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The small-angle neutron scattering (SANS) on the HeLa nuclei demonstrates the bi-fractal nature
of the chromatin structural organization. The border line between two fractal structures is detected
as a crossover point at Qc ≈ 4 · 10−2nm−1 in the momentum transfer dependence Q−D. The use
of contrast variation (D2O-H2O) in SANS measurements reveals clear similarity in the large scale
structural organizations of nucleic acids (NA) and proteins. Both NA and protein structures have a
mass fractal arrangement with the fractal dimension of D ≈ 2.5 at scales smaller than 150 nm down
to 20 nm. Both NA and proteins show a logarithmic fractal behaviour with D ≈ 3 at scales larger
150 nm up to 6000 nm. The combined analysis of the SANS and Atomic Force Microscopy data
allows one to conclude that chromatin and its constitutes (DNA and proteins) are characterized
as soft, densely packed, logarithmic fractal on the large scale and as rigid, loosely packed, mass
fractal on smaller scale. The comparison of the partial cross-sections from NA and proteins with
one from chromatin as a whole demonstrates spatial correlation of two chromatin’s components in
the range up to 900 nm. Thus, chromatin in the HeLa nuclei is built as the unified structure of the
NA and proteins entwined through each other. Correlation between two components is lost upon
scale increases toward 6000 nm. The structural features at the large scale, probably, provides nuclei
with the flexibility and chromatin–free space to build super-correlations on the distance of 103 nm
resembling cycle cell activity such as an appearance of nucleoli and an DNA replication.

PACS numbers: 87.14.gk 61.05.fg

I. INTRODUCTION

The large scale arrangement of DNA (chromatin) or-
ganization and mechanisms for packaging and unpacking
DNA during a cell cycle is of great interest and impor-
tance for fundamental knowledge in cellular biology. Nu-
merous studies of the chromatin structural organization
had revealed and confirmed that chromatin demonstrates
a hierarchical structure that includes several organiza-
tion levels: organization of chromatin into higher-order
domains and the spatial arrangement of interphase chro-
mosomes within the nuclear space [1]. Experimental data
evidence that the structural organization of chromatin is
double-scaled with one type of structure in the approx-
imate range from 20 nm to 400 nm, and with another
in the range from 400 nm and up to the size of a nu-
cleus of order of several microns [2–5]. Experiments on
small-angle neutron scattering show a bi-fractal structure
of the chromatin, confirming the fundamental difference
between small-scale and large-scale chromatin organiza-
tion [6–9].

The model of a crumpled or fractal globule had been
proposed and developed to describe the 3D configura-
tion of chromatin in the nucleus [10–14]. This model
represents a 3D polymer conformation, which is max-
imally compact and knot free. The model originates
from investigation of interactions between genes by Hi-

C method that is the modern derivative of Chromosome
Conformation Capture (3C) method. The 3C method
and its various derivatives methods (4C, 5C, Hi-C) mea-
sure the probability of interaction between two regions
of the genome in a large (105 − 106) cell population.
Without a doubt, Hi-C is a powerful method for studying
DNA packaging, which paves the way for extensive com-
puter modeling of both the structure and dynamics of
interphase chromosomes [15–19]. On the other hand, Hi-
C measures the frequency of interactions between genes,
not the distance between them, and therefore, to recon-
struct the spatial distribution of chromatin density re-
quires assumptions about the relationship between phys-
ical distances and frequencies of interaction. In other
words, Hi-C is an indirect method for reconstructing the
three-dimensional configuration of chromatin in the nu-
cleus.

In contrast to Hi-C method, the small-angle neutron
(X-ray) scattering (SANS, SAXS) is known as one of
the most informative and direct way to study the spa-
tial distribution of the chromatin density on nano- and
microscale. The scattering intensity I(Q) is related to
fluctuations in the scattering density ρ(r) and is equal to
the Fourier transform of the correlation function of the
object γ(r). The self-similarity of fractal object is con-
verted to the power law of scattering intensity [20–25].
This ability of the SANS method to characterize the in-
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ternal structure of the nanoobjects can be strengthen by
use of the D2O-H2O contrasting technique.

