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Liquid crystalline microphases (LCMs) formed as a result of condensation of rigid
double-stranded right-handed DNA molecules complexed with different antibiotics
and dyes (external chromophores) are shown to be characterized by two bands in
circular dichroism (CD) spectra; one of them is located in the region of absorption of
DNA chromophores (nitrogen bases) at A ~ 270 nm, the other—in the region of
absorption of external chromophores at A ~ 500 nm. The appearance of these two
bands in the CD spectrum demonstrates that LCMs formed from DNA molecules of
low-molecular-weight are helically twisted. Correlation between signs of bands in the
CD spectrum of LCMs and orientation of molecules of external chromophores about
the helical axis of DNA molecules has been established. The data obtained allow to
draw a conclusion that the selective reflection band connected with the pitch (P) of
the twisted structure formed from adjacent DNA molecules is located at A > 600 nm.

INTRODUCTION

The rigid right-handed double-stranded molecules of DNA of low-
molecular-weight (< 1 x 10°), when condensing at definite conditions
in water-salt solutions containing poly(ethyleneglycol) (PEG), form
a dispersed phase scattering light.!? Basing on measurements of the
dependence of “‘apparent” optical density (i.e. the optical density in
the region of the spectra where molecules of DNA or PEG do not
absorb, A > 320 nm) on wavelength estimations of the size of particles
of the dispersed phase built of adjacent double-stranded DNA mol-

tInstitute of Organic Chemistry of Padova University, Via Marzolo 1, 35131, Pa-
dova, Italy.

285



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:27 19 February 2013

286 Y. YEVDOKIMOV, V. SALYANOV and M. PALUMBO

ecules show that an “effective” mean diameter of particles is equal
to ~ 3,000 A.2 Determination of the diameter of particles as of the
dispersed phase using the diffusion coefficient of the particles con-
firms the above-estimated value.? These data demonstrate that the
size of particles of the dispersed phase built of DNA molecules is
“microscopic” (therefore “microphases of DNA”). The study of X-
ray scattering by particles of the DNA dispersed phase formed at a
concentration of PEG in the range from 120 to 300 mg/ml demon-
strates that the X-ray diagram contains a small-angle reflexion at any
concentration of PEG, its value (40-25 A) depending on the con-
centration of PEG in solution.*> Appearance of a small-angle re-
flexion indicates that there is a local order in the arrangement of the
neighbouring DNA molecules forming the particles of the dispersed
phase, i.e. the molecular structure of particles is similar to that of
liquid crystals. Taking into account these properties of the dispersed
phase built of adjacent low-molecular-weight double-stranded DNA
molecules, a term “liquid crystalline microphases” (LCMs) is used
to denote them.?

Formation of LCMs from low-molecular-weight DNA molecules
at definite conditions® is accompanied by the appearance of an intense
band in the CD spectrum. One of the reasons to explain the ap-
pearance of the intense band in the CD spectrum of the LCMs is
based on the supposition that the intense band in the CD spectrum
is a selective reflection band.” However this explanation is not une-
quivocal for the case of DNA microphases since the intense band in
the CD spectrum of LCMs (A ~ 270 nm) is located in the region of
strong absorption (A ~ 260 nm) of nitrogen bases (chromophores) of
DNA. Appearance of the intense band in the CD spectra in the UV-
region where light-scattering strongly affects both the shape of the
CD spectra and the amplitude of the band is the subject of discussion
(see reference 8). The intense band in the CD spectrum in the ab-
sorption region of chromophores can point out to a helical twist of
microphases,®~ 1! but the presence of the band may not be connected
with location of the selective reflection band in the given area of the
spectrum. The small size and very small concentration of particles of
the DNA dispersed phase in PEG-containing solutions (Cpna ~ 20
mkg/ml) prevents the using of the polarization microscopy method
for determination of the position of the selective reflection band in
the case of LCMs of DNA. In order to evaluate the region of the
spectrum where the selective reflection band for LCMs of DNA is
located one can use a method of external chromophores.!? The main
idea of the widely adopted method of external chromophores is rel-
atively simple: appearance of optical activity in the absorption region



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:27 19 February 2013

LIQUID CRYSTALLINITY OF DNA COMPLEXES 287

of some dyes, introduced into preformed liquid crystals is the proof
of its helical twist. Application of some empirical rules!? permits to
estimate the relative location of the selective reflection band in this
case. For DNA LCMs external chromophores can be biologically
active molecules. The use of these compounds offers definite advan-
tages: firstly, they absorb in the visible region of the spectrum, there-
fore the light scattering does not distort greatly the shape of the CD
spectrum of DNA molecules; secondly, they form strong complexes
with DNA molecules, the orientation of external chromophores about
the axis of the DNA double-stranded helix being known.

