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Experimental values of the Lorentz tensor components and the local field of a light wave have been obtained
for anisotropic films of polypeptide and DNA. These data indicate an increase in the mean value and anisot-
ropy of the polarizability of biomolecules with respect to an isotropic solution. These changes in the polariz-
ability as an indicator of the response of biomolecules to external actions, as well as their chemical and bio-
logical activity, specify the direction of the evolution of the properties of biomolecules in orientationally

ordered media.
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1. Condensed phases of biomolecules (lipids,
polypeptides, proteins, and nucleic acids) in living
systems have structures similar to nematic, choles-
teric, and smectic A phases of calamitic liquid crystals
[1-3] and columnar phases Col,, , of discotic liquid
crystals [4]. Since a common feature of these struc-
tures is their orientational ordering, there are ques-
tions concerning the role of the orientational order of
biomolecules in the evolution of their properties in
anisotropic media, physical manifestations of this evo-
lution, and its direction.

In an anisotropic medium with a quite closed pack-
ing of molecules, the short- and long-range intermo-
lecular interactions affect the molecular susceptibili-
ties of various ranks, which characterize the response
of molecules to external actions and adaptation of
molecules to a varying environment. The lowest-rank
susceptibility is the molecular polarizability tensor .
Change in y in an anisotropic medium reflects change
in the intermolecular interactions, polarization, elec-
tronic properties, and conformation of molecules [5,
6], which affects the chemical and biological activities
of molecules and their functional properties [7]. To
answer the listed questions, information on change in
the tensor y of biomolecules in anisotropic media is
necessary.

A direct method for determining the components
of the tensor y for uniaxial molecular media is refrac-
tometry, which is based on the relation g; = 1 + 4nNfy;
[5] between the components of the relative permittiv-
ity and ensemble-averaged polarizability components
v, for light waves polarized along (j = ||) and normally
(j = 1) to the optical axis of the medium #. In this rela-
tion, N is the number of molecules per unit volume,
Ji=1+ L;(g;— 1) are the components of the local field
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tensor, and L, are the Lorentz tensor components

(TrL = 1). In the transparency range, €;= n j2 , Where n;
is the refractive indices of the medium. For statistically
uniaxial macromolecules with the longitudinal axis I,
the tensor vy is characterized by the longitudinal (y,)
and transverse (y,) components or by the mean value
¥ = (y; + 2y,)/3 and anisotropy Ay = y, — v,. For bio-
molecules in anisotropic media, ¥ and Ay were deter-
mined using the quantity [8, 9]

_ _3E&=1
T 4nN(E+2)

Yu

(D
for y (where & = (g + 2¢,)/3), isotropic tensor f, =
(¢ + 2)/3 [8, 9], or components L, = 1/3 [10, 11].

These models predetermine ¥y and Ay values and are

responsible for unphysical consequences from spectral
data [5].

Objective study of changes in ¥ and Ay for biomol-
ecules in uniaxial media is possible when the compo-
nents L; [12] are determined from experimental data
without a priori assumptions on unobservable param-
eters of molecules and properties of tensors L and f.
This approach is used here for polypeptide biomole-
cules and DNA in uniaxial films to reveal constraints
imposed on ¥ and Ay values by the formation of a film
and intermolecular interactions. These constraints
provide answers to the questions formulated above.

2. Let us consider a uniaxial film with the planar
(parallel to the film plane) or homeotropic (perpen-
dicular to the film) orientation of the optical axis n.
Let the film consist of statistically uniaxial macromol-
ecules whose orientational order with respect to n is
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Structure formula of the polyglutamate monomer.

characterized by the value S = (3 cos 0 — 1) /2, where
0 is the angle between axes 1 and n and triangular
brackets means average over the ensemble of macro-
molecules. The sign of S determines the axial (0 < .§<
1) or planar (—0.5 < .5 < 0) orientation of macromole-
cules. The procedure of determining components L
and L= 1 — L, depends on the sign of An = (n,—n,) ~
AyS[12].

For films studied here with An > 0 in the visible
transparency range, the parameters € and Q = (g —

€,)/(€ — 1) are used along with the quantities

bl 20(G-1) _ -1,
0 33+ Q) (E+2) 4N (E +2) 0’(2)
2r0Q2

by b[(6+0)/0]".