An example of such study had been shown in [6] for
the chicken erythrocyte nuclei. It was reported for the
chromatin contrasted by the 100% of D2O that the expo-
nent D of the power function Q−D in the Q-dependence
of SANS intensity equals 2.4 on the scale of 15 nm - 400
nm, and it is 2.9 (i.e. close to 3) on the scales from
400 nm to 1500 nm. The neutron scattering technique
(with help of D2O - H2O contrasting) was used to sepa-
rate the contribution of the DNA architecture that also
exhibited two different regimes of fractality with a frac-
tal dimension of D = 2.2 in 15 - 400 nm spatial range
and D = 3.2 exponent for larger length scales. As to the
nuclear protein organization, it is found to associate to
a fractal behaviour with an exponent of 2.4 over the full
length spectrum. In the framework of the fractal concept
D = 2.4 corresponds to the volume (mass) fractal with
the fractal dimension Dm = 2.4. The exponent close to
3 was was later interpreted as the very special type of
fractal organization of matter — the logarithmic fractal
[9, 26, 27]. However, the chicken erythrocyte nucleus is
synthetically inactive and therefore cannot demonstrate
any structural evolution or structural flexibility of the
nucleus.

In contrast to chicken erythrocyte nucleus, the HeLa
cell line is often chosen for the studies as an actively di-
viding cell line [28, 29]. Among recent studies are those
where HeLa nucleus was used to prove the common struc-
tural feature in interphase and mitotic chromatin: com-
pact and irregular folding of nucleosome fibers occurs
without any 30-nm chromatin structure [30, 31].

The SANS study of the chromatin structure of the in-
terphase HeLa nuclei has been recently performed, being
covered the whole range from the nucleosome size (∼ 10
nm) to the nucleus (∼ 6000 nm) [27]. It was shown that
the small-scale structure corresponds to volume fractal
with dimension Df = 2.41 on the scale to from 9 nm to
80 nm. While the large-scale organization corresponds
to logarithmic fractal with spatial dimension Df = 3
and subdimension ∆ = 1 on the scale from 80 nm to
5100 nm. The experiments had shown that the correla-
tion function describing large-scale structure of the chro-
matin organization represents a logarithmic dependence
γ(r) ∼ ln(ξ/r), i.e. the structure of chromatin forms
a logarithmic fractal, which is fundamentally different
from the mass or surface fractals. It was argued that
such logarithmic fractal organization is the result of an
evolutionary process of optimizing the compactness and
accessibility of gene packing and typical for inter-phase
nuclei.

Moreover, a significant difference in the SANS spectra
was found for the chromatin structure of the HeLa and
chicken erythrocyte nuclei. In HeLa nuclei, the logarith-
mic fractal is of two orders of magnitude, while the vol-
ume fractal is only an order of magnitude. In the nuclei

of chicken erythrocytes, the opposite is true. We assume
that this is due to ability of the HeLa cells to go through
the cell cycle. Unlike dividing HeLa cells, chicken red
blood cells do not divide and, therefore, the activity of
nuclear processes (replication, transcription, repair, etc.)
is different in them, which affects the structure of nuclei.

In order to obtain much more detailed picture on the
chromatin organization in the HeLa nucleus one has to
apply SANS with the D2O-H2O contrasting technique,
similar to [6, 32]. This technique is often used to sep-
arate the contribution of the nucleic acids (NA) archi-
tecture, when the mixture of 40% D2O and 60% H2O is
taken as a buffer. Similarly, the mixture of 60% D2O
and 40% H2O allows one to distinguish the contribution
of proteins. The 100 % D2O, used as a buffer, makes a
good contrast to both NA and proteins, thus showing the
picture of scattering on the chromatin as a whole. This
scattering pattern is not simply a linear combination of
individual contributions from NA and proteins, but con-
tains an additional interference contribution showing the
presence of a spatial correlation between the location of
NA and proteins. In absence of such correlation no addi-
tional scattering is observed. In this study we show that
NA and protein arrangements are correlated in the scale
from 10 nm to 900 nm and they gradually loose such
correlation at the larger scale (900 - 6000) nm.