In the present paper the CD spectra of LCMs formed from double-
stranded right-handed DNA molecules of low-molecular-weight that
were complexed with external chromophores prior to LCM formation
were studied. (When using the standard method, dyes are added to
preformed LCMs). Our modification of the standard method of ex-
ternal chromophores is based on the fact that the parameters char-
acterizing the binding of external chromophores to DNA molecules
were estimated for free (i.e. not LCM) DNA molecules. Hence, in
PEG-containing solution LCMs were formed not only from free DNA
molecules but also from DNA molecules complexed with different
dyes (external chromophores). The optical properties of external
chromophores and the geometry of their binding to molecules of
DNA differ strongly.!?

EXPERIMENTAL

The preparation of salmon sperm DNA was purified.'* The molecular
weight of DNA molecules after ultrasonic depolymerization (0.3 M
NaCl, 4°C) of the initial high-molecular-weight preparation of DNA
(10 x 10°), estimated by electrophoresis in the 3.3% poly(acrylamide)
gel, was (5-7) x 10°. Preparations of distamycin A (“Serva,” FRG)
Hoechst-33258 (‘‘Hoechst,”” FRG), propidiumiodide (*“Calbiochem,”
USA), carminomycin, 3-propyl derivative of distamycin A, netropsin
(Moscow), 1-(w-diethylaminopropylamido)-2-methoxy-4-hydroxy-9,
10-anthracenedione hydrochloride, 1-(w-diethylaminopropylamido)-
4-hydroxy-9, 10-anthracenedione hydrochloride (Institute of Organic
Chemistry, Padova, Italy), steffimycin, violamycin, adriamycin, dau-
nomycin and iremycin (Central Institute of Microbiology and Ex-
perimental Therapy, Jena, GDR) were used without purification.
LCMs from low-molecular-weight DNA molecules were prepared
by mixing the equal volumes of water-salt (0.3 M NaCl) solution of
DNA molecules (the concentration of DNA was two times greater
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in comparison with the required concentration) and water-salt (0.3
M Na(l) solution of PEG (concentration of PEG was 340 mg/ml).
LCMs from complexes of low-molecular-weight DNA molecules with
different antibiotics were prepared according to the following two-
stage scheme:

Step 1: water-salt (0.3 M NaCl) DNA solution + antibiotic —
(Cona ~ 20 mkg/ml) (Cant ~ 1076 =+ 105 moles/)
— complex (DNA-antibiotic) in water-salt solution.

Every complex was characterized by “r” value. (The “r” value is
expressed as relation of the molar concentration of antibiotic bound
in a complex to a molar concentration of DNA nitrogen bases;!’ “r”
value was within the range from 0.01 to 0.2). The binding constants
of antibiotics to the DNA in water-salt solution were evaluated as
described earlier.1¢

Step 2: water-salt solution of complex (DN A-antibiotic) was mixed
with water-salt solution of PEG (Dpgg = 340 mg/ml). As a result of
mixing, LCMs of complex (DNA-antibiotic) were formed.

The water-salt solutions (0.3 M NaCl, phosphate buffer, pH 6.7)
containing PEG (mol. weight of PEG 4,000, “Loba Chemie,” Aus-
tria) were filtered through membrane filters (‘‘Synpor,” Czechoslo-
vakia; diameter of pores—1.5 wm) in order to remove possible me-
chanical impurities.

The concentration of antibiotics and DNA in solutions were derived
from the optical density of solutions of these compounds using known
extinction coefficients.!”~1?

Spectrophotometric measurements were taken on the ‘“Specord M
40” spectrophotometer (GDR), the CD spectra—on the “Jobin-Yvon
(Mark III) dichrograph (France). CD and absorption spectra were
taken in a 1 cm cells at room temperature. All CD spectra are
presented®~2! as Ae(,, = € — €, i.e. the difference between the
molar extinction coefficients for left- and right-handed circularly po-
larized light. The data were calculated from experimentally taken on
the dichrograph CD spectra and expressed as circular dichroism
(Ae¢(,)) according to following equation:20-%!

AE(X) = AA(A)/C * 1 (1)

where: AA,, = AL — Ay (AA,, in optical units); C—concentration
of the substances used (moles per liter); 1 = 1 cm. In the case of
absorption of DNA nitrogen bases (A ~ 260 nm) the Ae,, value is
expressed as before,® per mole of DNA nucleotides in solution (in
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units: 1/mole of nitrogen bases, cm). In the case of absorption of
antibiotics and dyes the Ae,, values are given per mole of antibiotics
bound in a complex (in units: 1/mole of bound antibiotics, cm).

