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Abstract Structure of cholesteric liquid-crystalline dis-
persions (CLCDs) formed by double-stranded DNA
molecules and treated with gadolinium salts was studied by
small-angle X-ray scattering (SAXS). The obtained SAXS
data open the way for structural modeling of these com-
plexes to obtain a reasonable explanation for the correlated
decrease in amplitude of an abnormal negative band in the
circular dichroism (CD) spectra and the characteristic
Bragg peak in the experimental small-angle X-ray scat-
tering curves observed on treatment of CLCD by gado-
linium salts. Model simulations of different kinds of
structural organizations of the DNA-gadolinium complex
were performed using novel SAXS data analysis methods
in combination with several new, complementary modeling
techniques, enabling us to build low-resolution three-
dimensional structural models of DNA-gadolinium com-
plexes fixed in CLCD particles. The obtained models allow
us to suggest that a change takes place in the helical twist
of quasinematic layers formed by these molecules at high
concentrations of gadolinium salt. This change in the twist
can be used to explain the experimentally observed
increase in amplitude of an abnormal band in the CD
spectra of DNA CLCD.
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Introduction

Biological nanoconstructions are becoming increasingly
popular as nanoscale functional materials with outstanding
physicochemical properties, allowing their wide applica-
tion in biotechnology and medicine. Among recently
studied nanoconstructions, “rigid” particles of cholesteric
liquid-crystalline dispersions (CLCDs) formed by double-
stranded DNA molecules and treated with gadolinium salts
are of special importance and interest due to their potential
exciting applications in anticancer medicine (Yevdokimov
and Sythev 2007, 2008). These rigid DNA nanostructures
demonstrate new, unique properties resulting in two main
effects: (1) amplification of the abnormal negative band in
the circular dichroism (CD) spectra specific to the initial
DNA CLCD, and (2) disappearance of the characteristic
Bragg peak in the experimental small-angle X-ray scat-
tering (SAXS) curves specific to spatially ordered double-
stranded DNA molecules. These effects initially seem to be
inconsistent and conflicting, and hence have to be
explained. One of the most demonstrative methods to
obtain a reasonable explanation is structural modeling of
these complexes and comparison of scattering curves of the
proposed model structures with experimental SAXS data.
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Thus, the main goal of the present study is to build
comprehensive structural models of the liquid-rigid tran-
sition in the state of double-stranded DNA molecules fixed
in CLCD particles as a result of their interaction with
gadolinium salt, and to compare the obtained information
with the results of the applied investigation methods.

Experimental
Sample preparation and notations

The formation of the CLCDs based on double-stranded
DNA, and its complexes with gadolinium, were described
elsewhere (Yevdokimov and Sythev 2007, 2008; Salyanov
et al. 2007; Yevdokimov et al. 2007).

The notations of all the samples and experimental
parameters are presented in Table 1.

Samples were prepared for X-ray analysis by forming
CLCD of initial DNA and CLCD of DNA-Gd*" com-
plexes in large (200-500 ml) volumes, recording their CD
spectra, and then concentrating them by low-speed centri-
fugation (4,000 rpm, 30 min, 4°C; K23 centrifuge, Ger-
many). Each pellet obtained by centrifugation was placed
with a small amount of supernatant in a thin-walled
(0.01 mm) quartz capillary of diameter 0.5 mm.

Characterization

The absorption spectra of the nucleic acids, the CLCD of
the nucleic acids, and the CLCD of complexes (nucleic
acid—gadolinium) were taken by using a Specord M-40
spectrophotometer (Germany), and the CD spectra were
expressed as AA or A, — Ag value (AA x 107> optical
units), recorded by a portable SKD-2 dichrometer (manu-
factured by the Institute of Spectroscopy of the RAS,
Troitzk, Moscow Region). In all cases, quartz cells with
I-cm optical path were utilized.

