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MISCELLANEA

STATISTICAL DESCRIPTION OF AN
ENSEMBLE OF DNA MOLECULES

V. V. Belov and V. B. Nemtsov UDC 536.758

A statistical description of an ensemble of DNA molecules in an electrolyte solution has been developed. Ra-
dial distribution functions for all the components of the system and a single-particle distribution function for
the elements of a molecule and its orientation elastic moduli have been calculated on this basis.

Among the biological materials characterized by the liquid-crystalline order [1], ensembles of DNA molecules
are of primary importance [2, 3]. In the last sixty years, its has been established by investigating a number of impor-
tant biological objects such as chromosomes, certain viruses and bacteriophages, and spermatozoon nuclei that they
represent ordered phases formed of DNA molecules which are both in linear and annular closed forms and stay in cer-
tain solvents. These phases found both in vivo and in vitro possess a liquid-crystalline structure [1-3].

We will assume that DNA molecules whose elements carry a negative charge are in the solution of a strong
NaCl-type electrolyte. Therefore, their statistical description is complicated, among other things, by the presence of a
long-range Coulomb interaction. The solution of such a problem will be subdivided into two steps. First we consider
the problem of isotropic Coulomb interaction between all the elements of the system and thereafter use these results
in allowing for the nonisotropic interaction between the elements of a DNA molecule.

If the influence of the solvent is allowed for only by the dielectric constant &, the system will be three-com-
ponent even in this case and its description will require six binary distribution functions. Let there be N;| positive ions
carrying a charge e, N, ions having a charge —e, and N3 ions having a charge pe (p is the integer) in the system. The
total number of particles is equal to N = Ny + Ny + N3, and they occupy volume V. The condition of electroneutrality
of such a system has the form

Nie—Nye+N3pe=0, (1
or
ny—nytnyp=0, ?)
where ny = Nu/N, p =1, 2, and 3. Since we have
ntnytng=1, (3)

one parameter n, remains free.
In any method of closing a chain of equations for partial distribution functions, the binary functions are de-
termined by the expressions

S
Sy = €XPp |:— B ((Duv + deW + (DIW)] , (@)
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where B = 1/(kgT) and @°, @, and ® are the short-range, Coulomb, and average-force potentials respectively. It fol-
lows from the last expression that the correct behavior of the binary functions at infinity can be ensured and conse-
quently the thermodynamic quantities themselves, by which they are determined, can exist only in the case where the
sum of the Coulomb potential and the average-force potential will be short-range. We denote it by Q = ®°+ ®. For
functions of this kind, we have obtained earlier [4] the following system of nonlinear integral equations:

Q1,2 +%z prd3 [cbfLx (1,3) @ (2,3) + Q. (1,3) Dy (2, 3)]=

A
C
:d)lw(l,Z)—prJ'cB hM(1’3) hy) (2,3). (5)
A
Here we have
Pr=m P =mN/V; (6)
Iy, = exp [— (‘I’im + QM)] P %)

all the potentials are dimensionless (due to the multiplication of dimensional quantities by P); the sorts of particles are
denoted by the Greek letters and their coordinates are denoted by the figures.
Equations (5) contain the Coulomb potential

@y, ()= e , (8)
Er

leading to a divergence of integrals because of its too slow decrease at large distances (integration in (5) is over the
entire space) if the equations are used in reduced form. This problem is characteristic of systems with Coulomb inter-
action and is eliminated in different manners.

In this case, we use the fact that all the integrals in (5) are the convolutions of two functions. This enables
us to apply the Fourier transformation to both sides of (5) to obtain a system of linear algebraic equations for the
Fourier transforms of the quantities € on the left-hand side of the system of integral equations in question. Determin-
ing the Fourier transformation by the relation

~ 3 .
QW =]d ra @ exp (ikn), ©)
we obtain
= 1 ~c = ~C Q ~c ~
qu+§sz (q)ux Quy + Dy, uh):q)uv_Buv’ (10)
A
where the notation
By =Y, Pl g, (an
A

is introduced to shorten the notation and the dependence of the Fourier transforms on k is not indicated (since all the
functions in (5) are dependent only on the corresponding distances, their Fourier transforms are functions of the modu-
lus of the vector k).