RESULTS AND DISCUSSION

A. Appearance of two bands in CD spectra of LCMs formed from
complexes (DNA-antibiotic)

Figure 1 exemplifies the CD spectra of the LCMs formed from DNA
molecules complexed with compounds that are found to be “inter-
calators,” i.e. they are located between adjacent nitrogen bases of
DNA (curves I1,, I5, II1,; structural formula, see Table I). Formation
of LCMs from DNA molecules complexed with intercalators was
accompanied by the appearance of the intense band in a CD spectrum
in the absorption region of DNA chromophores (A ~ 270 nm) as well
as chromophores of intercalators (A ~ 500 nm).

Curve 1Y, illustrates the CD spectrum of the LCM formed from
DNA molecules complexed with the compound I'Y, (see Table I) that
is not located between nitrogen bases but in the minor groove on the
surface of the DNA molecule. In this case the negative band (A ~
270 nm) is still present in a CD spectrum in the region of absorption
of chromophores of DNA. At the same time in the absorption region
(A ~ 320 nm) of external chromophore IY, there occurred a positive
band in a CD spectrum.

In the case of LCMs formed from DNA molecules complexed with
compound ‘“Hoechst-33258” an intense band in CD spectrum was
not induced in the region of absorption of this compound (A ~ 340
nm) in spite of existence of the intense negative band in the region
of absorption of DNA nitrogen bases (A ~ 270 nm).

Comparison of results (Figure 1, Table I) allows a conclusion to
be made. One can see that at a small level of complexing of DNA
molecules with antibiotics or dyes (small “r” values) formation of
LCMs from complexes of DNA molecules with external chromop-
hores leads to the appearance (irrespective of the chemical structure
of chromophores) of the intense band in the CD spectrum in the
absorption region of DNA chromophores (nitrogen bases). In some
instances, intense bands appear also in the region of absorption of
external chromophores, i.e. antibiotics and dyes. Taking into account
the results of theoretical calculations,?~!! one can say that this result
proves the helical twist of a LCM formed at condensation of rigid
double-stranded right-handed DNA molecules in PEG-containing so-
lution.
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TABLE 1

Some optical characteristics of LCMs formed from

Angle between the

Maximum of plane of chromophore
absorption of of biologically active
Biologically active biologically compounds and long
compounds active axis of the DNA
Group of . (External compounds, molecule, degrees.
ompounds chromophores) A, nm (Data from literature)
Aclacinomycin A 434 90
Iremycin 495 -
1 Daunomycin 487 -
Carminomycin 492 e
Adriamycin 500 s
1-(w-Diethylamino-
propylamido)-4-hy- 455
droxy-9, 10-anthracene-
dione hydrochloride
11 1-(w-Diethylamino-
propylamido)-2-meth-
oxy-4-hydroxy-9, 10- 416 Does not form
anthracenedione
hydrochloride
11 Propidiumiodide 495 -
Distamycin A 300 452
3-propyl derivative of L
v distamycin A 303
Netropsin 297 41=2
v Hoechst-33258 338 492

B. Correlation between the angie of orientation of antibiotics or
dyes about the long axis of the DNA molecule and the sign of

the band in CD spectra of LCMs

At small “r” values there is a correlation between the sign of the
band in the CD spectrum and the angle (a) which is formed by the
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the DNA molecules complexed with different biologically active compounds

Maximum of band

in the CD spectra Amplitude (A €) of
of LCMs formed bands in CD
from DNA Amplitude (A e:5),  spectra in regions of
molecules of band in CD absorption (see
complexed with spectra in region of column 7 in this
biologically active absorption of DNA Tabie) of external
“r" values compounds, nm. nitrogen bases chromophores
0.02 445-450 ~35 ~60
0.13 —-50 ~50
0.02 500 ~50 ~-80
0.15 ~50 - 60
0.04 505 ~50 -40
0.14 +50 +40
0.04 500 - 50 - 60
0.20 +50 +30
0.02 507 ~50 - 60
0.14 +55 + 60
0.01 475-480 -55 —40
0.09 -55 - 40

a complex with the DNA molecules under experimental conditions

0.02 520-525 -110 - 65
0.11 - 80 —~355
0.01 325-330 -110 + 800
0.04 + 100 =750
0.01 315-320 - 60 +210
0.09 +55 -100
0.01 305-310 -55 +300
0.04 -50 +200