CD spectra, i.e., the dependence of measured AA or
Ap — Ag value (where the A value is the absorption for

Table 1 Structural characteristics of the initial DNA CLCD parti-
cles, and on treatment by gadolinium

Samples  Spax» nm™' d,nm Lnm Ald A S T
DNA 1.9 32 21 0.12 0.52 0.0127 0
DNA/Gd; 1.9 3.3 28 0.11 0.30 0.0057 0.082
DNA/Gd, 1.9 3.3 30 0.10 0.22 0.0026 0.167
DNA/Gd; 1.9 33 26 0.10 0.05 0.0005 0.33
DNA/Gd, 1.9 33 24 0.10 0.02 0.0000 0.66

A amplitude of the first Bragg peak, relative units; S area under Bragg
peaks, relative units; 7, the ratio of total GdCl; molar concentration to
the molar concentration of the DNA bases
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incident L- and R-circularly polarized light, respectively)
upon 4, have been widely used since 1951 for comparison
of properties of various DNA liquid-crystalline dispersions
(see, for instance, De Vries 1951; Yevdokimov et al. 1992;
Belyakov et al. 1996; Yevdokimov and Sythev 2008).

The morphology of the double-stranded DNA CLCD
particles treated by GdCl; was examined using a com-
mercial P47-SPM-MDT atomic force microscope (NT-
MDT, Russia). To isolate these particles, the solution in
which they were formed was filtered through a poly(eth-
ylene terephthalate) (PETP) nuclear membrane filter with
mean pore size of 0.15 pum (produced by the Institute of
Crystallography of the RAS), which allows one to immo-
bilize particles; the filter was flushed a few times with
distilled water to remove nonspecifically absorbed GdCl;
and dried in air for no less than 1 h (Yevdokimov and
Sythev 2007).

Scattering experiments and data analysis

SAXS measurements were done on a laboratory AMUR-K
diffractometer (Institute of Crystallography, Moscow) at
wavelength of 2 = 0.1542 nm in a Kratky-type (infinitely
long slit) geometry, covering the momentum transfer range
of 0.12 nm~ ! < s < 7.5 nm™! (here, s = 47 sin0/A, where
20 is the scattering angle). The thickness of the sample
(about 1 mm) varied along the length of the sample holder,
so the irradiated volume could not be estimated and thus no
absolute calibration was possible. The scattering curves
were corrected for background scattering and primarily
processed using standard procedures (Konarev et al. 2003;
see also the EMBL website http://www.embl-hamburg.
de/Externallnfo/Research/Sax/ for program descriptions).
All the scattering intensities discussed below are presented
in relative units after normalization to zero sample
absorption.

The repeat distances of the periodical motifs in the
crystalline regions d = 27/s,,,.x, corresponding to the peak
position s.,.x on the scattering patterns, were calculated
using the PEAK program (Konarev et al. 2003).

The mean long-range order dimension L (the size of
crystallites) and the degree of disorder in the system A/d,
were calculated from the following equations (Vainshtein
1966):

A
L:ﬂSCOSQ’ (1)
aja=4 /B4 @

where f3; is the full-width at half-maximum intensity of a
peak (in radians) observed at mean scattering angle of 20,
and A is the mean-square deviation of distances between
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neighboring, regularly packed structure motifs. Experi-
mental errors of the determination of the parameters do not
exceed 2%.

The volume distribution functions Dv/(R) of structural
heterogeneities presented in the DNA specimen and in
complexes of DNA with gadolinium were calculated using
the indirect transform program GNOM (Svergun 1992).
The program solves the integral equation

Rinax

1) = ()" [

Rumin

Dy(R) m(R) io(sR) dR, (3)

where R is the radius of a sphere, R, and R, are the
minimum and maximum radii, respectively, ig(x) =
{[sin(x) — x cos(x))/x*}? and m(R) = (4n/3)R’, are the
sphere form factor and volume, respectively. The size
distribution of the particles N(R) is represented here in
terms of the volume distribution function as Dy(R) =
m(R)N(R). In the computations of Dy/(R), the value of R,
was kept at zero; that of R,,x was selected for each indi-
vidual data set by successive runs with different values of
this parameter.

Model simulations for two different kinds of structural
organizations of the DNA molecules fixed in particles of the
CLCD and treated with Gd salt were performed using the
MASSHA program (Bernstein et al. 1977), a three-dimen-
sional (3D) graphical system to display and manipulate
atomic structures and low-resolution models. It is coupled
with computational modules to allow interactive and auto-
mated rigid-body refinement against solution scattering data.
The scattering amplitudes of the models were calculated by
the CRYSOL programs (Svergun et al. 1995) for Protein Data
Bank models (PDB) objects prepared by the MASSHA pro-
gram. Space PDB models of simple bodies were created also
by the program GEN_DAM_BODY (Konarev et al. 2003;
see also the EMBL website http://www.embl-hamburg.de/
Externallnfo/Research/Sax/ for program descriptions).