= — b2
(3-0)(3+20)

For the film state characterized by index 7, these
quantities are functions of 7" and the wavelength of
light A.. The desired L, (7) value is given by the expres-
sion [12]

B (E+2)
12(-1) (3)
% [(by6))"* —b—[(b, - b)(by - b)]"],

where L, = (3 + 20)/[3(3 + Q)] and the function

b(h, T) depends on the unknown function y (A, 7).
The component L, (7) is determined as follows. At
known ni(A, T) values and for a discrete set of A; (i =
1 — p) in the visible range, the function b(A, 7T) in the
interval A,—2,, is approximated by the polynomial

b T) = af(T)+a, (DA +...+a,(THL". (4)
The quantity L, (7) is independent of A and the state 7'

Ly =1L,

corresponds to m + 2 unknowns (L(lm) , g — a,,). They

are determined from the system of m + 2 = p equations
(3) each corresponding to one of the A; values. The cri-
terion of the adequacy of the approximation used in

Eq. (4) is the agreement of the L(lm) values with the

(L(f' - 1)> values averaged over the L(lm ~ values corre-

sponding to combinations of p — 1 reference wave-
lengths A; from the set (A, A,, ..., A,) [12].

3. Polyglutamate polypeptide copolymer includes
a-helical rod-like macromolecules with the structure
of monomers shown in the figure [13].

For a uniaxial nematic polyglutamate film with a
thickness of 0.5425 um with the planar orientation of
n and the axial orientation of molecular axes 1 of o
helixes with respect to n, the refractive indices ny(A;)
are tabulated in [13] with an accuracy of 10~* at values
A = 0.4762 um, A, = 0.4825 um, A; = 0.5309 pum,
Mg = 0.5682 um, and A; = 0.6471 um in the transpar-
ency range. The side fragments of polyglutamate
monomers are orientationally disordered and do not
noticeably contribute to An. As a result, for poly-
glutamate molecules in the film, Ay > 0, § > 0, and
An > 0. The use of the n;(};) values [13] for the poly-

glutamate film gives the same values L(f) =0.3412 and
(L' =0.3410 £ 0.0004.

Uniaxial DNA, , films 2—4 um in thickness with
the homeotropic orientation of n and the planar orien-
tation of rod-like helical DNA macromolecules of
natural sea salmon [14] were also studied. The DNA,
(DNA,) films were dried in vacuum at 35—45°C (they
were stored in air at 21°C) for a day. Their refractive
indices ni(A;) measured at a relative humidity of 45%
(50—55%) are tabulated in [14] with an accuracy of
10~* at A, = 0.6328 um and A, = 0.8140 pum in the
transparency range. The polarizability anisotropy Ay,,
of the monomer fragment of DNA and the quantity Ay
for the macromolecule satisfy the inequalities Ay,, < 0
and Ay < 0 [15]; correspondingly, An > 0 at .§ < 0 for

DNA, ,. The n();) values give close values Lf) =
0.3421 and 0.3407 for the DNA, and DNA, films,
respectively.

The parameters f = (| +2fD)/3 and Af =/, —f, can
be represented in the form

= E+2)[1-A(1-ry)]/3,
Af = Q(e-1)(1-4)/3,
where A = (L, — 1/3)/(L,, — 1/3). For polyglutamate
and DNA, , films, the resulting L, values in the trans-
parency range correspond to the inequalities L, >
L,,>1/3,A> 1, and Af< 0. The inequality SAyAf< 0
for these objects in the relation

(&)

-1 = 4nN(Yf + 2SAYAS/9) (6)
leads to the constraints

. €—1 3(e-1)
4xNf 4nNry(€+2)

Yo (7
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The quantity SAy is given by the expression [12]

SAy = y0(1 + o), (3)
where the correction ¢ to anisotropy Af has the form
AF(Q*=9)(3+2
/(0 ~9)3 +20) )

® T 0BG+ 0)(E+ D+ AM(G-0)(3+20)]

For the discussed objects, the quantities ¢ > 0 are not
small and are significant for determining SAy values
from Eq. (8). For polyglutamate, o(A;) = 0.652; for
DNA, (DNA,), o(A;) = 0.305 (0.245). The con-

straints

3Ae

SAY>A8(1+G)> C
4 Nry(g +2)

AnNf

=SAy,  (10)

follow from Egs. (7) and (8). The upper estimates for
¥ and SAy in Egs. (7) and (10) are close to their exact
values in Egs. (6) and (8). The right-hand sides of
Egs. (7) and (10) correspond to the ¥, and SAy, values

at Af= 0 and the isotropic tensorf= f (A= 1) =ry(& +
2)/3.