612



_ All the quantities in (10) are symmetric about the rearrangement of the Greek subscripts; therefore, it is only
QU, Qpr, 913 Qr>, 73, and Q33 that will be independent. Then the system of equations (10) in expanded form will
appear as

(14 D) Q= PRy + pp®Q3 =D - By, (12)
I ~~ )
-3 PP, +(l + )912 B p3p<l>§213 B p2q>£222 += p3p<l>£223 —— - Blz, (13)
1 = 1 g P1tPp ~ |~ 1 == 1 ~~ -~
—pi0Qy + (1+py0) Qyy — p3p®PQy; =~ By, , (15)
1 ~ | P3P
EPWQQH‘EPﬁM%3+1+ > D [Qyy - 2PW¢QB—‘P@ Bys. (16)
~ ~ =~ 2= = 2= =
Here the Fourier transform of the Coulomb interaction between oppositely charged monovalent ions is denoted by .
Further computations are carried out for the case p = —2. The determinant of system (12)—(17) has the form
1 ~ ~ ~ ~
A=(l + ’;3” ptl)]{l +%(1 +3n) p® +% [1+n @+ 11n)] (p®) +%n (1+n) (14 5n) (p<I>)3} : (18)

where it is taken into account that, because of conditions (2) and (3), we have

n1=%(l+n), o=+ (1=3m), (19)

1
2=75(
and n3 is denoted by n.

The solution of the above system of linear equations is very cumbersome; therefore, we write it in compact
form:
~ ~ -~ oz = =2~ ~3 ~ =~ 4
Q= [— By + iy pO + By (0B) + 2, (pD) + 3y, (pD) ]/A , (20)
where &LW’ EMV’ Euv’ and Zﬁw represent the linear combinations of EH, Elz, 313, Ezz, 1§23, and 1§33 with coefficients

determined by the quantity n, rather than give it completely.
Next we must perform the inverse Fourier transformation

Qu (0 =— | €Dy (0 exp (— ik, @1
(2m)

whose realizability is determined by the analytical properties of the integrand, mainly by the behavior of the functions
Q(k) determined by expression (20) for k — oo. In explicit form, the dependence of these functions on k is found in
terms of the Fourier transform of the Coulomb potential
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Fig. 1. Radial functions for low (p = 0.1) (a) and high (p = 0.6) (b) densities:
D) g115 2) g12, 3) g13. 4) 822, 5) &23, and 6) g33.

[\

2
~ 4
pe <’<>=L26=K—2’ (22)

ek k

where k = \I4T|:Bpez/ e is the Debye parameter. The substitution of (22) into (20) leads to the explicit dependence of
the Q functions on k:

~ 8 ~ 26 7 44 . 62 ~ 8
~ - Bk +a, <k + b Kk +c Kk +dy K
Q, (k)=

, (23)
& +ax®) &8 + 3ak* + b1 + o

where
a=(1+3n)/2; b=[1+n@+11n)]/2; c=n({1+n)(1+5n)/2. 24)

Formally, expression (23) appears as the ratio of the polynomials of the eighth degree in k, but the coeffi-
cients of the numerator are functions of this variable and the most leading of them — 1~5’HV — may act as the Fourier
transform of the Coulomb potential (22) in the most unfavorable case; therefore, the degree of the polynomial in the
numerator is less than the degree of the denominator at least by two, which ensures a decrease in S~2(k) at infinity.

The value of the integral (21) is determined by the zeros of the denominator of (23). The investigations car-
ried out have shown that the roots of this denominator are imaginary for all the permissible values of n. Closing the
integration contour in the upper half-plane, for the integral (21) we obtain

4

L3 lim kG, () exp (k) (k- ik,) . (25)

1 ~ .
Qy (0 =—5— | dkkQy,, (b exp (ikr) = '
. 2nr | koik,

4rir

where k;,, are the moduli of the roots of the denominator of (23).

It follows from dependence (25) that all the residues of the integrand are in proportion to exp (—k,r); there-
fore, the inverse transforms of the average-force potentials will contain factors exp (—k,»)/r, because of which the cor-
relation functions (7) will turn out to be short-range: after the transformations carried out, the Coulomb interaction
appearing in (5) has turned out to be represented in shielded form.