Results and discussion

Comparison of the CD spectra with the SAXS curves
for DNA CLCD treated with gadolinium salt

An abnormal negative band (4 =~ 270 nm) of the CD
spectrum characteristic of the initial double-stranded DNA
CLCD is changed as a result of treatment of this CLCD
with GdCl;.

The initial change is expressed as the decrease in the
amplitude of the CD band (Fig. 1, curves 1 and 2).

According to theoretical calculations, the intense band
in the CD spectrum (Fig. 1, curve 1) located in
the absorption region of the nitrogen bases of the DNA

AA

-10 1 1 1 1 1
260 280 300 320 340

As NM

Fig. 1 CD spectra of the double-stranded DNA CLCD in the absence
(curve 1) and in the presence of GdCl; in solution (curves 2-5): 2,
ro=165 3, n=165; 4, =327, 5, =95 AA=AL — Ar
(x 107 opt. units). 0.3 M NaCl; 170 mg/ml PEG; 10 pg/ml DNA;
AA = A — AR (X 1073 opt. units); r, is the ratio of total GdCl;
molar concentration to the molar concentration of the DNA nitrogen
bases

molecule is direct evidence for the formation of the liquid-
crystalline dispersion characterized by helically twisted
structure (Keller and Bustamante 1986; Kim et al. 1986;
Belyakov et al. 1996). Besides, theoretical calculations
show that the appearance of this band unequivocally tes-
tifies to the macroscopic twist of neighboring “quasine-
matic” layers formed by DNA molecules in CLCD
particles (Belyakov et al. 1996). In order to stress this
peculiarity, the term “cholesteric liquid-crystalline disper-
sion” (CLCD) was used to signify these particles (Bouli-
gand 1978; Belyakov et al. 1996). The negative sign of the
band in the CD spectrum (Fig. 1, curve 1) proves the left-
handed cholesteric twist of these layers formed by the
right-handed DNA molecules (B-form) in these particles.
The theoretical and experimental data (Belyakov et al.
1996; Gottarelli and Spada 1994; Yevdokimov et al. 1992)
were used to identify the factors determining the sign and
amplitude of the intense band in the CD spectrum of the
DNA CLCDs. The most important points are as follows:

(1) The amplitude of the intense band in the CD spectrum
depends on the size (diameter) of the CLCD particles
and increases with their growth.

(2) The amplitude of the intense band depends on the
helical pitch (P) of the twist of neighboring “quasi-
nematic” formed by DNA molecules in the chole-
steric structure. The smaller the pitch of the helical
structure, i.e., the greater the angle between neigh-
boring quasinematic layers of DNA molecules in the
cholesteric structure, the greater the amplitude of the
band in the CD spectrum, and vice versa.

(3) The sign of the intense band in the CD spectrum of
DNA CLCD in the absorption region of its
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chromophores (nitrogen bases) depends on the angle
of their inclination with respect to the long axis of the
DNA molecule.

(4) The amplitude of the band in the CD spectrum
depends on the anisotropy of the DNA molecule, and
negligible changes in the properties of the DNA
secondary structure are accompanied by diminishing
of the amplitude of the intense band in the CD
spectrum.

Hence, the formation of the layered, spatially twisted
structure of neighboring DNA molecules in particles of
CLCDs as a result of phase separation in polymer-con-
taining solutions is accompanied by the appearance of a
specific, intense band in the CD spectrum in the region of
the DNA nitrogen bases absorption. To stress the principal
differences between molecular and “structural” circular
dichoism, the term “abnormal band” was used to signify
this band in the CD spectrum (Belyakov et al. 1996).