At given Q and S values determined by the film
preparation conditions, constraints (7) and (10)
reflect the effect of intermolecular interactions in the
film on the polarizability components

T (RS [P BT

which change consistently with the quantities n,(}),
L;, and (). For the polyglutamate film with Q>0 and
5> 0, the experimental value ¢ > 0 increases (reduces)
the quantities y; and Ay(y,) with respect to their magni-
tudes corresponding to the models with o < 0. The
same is valid for lipid molecules in a bilayer lipid mem-
brane and smectics A [12], as well as for molecules
with Ay > 0 in a quasinematic layer of cholesteric liquid
crystals [16].

For the DNA, , films with Q > 0 and § < 0, the
experimental values ¢ > 0 reduce (increase) the quan-
tities v, (y, and |Ay| ) with respect to their magnitudes
corresponding to the models with ¢ < 0. The same
should be expected for quasinematic layers of choles-
teric dispersions of DNA [3] and the columnar hexag-
onal phase of DNA [4], which is similar to the Col,,, 4
phases of discotic liquid crystals with 0 <0, > 0, and
o>0[12].

Thus, for all known orientationally ordered con-
densed phases of biomolecules with the structure of
calamitic or discotic liquid crystals, the experimental
L; and f; values obtained without a priori assumptions
on unobservable molecular parameters and properties
of the tensors L and f correspond to lower bounds (7)
and (10) of the parameters ¥ and Ay (or |Ay]).

JETP LETTERS Vol. 95  No. 1 2012

4. Let us compare the result with the data of the
model approaches for determining ¥ and Ay in aniso-
tropic biomolecular media. According to Egs. (1) and
(7), it follows from the inequality r, < 1 that y, > v

and Y, is smaller than y. The expression for b in
Egs. (2) indicates that the condition ¥ = ¥, [8, 9] cor-
responds to the quantity b(y,) =1 —r, = by >0 and
values L (by) = L < L, and AF(LY) > 0. Now,
Eq. (8) changes to

SAyy = Y4O(1 + op) (12)

with 65 < 0. For polyglutamate, o(As) = —0.159; for
DNA, (DNA,), 64(A,) = —0.177 (—0.170). It follows
from Egs. (8) and (12) that

Ayu/Ay = (1 +0,)/[¥(1+0)]
and Ay is much smaller than Ay.

The use of the tensor f,, = (¢ + 2)/3 [8, 9] with
Afy= o= 0in Egs. (6), (8), and (10) gives ¥, = 7y
and the value Ay, = Ayy,/[7 (1 + ©)] = Ayyr, smaller
than Ay,.

The values L; = 1/3 [10, 11] correspond to 4 = 0,
f*=(§+2)/3, Af*=0(& — 1)/3, and

SAy* = y*Q(1 + %) (14)
with ¢* < 0. With allowance for inequality SAy*Af* >0,
the constraint ¥* < ¥, follows from Eq. (6). For poly-
glutamate, o*(A;) = —0.294; for DNA, (DNA,),
o*(A) = —0.324 (—0.313); i.e., the |c*| values are
larger than the |G, values by almost a factor of 2. In
the limit Q — 0,

Gle = (1 _é)/(§+2)’

(13)

(15)

and 1 + o* <1+ o), =3/(€ +2).

Let us compare the Ay* value for rigid chain mac-
romolecules in the anisotropic film with the Ay, value
for the same macromolecules in the solution. It is
known that the Ay, values for rigid anisotropic mole-
cules are close to the Ay, values obtained for these
molecules from the refractive indices of anisotropic
media using the tensor f},[17]. Taking into account this

circumstance and inequality y* < y,, we obtain
AYF*/Ay, = Ay* /Ay, <1 +0*<3/(E+2). (16)

For uniaxial DNA films (calf thymus DNA) with the
homeotropic orientation of n and the planar orienta-
tion of molecules studied in [11], the average refractive
index n = 1.47 (A = 0.55 um) provides the constraint
Ay*/Ay, < 0.721 = 3/(¢ + 2). This upper estimate is in
agreement with the experimental value Ay*/Ay, = 0.61
[11] and explains its value and cause. With the ¢* val-
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ues presented above, for the DNA, (DNA,) filmat A =
A, it follows from Eq. (16) that Ay*/Ay, < 0.676
(Ay*/Ay, < 0.687) in agreement with the data from
[11]. For the polyglutamate film at A = A5, Ay*/Ay, <
0.706.