The actual determination of the values of Q(r) involves the necessity of solving a system of nonlinear equa-
tions. Such a system is expression (25), since all the coefficients of the numerator in (23) are functions of € and can
be found only numerically. Figure 1 gives the calculated radial functions with a solid-sphere potential as a short-range
part. When the densities are low, their behavior resembles Debye behavior, but when the density is high, they become
liquid-like, which points to the occurrence of an efficient attraction between charged objects of all types under such
conditions.
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Fig. 2. Single-particle distribution function for different densities: 1) p = 0.1;
2) 0.2; 3) 0.3.

It is problematic to allow for the anisotropic short-range interaction at the level of binary functions because
of the too large number of variables determining the states of particles. The manner in which Eqgs. (5) should be
treated is unclear, since all the transformations described above are inapplicable in this case. Therefore, we restrict our
consideration to single-particle functions describing the behavior of the elements of a DNA molecule in the ionic en-
vironment presented above. An equation for the single-particle function has the form [5]

o =-A[d2expl-0@1|-0 (1.2)- Q1,21 1]. (26)
Here ¢ is the average-force potential determining the single-particle distribution function

f)=Aexp[-o (D] (27)

Q is the binary average-force potential which is the solution of the system of equations considered above, and @° is
the noncentral short-range potential of direct interaction of the elements. As the latter, we have selected the Gay—Berne
potential [6] used in liquid-crystalline models. The nonlinear integral equation (26) has been solved numerically. Figure
2 gives the dependences (calculated for different densities) of the single-particle distribution function on the angle be-
tween a certain fixed direction and the long axis of an ellipsoid of revolution modeling molecular elements. It is seen
in the figure that in the case of a low density a nearly uniform distribution is transformed toward increasing values of
this angle with growth in the density.

The single-particle distribution function found enables us to calculate the orientation elastic moduli, i.e., the
Franck moduli of a DNA molecule, considering it from the viewpoint of a nematic liquid crystal. For this purpose we
use results of the statistical theory developed earlier and computational formulas [7] for the Franck moduli.

The Franck moduli are determined by the expressions

Ky =Ls’ lz‘—x" (cos” 9 ~ (cos 9)) +2 ({cos” 9) -2 (cos’ 9) + (cos” 19)): ((cos2 By — (cos* B)),  (28)
Kyy=Ls" I"TX ({cos” B — (cos” D)) + % ({cos” B — 2 {cos" B + (cos’ 19>): ((cos” B) — (cos DY), (29)
Ky=Ls h’—x" ({cos” By — (cos’ ) + ({cos" B — (cos’ ﬁ))] ({cos” B) — (cos " B)) (30)
L=3nMbp o’ (1 + % XZ}B 1-x°, 31)
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b=4npoymy’ (1 + % ;8}3 -7, (32)

s=(P,) =] dP, ®) (@), (33)
Q
M=- jy4c ) dy, (34
0
m=—jy2c »dy, (35)
0

where c(y) is the direct correlation function for the system of spherical particles and 6y and y are the parameters of
the Gay—Berne potential [6]. The angle brackets mean averaging using the single-particle distribution function f{) ob-
tained in solving Eq. (26). Introducing the average value

1
K=3 (K +Kp+Ks), (36)

we can determine the dimensionless elastic moduli

Ky Ky K33
k== k= k=" 37)

Expressions (34) and (35) involve the direct correlation function which can be found using the Ornstein—
Zernicke equations if we know the total correlation functions (7). For a multicomponent system, it becomes the system
of equations

Iy (D =y 0+ X9y [ iy 1) hyg, (lr=tl). (38)
A

Since the integrals are convolutions here, we use a technique based on the Fourier transformation. We obtain the fol-
lowing system of linear equations for the Fourier transforms:

By =Gy + z PACI » (39
A
or, in detailed representation,
hyy=¢py (L+pihyy) +PaCinhin + p3cishys (40)
hip=C11Pihp+Tip (14 pohyy) +p3cishys., “1)
hy3=C11p1hy3+ PaCiohys + T3 (1 +pshys) “42)
hay = C1aPyhyp + Exp (14 Pohing) + P3cashing » “3)
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Fig. 3. Orientation elastic moduli (a) [1) Ki, 2) Ky, and 3) K33] and their di-
mensionless values (b) [1) ki1, 2) kyp, and 3) kj33].