Figure 1 demonstrates as well that treatment of the DNA
CLCD with gadolinium salt is accompanied by additional
alteration of the abnormal band in the CD spectra. The
gadolinium concentration dependence of the amplitude of
the abnormal band (AA,7¢) in the CD spectrum of the DNA
CLCD particles is shown in Fig. 2. One can see that the
amplitude of the abnormal band in the CD spectrum of
particles of the CLCD is changed, albeit slightly, at low
concentrations of GdCl; (r, below 0.5). It is important to
note that, under these conditions, noticeable alterations in
the CD spectra of the linear double-stranded DNA treated
by gadolinium salts were observed (Haertle et al. 1981;
Gruenwedel and Cruikshank 1991; Rosetto and Nieboer

/L
7/

270
-4

-8

1 1 1
01 2 3 4 20 40 60 80 100

Fig. 2 Dependence of the amplitude of the abnormal negative band
in the CD spectra of the CLCD formed by DNA-Gd>* complexes
upon r; value. Cpya = 10 pg/ml; Cnac) = 0.3 M; Cpgg = 170 mg/
ml; AA (A =270 nm) = A; — Ag (x 1073 opt. units); ry is the ratio
of total GACl; molar concentration to the molar concentration of the
DNA nitrogen bases. The blue region in the figure is a region of the
concentration of Gd** used for SAXS measurements
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1994; Li et al. 2003; Salyanov et al. 2007). Figure 2 shows
unequivocally that low concentrations of gadolinium ions
can induce alteration of the secondary structure of DNA
molecules, even when fixed in the content of particles of
CLCD.

It can be assumed that binding of gadolinium ions to
double-stranded DNA molecules, even when packed in
particles of the cholesteric liquid-crystalline dispersion at
low concentrations, leads to breaking of the homogeneity
of the secondary structure of DNA. “Modified” nucleic
acid molecules are separated into alternating fragments
differing in conformations (e.g., B-Z-B-B-Z-Z, etc. for
the DNA). The existence of fragments with the B-form in
the modified DNA is confirmed by the fact that planar
antibiotics (daunorubicin, mitoxantrone) are incorporated
between pairs of bases of the modified DNA in particles of
the cholesteric liquid-crystalline dispersion of the com-
plexes of the DNA with gadolinium.

If the fragments of neighboring molecules of the com-
plexes of the DNA with gadolinium, or even all molecules
packed in particles of the cholesteric liquid-crystalline
dispersion, acquire an inhomogeneous secondary structure,
we can expect that the translational order of these frag-
ments (molecules) will be broken and the small-angle
reflection on X-ray patterns must disappear.

From Fig. 2 one can see as well that quite a sharp
change in amplitude of the abnormal band in the CD
spectrum of the CLCD of the DNA-Gd>" occurs when
there is large excess of gadolinium cations in the solution
(r, > 20), and its maximum is shifted by 10 nm toward
longer wavelengths.

Hence, it was interesting to model the structural changes
of DNA on the supramolecular level and to measure X-ray
patterns of the DNA CLCD treated with different con-
centrations of gadolinium salt.

Here one can recall the following. It is well known that
molecular motions in classical low-molecular compounds
are free, and hence the corresponding X-ray scattering
peaks are almost absent. Theories describing the appear-
ance of abnormal optical activity of low-molecular cho-
lesterics assume that sufficient conditions for abnormal
optical activity are “orientation” ordering of chromophores
of molecules in quasinematic layers of molecules and their
helical ordering. These theories usually do not connect the
mode of crystallographic packing of neighboring low-
molecular compounds and the orientation order of their
chromophores in the liquid-crystalline structure. However,
in either case, the appearance of abnormal optical activity
requires dense chromophore packing.

The experimental scattering curves from the CLCD
formed by initial DNA molecules and their complexes with
gadolinium salt are shown in Fig. 3 as a function of Gd
concentration. Corresponding structural characteristics of
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Fig. 3 Experimental SAXS patterns from the DNA CLCD (curve 1)
and DNA CLCD particles treated with different concentration of Gd
salt (curves 2-5). Successive curves are displaced one logarithmic
unit down for better visualization. In the insert: Comparison of CD
and SAXS data: (1) dependence of the relative (AApax — AA/AA )
amplitude of the abnormal negative band of the CD spectra of the
CLCD formed by (DNA-Gd*™) complexes upon r, value; and (2)
dependence of the amplitude of the Bragg peaks (A) of the CLCD
formed by DNA-Gd** complexes upon r, value (Table 1)