5. The summary of the above consideration can be
given in the form of the inequalities

?0>?H = ?Vz?s>?*a

(17)
Ayy> Ay, = Ayy> Ay > Ay,

which, together with constraints (7) and (10), answer
the formulated questions. An increase in the ¥ and Ay
values in anisotropic biomolecular media specifies the
direction of the evolution of physicochemical, biolog-
ical, and functional properties of molecules, which
depend on y and Ay. For any conditions of the forma-
tion of a natural or artificial anisotropic molecular
medium, the presence of the long-range orientational
order of molecules in it and the anisotropy of the
short-range coordination environment of molecules
determines anisotropic intermolecular interactions,
which are manifested in the anisotropy of the tensors
L and f [18] and in change in the molecular parame-

ters ¥ and Ay.

For this reason, anisotropic biomolecular media
are promising for biological evolution of biomolecules
against the background of isotropic condensed media
and solutions, because the physical and biochemical
processes responsible for an increase in ¥ and Ay in an
anisotropic biomolecular ensemble increase its stabil-
ity, which, in turn, promotes the occurrence of these
processes. Thus, owing to the orientational order of
fairly close packed biomolecules, chemical reactions
and processes promoting an increase in ¥ and Ay are
autocatalytic. In particular, the process of renatur-
ation of DNA molecules with a decrease in the tem-
perature is more efficient when they are in quasine-
matic layers of cholesteric dispersions [3] than in the
case of isolated DNA molecules in the solution,
because it is accompanied by an increase in ¥ and Ay,
along with the steric constraints from neighboring
molecules [3].

1.

10.

11.

12.
13.

14.

15.

16.
17.

18

REFERENCES

G. H. von Brown and J. J. Wolken, Liquid Crystals and
Biological Structures (Academic, New York, 1979; Mir,
Moscow, 1982).

. Y. Bouligand, Liquid Crystalline Order in Polymers,

Ed. by A. Blumstein (Academic Press, New York, Lon-
don, 1978), Ch. 8, p. 262.

. Yu. M. Evdokimoy, V. I. Salyanov, S. V. Semenov, and

S. G. Skuridin, DNA Liquid-Crystalline Dispersions and
Nanoconstructions (Radiotekhnika, Moscow, 2008) [in
Russian].

E Livolant and A. Leforestier, Progr. Polym. Sci. 21,
1115 (1996).

. E. M. Aver’yanov, Local Field Effects in Optics of Liquid

Crystals (Nauka, Novosibirsk, 1999) [in Russian].

. E. M. Aver’yanov, Steric Effects of Substituents and

Mesomorphism (1zd. SO RAN, Novosibirsk, 2004) [in
Russian].

. A. N. Vereshchagin, Polarizability of Molecules (Nauka,

Moscow, 1980) [in Russian].

. M. R. Flowers, R. L. Marlowe, S. A. Lee, et al., Bio-

phys. J. 63, 323 (1992).

. P J. Adams, M. L. van Steenberg, S. A. Lee, and

A. Rupprecht, J. Biomol. Struct. Dyn. 11, 1277 (1994).
A. E. Grishchenko and A. N. Cherkasov, Phys. Usp.
167, 257 (1997).

A. E. Grishchenko, A. 1. Kononov, L. V. Naumova,
et al., Polymer Sci., Ser. A 52, 49 (2010).

E. M. Aver’yanov, J. Exp. Theor. Phys. 110, 622 (2010).
A. Mathy, K. Mathauer, G. Wegner, and C. Bubeck,
Thin Solid Films 215, 98 (1992).

A. Samoc, M. Samoc, J. G. Grote, et al., Proc. SPIE
6401, 640106 (2006).

V. N. Tsvetkov, E. I. Ryumtsev, and 1. N. Shtennikova,
in Liquid Crystalline Order in Polymers, Ed. by A. Blum-
shtein (Academic, New York, 1978; Mir, Moscow,
1981), Chap. 2, p. 57.

E. M. Aver’yanov, JETP Lett. 89, 324 (2009).

M. E Vuks, Light Scattering by Gases, Liquids, and
Solutions (Leningr. Gos. Univ., Leningrad, 1977) [in
Russian].

E. M. Aver’yanov, J. Exp. Theor. Phys. 108, 176 (2009).

Translated by R. Tyapaev

JETP LETTERS Vol. 95 No. 1 2012