~110

plane of the chromophore and the long axis of the DNA molecule
(Table I). This fact is in agreement with the theory.!? According to
the theoretical considerations, the major reason for the appearance
of the intense band to be induced in the CD spectrum of LCMs is
linear dichroism of chromophores located in helically twisted micro-
phases. The amplitude of the band in this case is expressed as fol-
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1800
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260 300 340 380 450 500 550 Ahm)

FIGURE 1 The CD spectra of LCMs formed from low-molecular-weight DNA mol-
ecules complexed with different antibiotics and dyes at small “r’” values (0.3 M NaCl,
Ceec = 170 mg/mti). *‘r”* value in the case of DNA molecules complexed with I, was
0.04; with I1,—0.01: with I11,—0.02; with IY—0.01. *'r” is relation of molar concen-
tration of bound antibiotic to molar concentration of DNA nitrogen bases. Numbers
correspond to antibiotics listed in Table I. LCMs from DNA molecules complexed
with compounds I, and II, were prepared by direct mixing of PEG-containing water-
salt solutions (Cpe = 340 mg/ml) with water-salt solutions of the DNA molecules
complexed with indicated compounds. The method,? which avoids a direct mixing
PEG-containing solution and water-salt solution of DNA molecules complexed with
compounds III; and IY, was used for preparation of LCMs of DNA molecules with
indicated compounds. Ae values in the region of absorption of DNA nitrogen bases
were calculated per mole of nitrogen bases (see “‘Experimental”), Ae values in the
regions of absorption of antibiotics and dyes were calculated per mole of antibiotics
bound in a complex (see “Experimental™).

lows:22

*

A
A€=€L—€R=K1X—)\_nxtanhKZX(en-El) (2)

where: K, and K,—constants, An = (n; — n,)/(n, + n,),€, and ¢—
coefficients of absorption for the light propagated perpendicular and
parallel to the director of the layer formed from neighbouring mol-
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ecules (in the discussed case, parallel and perpendicular to the axes
of DNA molecules forming the neighbouring layers).
Anisotropy of the chromophore is connected with the angle:®

974 - K, x (3 Cosa — 1) 3)

€,

where: a—angle between the plane of the chromophore and the long
axis of DNA molecule; Ky—constant.

From Equations 2 and 3 it is clear that at a definite orientation of
the chromophore (3 Cos?a — 1 = 0; the “magic” angle) the band
in the CD spectrum may not appear in spite of the helical twist of
LCMs. In addition, at constant direction of the helical twist of LCMs
and small “r” values, the band in the CD spectrum for chromophores
oriented by a > 54° differs in its sign for the case of chromophores
with a < 54°. It means, that the sign of the band in the CD spectrum
is determined not only by the direction of the helical twist of LCMs
of DNA molecules but also by the angle (o) at which the chromophore
oriented about the DNA helix.

C. Reverse of signs of bands in CD spectra of LCMs

The CD spectra (see Figure 2) and the data of Table I show that in
some instances at high “r”’ values one can observe simultaneous re-
verse of signs of the bands located in the regions of the absorption
both for the DNA chromophores and the external ones. When passing
to the analysis of reasons that induce a reverse of the signs of the
band in the CD spectra of LCMs formed from DNA molecules com-
plexed with some antibiotics, it is necessary to take into account the
following. Firstly, upon interaction with antibiotics the right-handed
structure of DNA is preserved,” the DNA base pairs and the inter-
calated antibiotic molecules are oriented nearly perpendicular to the
long axis of the DNA molecule. Secondly, the local order of the DNA
molecules complexed with antibiotics and forming LCMs that are
characterized by intense positive bands in the CD spectra is similar?
to the local order of the free DNA molecules forming LCMs with
intense negative bands in the CD spectrum.

These two observations and the fact that the signs of the bands in
different regions of the CD spectrum are reversed ‘“‘simultaneously”
allow to use the theory? for explanation such reverse. Following the
theory the ¢, angle between two polymer molecuies that are con-
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FIGURE 2 The CD spectra of LCMs formed from DNA molecules complexed with
different antibiotics and dyes at high “r” values (0.3 M NaCl, Cpe; = 170 mg/ml).
For details see Table I and Legends to Figure 1.

sidered as rigid dielectric rods immersed in dielectric medium is de-
scribed by equation:2*

Gmin = 12 tan"" {e,, x (J}; = J55) x C} 4)

where: C—adjustment constant, €,,—dielectric constant of solution.