samples, calculated from the scattering data using the
PEAK program, are presented in the Table 1. The most
important observation is that all structural changes of the
DNA molecules in the CLCD detected by SAXS occur
while the concentrations of the gadolinium salt are very
low (Table 1 and Fig. 2, blue region). At r, = 0.66 the
characteristic Bragg peak has completely disappeared
(Fig. 3, curve 5). In the region of low gadolinium con-
centration, a dependence of the relative (AA.x — AA/
AA.x) amplitude of the abnormal negative band of the CD
spectra of the CLCD formed by DNA-Gd*" complexes
upon r, value and a dependence of the amplitude of the
Bragg peaks (A) of the CLCD formed by DNA-Gd>"
complexes upon r, value (Table 1) demonstrate similar
behavior (insert to Fig. 3). Therefore, the hypothesis that
the parameters of the secondary structure of DNA in
interaction with gadolinium are violated finds confirmation
in the analysis of the SAXS spectra.

However, further increase of the concentration of the
gadolinium salt does not change the profiles of the exper-
imental SAXS curves. Thus, comparison of Figs. 1-3

shows that there are two effects characteristic of particles
of the cholesteric liquid-crystalline dispersion of the DNA—
gadolinium complexes: first, decrease in amplitude of the
abnormal CD band, accompanied by disappearance of the
maximum in the X-ray scattering curves for these com-
plexes; and second, that the amplification of the abnormal
band in the CD spectrum occurs at saturating concentra-
tions of gadolinium cations bonded to the DNA and is not
accompanied by change in the X-ray parameters of the
DNA-gadolinium complexes.

To reveal causes of these effects, it is necessary to take
into account the following. As shown previously (Yevd-
okimov et al. 2005; Yevdokimov and Sythev 2008), when
Gd cations are bonded to linear double-stranded DNA
molecules, the shape of the circular dichroism spectrum of
these molecules changes sharply at r, &~ 0.5. This change
occurred due to breaking of the regular homogeneous
character of the secondary structure of the DNA. Such
breaking can be associated with the B — Z conformational
transition and this is maximal at r, & 0.5, despite the
packing of the DNA molecules in particles of the chole-
steric liquid-crystalline dispersion.

As one can see from the Fig. 3 and Table 1, all SAXS
patterns are characterized by Bragg peaks at s = 1.9 nm™",
and by scattering at very small angles (central scattering).
The characteristic Bragg peak in the scattering patterns
reveals the presence of some ordered, quasicrystalline
regions in the samples, with spacing of about 3.3 nm,
which is characteristic of the interhelical distance between
closely packed initial DNA molecules (B-form), as repor-
ted by Belyakov et al. (1996). The shape of the Bragg
peaks is typical of systems with quasicrystalline zones
coexisting with disordered bicontinuous phases.

The presence of the central scattering indicates the
formation of nanoscale structural heterogeneities in the
samples, which is correlated with the formation of particles
of DNA cholesteric liquid-crystalline dispersions (CLCDs)
(Yevdokimov and Sythev 2007; Yevdokimov and Sythev
2008; Yevdokimov et al. 2008).

As is obvious from Table 1, general structural charac-
teristics of the specimens such as the peak position s, of
the scattering curves, the repeat distances of the periodical
motifs in the crystalline regions (d = 27/s1y), the mean
long-range order dimension L (average size of crystallites),
and the degree of disorder in the system (A/d, practically
do not change. This indicates that the overall internal
structure of the ordered regions of the closely packed DNA
molecules remains constant. However, consecutive
decrease in the areas under Bragg peaks after treatment of
DNA CLCD with gadolinium salt results in a diminishing
number of ordered quasicrystalline regions in the whole
system. Thus, one can assume that the interaction between
gadolinium cations and DNA molecules destroys their
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parallel orientation and leads to formation of disordered
regions.

Volume distributions of structural heterogeneities
for the initial DNA CLCD and DNA CLCD treated
with gadolinium salt

Volume distribution functions Dvy/(R) of structural hetero-
geneities present in the CLCD DNA particles were calcu-
lated by the GNOM program (Svergun 1992) and are
shown in Fig. 4.