oy =CaPihys+ Palonhng + Co3 (1 + p3hss) (44)

hy3=C13pyhy3+ Pacashys + C33 (1 + pahss) . (45)

In this case C33, i.e., the Fourier transform of the direct correlation function of the elements of a DNA molecule, is of
interest:

- 1 ~ - e . ~ . ~
3= {(1 +Pafin) [2P1Poyply3hys = Polias (14 pifyy) = prhys (1+ o) +

+hizy (1+ iy +py (g = py (iyy = oy Ty )] +
+ Pafisy (g = py (o3 = Tyghg)) Uigs (14 pyfiyy +py (g = py (g = Ty i) +
+hy3 Pafiny (py (g = hyy) = D)+ p iy (py (yy = hyg) = D] +
+P3 [2Z§3 (1+ pafigy) (1+ Py +py (yy = (ﬁz —hyip)) +
+Poyshas (Pzﬁga (I+p (;111 = 2h19)) +2p1hy3h3 (1 = paliyy) = Pli‘% (1+pahy) +
+ a3 Pﬁ% (P2 (g2 = hyp) = 2) (14 Pahg) = pahyshas (14 py (g = 3h19) (14 pahy) -

- ~ ~ ~ - -
= Pola3 2 (1 +pyfyy + Pahyy + PiPahy hyp) = P1ch12)]} ; (46)

where
A= (1+nphys) [1+ pyhyy +np (h3z = p, (’%3 — yaliz3)] X
X {1 P2 (7122 - Plﬁ%z) +1p (yy + pipahys (g (g + hg) =
= Ty3hon) + palis (hyy = Plﬁz) =I5 (pihy3 + Pohag)) +

+pifyy (14 Pohy +np (hy3 = Py (hy3hoy = hhs))} 47
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Applying the inverse Fourier transformation to (46) with account for (47), we obtain the direct correlation
function in direct space, using which we find the values of (34) and (35) and determine the orientation elastic moduli
from formulas (28)—(33), (36), and (37). The %alculated dependences on density at room temperature are presented in
Fig. 3 (K and p are in the units of 65 = 3.5 A and n = 0.3). It is seen that the rate of change in the Franck moduli
becomes somewhat slower with growth in the density. All the results presented in the figures have been obtained for
the first time.

NOTATION

A, normalization constant; a, b, and ¢, coefficients of the determinant of the system of linear algebraic equa-
tions; Cuys direct correlation functioil for particles~0f the W and V sort; EHV’ q~11adratic forms of the Fourier transforms
of total correlation functions; Ziu\,, bLW’ ELW’ and du\,, linear combinations of BLW; e, ionic charge, C; f, single-particle
distribution function; gy, radial distribution function of the W and v sort; Ay, total correlation function of the W and
Vv sort; i, imaginary unit; k, wave vector; k, wave-vector modulus; kg, Boltzmann constant; Kj1, K7y, and K33, Franck
moduli, pN; k11, k2o, and k33, dimensionless Franck moduli; m and M, second and fourth moduli of the direct corre-
lation function; Nu, number of particles of the [ sort; ny, concentration of particles of the W sort; N, number of par-
ticles; p, charge multiplicity; Py, second Legendre polynomial; r, distance between particles, m; s, order parameter; 7,
absolute temperature, K; V, volume, m’; yj, yp, and y3, roots of the cubic equation; |y;|, |y2|, and |y3|, moduli of
the roots of the cubic equation; B, inverse energy, 1/J; A, determinant of the system of linear equations; €, dielectric
constant; U, angle, rad; k, Debye parameter, m_l; o, single-particle average-force potential, J; ®, binary average-force
potential, J; €, dimensionless average-force potential; p, average density of the medium, m_3; Pus density gf a com-
ponent of the W sort, m_3; D°, short-range interaction potential, J; ®°, Coulomb-interaction potential, J; Q, Fourier
transform; Gq, cross diameter of a molecule, m; %, parameter of the Gay—Berne potential.
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