_ (ey_ex) ‘€p (Efn_ﬁx : Ey)

G = J) = [{[m 72 (o)l - [em® 1/z'<ey—em>1}2] ®
€,, €,—dielectric constants of the polymer measured in the directions
perpendicular to the long axis of the polymeric molecule. (J;; — J,,)
= 0, and therefore ¢,,;, = 0 (this implies that the twist of a polymer’s
LCM is absent, a compensated structure arises and a high optical
activity disappears) if one of two conditions is observed:

L. €, = €, = Ve, X €,; this implies that the value of the dielectric
constant of solution (e,) reaches a “‘critical” value (€}). In the so-



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:27 19 February 2013

LIQUID CRYSTALLINITY OF DNA COMPLEXES 295

lutions whose dielectric constants higher or lower than the “‘critical,”
the values of the ¢, differ, and therefore, the direction of the helical
twist of the polymer’s LCMs also differ.

2. €, = ¢,; this indicates that the values of dielectric constants
measured in the directions perpendicular to the long axis of a poly-
meric molecule are equalized, i.e. the polymeric molecules “lose”
their dielectric “helicity.”

Equation (4) shows that the direction of the helical twist of polymer
molecules predetermining the sign of the band in the CD spectrum
in absorption region of chromophores depends on the ¢, sign.

The first factor to induce a “simultaneous” reverse of the sign of
the bands that are located in different regions of the CD spectrum
may be the change of the direction of the helical twist of the whole
LCM. Such alteration of the direction of the spacial twist can result
from the change of the interaction energy between DNA molecules
complexed with antibiotics. At a fixed temperature and ¢, value the
direction of the LCMs twist (i.e. ¢, value) arises at the ‘“‘moment
of approaching” of DNA molecules and remains constant.?

The second possible reason is the simultaneous change of dielectric
properties (e,, €, values) both for DNA base pairs and antibiotic
molecules at complex formation. The direction of the helical twist of
LCMs formed from DNA molecules complexed with antibiotics may
remain constant within this interpretation. It should be noted that a
similar reason was used to explain the reverse of the signs of the
bands in the CD spectra of liquid crystals of low-molecular-weight
compounds.?®

The above-presented considerations are experimentally verified.?
To the PEG-containing solution with LCMs formed from DNA-an-
tibiotic complexes that were characterized by two positive bands in
the CD spectra (see Figure 2), sodiumdodecylsulfate (SDS) was added,
i.e. the substance capable of inducing a dissociation of the DNA-
antibiotic complexes. The addition of SDS was found to result in a
disappearance of the positive band in the CD spectrum in the region
of absorption of antibiotics (A ~ 500 nm) whereas the positive band
in the region of absorption of DNA nitrogen bases remained constant
in spite of dissociation of the DNA-antibiotic complex. If the second
reason suggested were true, then not only the positive band in the
absorption region of antibiotic would have disappeared but the sign
of the band in the region of absorption of DNA nitrogen bases would
have changed from positive to negative. This must be the consequence
of the preservation of the direction of helical twist of the DNA mol-
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ecules forming LCMs according to the second supposition. The ex-
periment made?® allows to reject the second supposition.

Thus, the reverse of signs of the bands located in different regions
of the CD spectrum is, in the discussed case, the change of the
direction of the helical twist of DNA molecules forming LCMs.

D. A region of possible location of the selective reflection band of
LCMs.

The intense bands in CD spectra of LCMs formed from DNA mol-
ecules complexed with external chromophores are interpreted as due
to linear dichroism of the chromophores stacked in the helical struc-
ture. Similarly, the CD around 270 nm can be interpreted as due to
linear dichroism of DNA molecules. This allows one to make a sug-
gestion that the selective reflection band is located away from the
absorption band of the DNA molecule, which is also true of the
absorption band of external chromophores, i.e. at A > 600 nm or at
A < 250 nm. We expect that the selective reflection band exists at A
> 600 nm. The appearance of the selective reflection band at A <
250 nm is less probable because in this case the angle between the
DNA layers forming the LCM should be great. Recent measurements
showed that the half-pitch of LCMs of free DNA molecules in vitro
can reach 1,000 nm.?® In addition, right-handed double-stranded mol-
ecules of synthetic polymer—poly(A)-poly(U) (mol. weight 3.9 X
10°) at high concentration form a liquid crystalline structure. The
neighbouring rods of poly(A)-poly(U) show a nearly parallel orien-
tation, but a slight twist seems to exist, which leads to a twisted
structure having a pitch of the order 1,000 nm.?
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