All samples demonstrate bimodal distributions, with the
first fraction corresponding to scattering objects charac-
terized by sizes of about 5-6 nm, and a wide maximum
with dimensions from about 10 to 50 nm. The first fraction
of the distribution reflects a cross-section of molecular
ensemble of the DNA molecules in quasicrystalline
regions, while the second one reflects their length. The
average sizes in the second fraction of the size distribution
profiles correlate well with the mean value of L (i.e., the
average size of crystallites) shown in Table 1. According to
the shapes of the Bragg peaks in the experimental scat-
tering curves, they do not reflect strong crystalline consti-
tution of the molecular ensembles of the DNA molecules in
the CLCD particles, but reveal the coexistence of some
fraction of quasicrystalline regions with disordered bicon-
tinuous phases. The extent of disorder in the system (A/d)
represented in Table 1 is characteristic of such kinds of
structural organization. Therefore, one can suggest a
speculative model of the internal structure of the DNA
CLCD particles presented in Fig. 5.

One of the most demonstrative ways to confirm any
speculative suggestions is to build molecular models of the
complexes and compare calculated scattering from the

D,(R)

Fig. 4 Volume distribution functions for case 1 (curve 1) and case 2
(curves 2-5, corresponding to increasing gadolinium concentration in
the samples)
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model structures with the experimental SAXS data, which
is considered below.

Structural modeling of ordering DNA molecules
and DNA complexes with high concentration
of gadolinium ions in particles of CLCD

First of all, let us consider the possible behavior of a lay-
ered structure of DNA CLCD at high concentration of
gadolinium salt. At saturating gadolinium concentrations,
when the negative charges of the phosphate groups of the
DNA are neutralized by positively charged gadolinium
cations according to the data obtained by various physical
methods, an additional process can occur. First, the gado-
linium ions neutralizing the negative charges of the phos-
phate groups of the DNA make particles of the cholesteric
liquid-crystalline dispersion insoluble. Indeed, in the
presence of large excess of gadolinium ions, these ions,
displacing sodium ions, are bonded to the phosphate groups
of the DNA. It is worth noting that, when Gd>" ions are
bonded to polyphosphates, poorly soluble Gd polyphos-
phate is formed (solubility product of about 10™'% M).
Since double-stranded DNA molecules have polyphosphate
nature, these molecules in the presence of saturating
gadolinium concentrations become poorly soluble in poly-
ethylene-glycol salt aqueous solutions. Under these con-
ditions, a stable spatial structure of dispersion particles can
be formed, and the presence of poly(ethylene glycol) is not
required to stabilize the structure of particles of the cho-
lesteric liquid-crystalline dispersion. Moreover, gadolinium
ions, neutralizing the charges of the phosphate groups of
the DNA, create an excess positive surface charge on
particles of the cholesteric liquid-crystalline dispersion,
and aggregation of particles of the cholesteric liquid-crys-
talline dispersion becomes impossible.

Nonuniform distribution of gadolinium ions over the
surface of DNA molecules results in a heterogeneous
secondary structure, i.e., an irregular attraction between the
fragments of the neighboring DNA molecules, fixed ini-
tially at about 3.3 nm (Table 1). The physical origin of this
attraction mediated by a strong correlation interaction is
related to either electrostatic or entropic contributions. In
addition, such interactions are, probably, influenced by the
interlocking Gd*+ ions, referred to as “counterion cross-
links.” Gd ions, when present at high concentration, are
capable of overcompensating the DNA charges, and DNA
charge inversion can take place, inducing a change in the
spatial structure of the CLCD. Indeed, the separation of
chains of the DNA molecules in the content of particles of
the CLCD is impossible for steric reasons. The synergetic
effects of local alterations of the secondary structure and
charge inversion of the DNA molecule change the mode of
spatial packing of these molecules in the particles of
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Fig. 5 Schematic presentation of the inner structure of CLCD
particles: (1) two-dimensional (2D) AFM image of the DNA CLCD
particles; and (2) the inner structure of one layer formed by DNA
molecules in the CLCD particle with quasicrystalline (ordered)

CLCD. Under conditions of dense packing, the electro-
static forces between DNA molecules, which are intimately
connected to the helical nature of the charge distribution,
are large enough to overcome intrinsic forces that stabilize
the initial cholesteric structure specific to B-form DNA.
This can alter the parameters of the spatial structure of the
DNA CLCD.

