molecules on r.h. (—). For comparison of the diffusion coefficient for bulk water
the experimental data are presented (o) [9]. Hatched areas (2.510° m¥s) Qualitatively such a

correspond to r.h intervals of conformational transitions, )
which have been eliminated from consideration in the behavior of the. 2% (and 2) values can be
present study. demonstrated in the framework of the

model. From the third section shape of the
23 (and 2) dependence as well as from the
equations (2) or (4) it is seen while the water content in the sample grows the 7 values decrease and the w
values increase, and this will cause the gradual increasing of the diffusion coefficient values. They will finally
tend to a limiting value.
Our calculations have been made for hydrate surrounding of NaDNA, however, we believe that the
procedure described in the present paper is suitable for a case of DNA with other counterions.
The diffusion of the bound water molecules along the DNA surface studied in the present paper could
contribute to long-range effects of conformational reorganization [20]. In any case such a water diffusion
should be taken into account when local conformational changes of a DNA molecule are considered.
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PaccMaTpuBaeTcs TopepxHocTHas (G dysist MOLEeKy BOJEL, cBa3aHHEIX Ha Marpuue JIHK. Jlnt ormicanys 51010 Iporecea
npemIaraeTcs pemeTouHas Mojenb. CopGHpylomast OBEpXHOCTh JIHK paccmaTpuBaercd B Kauecrse ¢paktampHodl. B
PAMKax OpPeUIoKeHHOH MOZETH TPOU3BENEHBI OLCHKH xospdmmenta mGQysur BoBL B MHTEPBANAX OTHOCHTCBHOM
BUAKHOCTH OKpyxaromteil cpempl, B kxotoprix JIHK coxpanser croe KOH(OPMAIMOHHOE COCTOAHME. PaccyHTaHHbIe
BETMUMHLL OLEHOK Kod(p(MIMAenTa TOBEPXHOCTHOH JubQysmyt CBA3AHHBIX MOTEKYN BOJBL YBEMMMBAKOTCA & POCTOM
cozepxkanms Boxpl B JIHK M JOCTHraoT 3HaqeHHIT 51070 1710710 1 3,510 M¥/c s vACTHYHO pasyIOps/I0YEHHOTO
cocTosHus, A- ¥ B-opMBI COOTBETCTBCHHO. Kpome Toro, ObUIM NONYHCHBI OTICHKH 3HadeHu Ko uImeHTa TIPOIOIHHON
mbdysm, T.¢. b y3int, HANPaBICHHOR BJIOIL OCH CITPATH. MaxcuMabHbIE 3HAYEHIS STHX OIEHOK NIPHOIM3HTENBHO
PaBHBI 9107", 3810 wu 710 1 e W paccMaTpMBAEMBIX KOHQPOPMAIMOHHBIX COCTOSHHA. IIpH BRICOKHX
OTHOCHTENBHEIX  BIMKHOCTSX 3HadeHus KoaGOumeHToB TuQPY3uu CTPEMITCS K BENHUIHAM xondhdurmenta
camomapdysuu Boer B pactsopax JIHK. Oror (arT paccMaTpuBaeTCs KaK pesylbTaT YBEIMHEHUS Hucia MOJIEKYA BOJIBL,
cI1alo CBS3AHHbIX ¢ copOUpyIonnmMHe teHTpamu JIHK.

KJIOYEBEIE CJIOBA: monexyma JIHK, copOums BOJbL, CBSI3aHHAA BOJA, MOBCPXHOCTHAL i dyzus, GpakTanbHas
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