Indeed, it is not excluded that, after local changes in the
DNA secondary structure induced at low extent of Gd**-
cation interactions with the DNA, an additional process
closely related to the change in mutual orientation of
neighboring DNA layers in the particles of the CLCD takes
place. Therefore, one can suppose that there are specific
reasons responsible for the amplification of the abnormal
band in the CD spectrum of the DNA CLCD.

In the framework of the theory (Belyakov et al. 1996)
that describes the abnormal optical properties of the par-
ticles of the initial CLCD formed by DNA molecules, one
can expect that there are two main reasons responsible for
amplification of the abnormal band in the CD spectra.
Taking into account that separation of chains of the DNA
molecules in the content of particles of the CLCD is
impossible for steric reasons (Grasso et al. 1991, 1992), the
first reason is the increase in the diameter of the initial
CLCD nparticles induced by interaction with gadolinium
ions. The second reason is the change in the inner
parameters of the cholesteric structure of the DNA CLCD
as a result of interaction of gadolinium ions with these
molecules.

The results of AFM measurements (Yevdokimov et al.
2008) show that the mean size of particles is (4.5-
5.0) x 10? nm, i.e., the mean diameter of the DNA CLCD
particles after treatment with gadolinium is comparable to
the mean diameter of initial DNA CLCD particles. Hence,
one can suppose that neutralization of phosphate groups of
DNA molecules fixed in the content of CLCD by the rare-
earth ions is not accompanied by alteration in the mean size

regions characterized by average lengths of about 25-30 nm and by a
cross-section of the molecular ensembles of the DNA molecules of
about 5-6 nm

of the CLCD particles. This is important, because it sug-
gests that the average packing density of the DNA mole-
cules in particles of CLCD of the DNA-gadolinium
complex is similar to the packing density of the DNA
molecules in particles of the CLCD formed from the initial
molecules. This result further implies that the mean con-
centration of chromophores (DNA nitrogen bases) retained
in particles of the CLCD of the DNA—gadolinium complex
is high, and sufficient to maintain the high optical activity
of liquid-crystalline particles, meaning that the first
explanation for the amplification of the abnormal band in
their CD spectra must be rejected. Thus, both CD and
SAXS data lead to the necessity of the assumption that,
besides a mechanism of changing of the secondary struc-
ture of DNA, there is a change of the twist of the layers at
high concentration of gadolinium.

Modeling these possible structural changes we have
used two alternative approaches. The first is a model of
sample bodies generated using the GEN_DAM_BODY
program without consideration of the peculiarities of the
secondary structure of the DNA molecule. We used a long
cylinder with diameter 2.3 nm and length of about 40-
50 nm as a model of the initial DNA molecule. These
cylinders were located to correspond to the periodical
motifs in the crystalline regions d ~ 3.0-3.3 nm. Two
possible structural changes affecting the scattering curves
were considered: disorder of parallel DNA molecules
packaging, and bending of the DNA rods at the sites of
location of Gd ions in the structure of DNA-Gd complexes.
The best fit to the experimental scattering curve from the
initial DNA in the particles of the cholesteric liquid-crys-
talline dispersions was obtained for the ensemble of
slightly nonparallel cylinders, as shown in Fig. 6a. The
scattering curve calculated by the CRYSOL program for
the ordering of cylinders demonstrates the Bragg peak
(curve 2) corresponding to the repeating distances with the
periodical motifs d = 27/sy. in the model. The positions
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Fig. 6 Comparison of experimental SAXS curves for the initial DNA
CLCD particles (circles) and a simulated curve from a conglomerate
of parallel rods with low degree of disorder (solid line) for (a) highly
ordered DNA packing, and (b) disordered DNA packing. Insets: PDB

of the experimental Bragg peak and that modeled coincide
with good accuracy. However, the best fit for the DNA-Gd
complexes could be achieved only by using the model of
bending DNA rods, as demonstrated in Fig. 6b. All inter-
mediate conditions of the complexes show the same con-
sistent pattern: with increasing disorder, decrease of the
amplitude of the peaks up to the point of their complete
disappearance is observed (these particular cases not pre-
sented herein).

The second step in the modeling was to use the real
DNA atomic structure to consider possible effects of sec-
ondary structure of the individual DNA molecules on the
modeled scattering curves. This structure was obtained
form the RCSB Protein Data Bank (PDB code 1bna for the
double stranded DNA, B-form) and is shown in Fig. 7.

This structure was used in the MASSHA program to
construct DNA blocks of slightly nonparallel molecules
with length of about 40-50 nm (a), and that of bending
DNA of the same length (b), shown in Fig. 8 in two per-
pendicular orientations.

The sizes of DNA blocks were chosen to agree with the
sizes determined by GNOM analysis and according to the
real length of DNA macromolecules in the complex (Ye-
vdokimov and Sythev 2008). The scattering curves from
these structures were calculated by the CRYSOL program,
and obtained patterns are presented in Fig. 9 along with
experimental scattering curves corresponding to the ade-
quate DNA complexes in the particles of cholesteric liquid-
crystalline dispersions.

These results practically coincide with those obtained
when modeling using simple bodies (cylinders), where we
did not consider the peculiarities of the internal DNA
structure. This means, on one hand, that the changes in the
DNA conformation that appeared under interaction with
gadolinium salt are manifested on a level that can be
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models of the packages. Diameter of the rod is 2.3 nm, length is 40—
50 nm, and the distance between the centers of the rods is about 3.0—
3.3 nm

Fig. 7 Atomic structure of DNA molecule (B-form, fragment)

investigated by CD and other optical methods but that
cannot be detected in detail by SAXS. On the other hand,
structural models built on the basis of SAXS data have to
consider bending and twisting of DNA macromolecules
caused by interaction with gadolinium salt, as the best fits
to the experimental scattering profiles from the DNA-Gd
complexes could be achieved only by using such a model.
Hence, Gd cations can modify the properties of neighbor-
ing DNA molecules, distorting their shapes. As a result, the
structure of the ordered regions is altered, which is mani-
fested by the disappearance of the characteristic Bragg
peak in the experimental small-angle X-ray scattering
profiles specific to the ordered DNA molecules. Besides,
the interaction of Gd cations with the DNA molecules
results in a high degree of neutralization of the negative
changes of DNA phosphate groups, which leads to increase
of interaction between the fragments of neighboring mol-
ecules DNA with the altered structure and is accompanied
by structural liquid-rigid transformation of packing of the
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Fig. 8 Atomic structures of
DNA blocks consisting of
slightly nonparallel molecules
(a) and that of the bending DNA
(b) in two perpendicular
orientations

Ig I, relative

S, nm™

Fig. 9 Comparison of experimental SAXS curves for the initial DNA
CLCD particles (circles) and simulated curves for the DNA blocks
based on the real atomic DNA structures (solid line) for a highly
ordered packing, and b disordered packing

DNA molecules and (on the supramolecular level) by
alteration of the spatial structure of the particles of the
DNA cholesteric liquid-crystalline dispersion.

Therefore, the experimental results described herein
confirm the assumption that treatment of particles of DNA
CLCD by gadolinium salt leads not only to the appearance
of modified secondary structure of the DNA molecules
packed in the quasinematic layers, but is also accompanied
by alteration of the helical twisting layers of the cholesteric

structure, i.e., it can facilitate the change in the cholesteric
pitch, P, of the spatial structure of the DNA CLCD.

Conclusions

The apparent contradiction between the experimental CD
data and those from SAXS has been resolved by corre-
sponding structural modeling of the DNA-gadolinium
complex. The data obtained in this work demonstrate that
gadolinium cations interacting with double-stranded DNA
molecules induced structural changes in the DNA-gado-
linium complexes on two different levels. Firstly, this
interaction is accompanied by change of the parameters of
the secondary structure and by spontaneous changes in the
helical twist of these molecules, as manifested by signifi-
cant amplification of the abnormal negative band in the CD
spectra. Secondly, strong attraction between neighboring
DNA molecules at the Gd binding sites leads to distortion
of the parallel packing of the DNA molecules and to their
bending, expressed on the supramolecular level, which can
be investigated by SAXS. Thus, joint use of circular
dichroism and small-angle X-ray scattering allowed us to
build a consistent spatial model of the DNA complex with
gadolinium that satisfied the experimental data and con-
sidered the main changes expressed on the different
structural levels.
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