Furthermore we focus on the combined analysis of the
SANS data and Atomic Force Microscopy (AFM) mea-
surements giving an evidence for the two different scales
of chromatin organization with different physical (dense
or loose, soft or rigid) and fractal (power function or log-
arithmic function) properties. We also characterize the
large-scale fractal level (dense and soft logarithmic frac-
tal) as very flexible part of the chromatin, i.e. show-
ing high potential for structural variability. In the same
time the small-scale fractal level ( loose and rigid vol-
ume fractal) can be seen as mechanically stable state
of the chromatin. The method of contrast variation in
SANS provides one with detailed picture on the role of
the NA and proteins in the construction of the small-
scale volume and the large scale logarithmic fractal lev-
els. Finally we formulate the similarities and differences
in chromatin organization between dormant nuclei and
active nuclei comparing chicken erythrocyte nucleus and
HeLa nucleus, respectively [6, 32].

The paper is organized in the following way. Section
II represents the description of samples preparation and
AFM measurements of the HeLa nuclei. The experimen-
tal data of the SANS measurements using contrast vari-
ation technique and its appropriate data interpretation
is given in Sec. III and Sec. IV. The discussion and
conclusion are given in Sec. V and Sec.VI.
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II. SAMPLES AND ATTESTATION

Sample preparation

HeLa cells were cultured at 37◦C in DMEM/F12
medium (Biolot, Russia) supplemented with 10% fetal
bovine serum (Biowest, France). They were removed
from the substrate with a 1:1 Versen/Trypsin solution
(10 min). The cells suspension was centrifuged for 5 min-
utes at 170 rcf. The cells precipitate was resuspended in
Versen solution and was centrifuged again. The cells were
lysed within 3-5 min with 0.1% Triton X100 in cultural
medium DMEM/F12 with 15 mM HEPES at room tem-
perature. The processes of destruction of cells and sepa-
ration of the nuclei were controlled by microscopy. The
cell nuclei were fixed by 0.5% glutharaldehyde within 10
min and subsequently washed by centrifugation (3 times)
for 10 min at 170 rcf with Versen solution to remove the
fixation agent. Important to note that fixation does not
change structure and volume of the nucleus. It was shown
the non-fixed and fixed chicken erythrocyte nuclei have
identical structure [6].

As a result, the sample, we deal with, represents the
interphase nuclei those are distributed over all possible
phases of the cell cycle. Amounts of nuclei being in dif-
ferent phases were estimated using the flow cytometric
histogram given in Fig. 1). About 70% of the nuclei are
found in the G1 phase, about 10% of the nuclei are in the
S phase and about 20% are in the G2 phase. In contrast
to the AFM method, where each nucleus is individually
visualized, the SANS method brings the image that is av-
eraged over millions of nuclei being in all possible cycle
phases shown in Fig.1.

Sample attestation

The characteristic sizes of the nuclei were investigated
using atomic force microscopy on a Solver Bio microscope
(NT-MDT, Russia). The AFM images are shown in Fig.2
(a - c) for individual nuclei of the HeLa cells after iso-
lation and different fixation procedures with glutaralde-
hyde. We applied 3 different procedures to affect the
shape of nucleus: (a) the nuclei were fixed in suspension
(glutaraldehyde was added to the vial for fixation) and
dropped onto the substrate, then rinsed in a distilled wa-
ter; (b) the nuclei were fixed on the substrate (disposed
on a substrate and fixed within 10 min.), then rinsed;
(c) the nuclei disposed on a substrate were centrifuged
(deformed), then fixed and rinsed. A glass slide modified
with 0.001 % wt. poly-l-lysine was used as a substrate.
Centrifugation was carried out at 60 rcf using UNION
5KR centrifuge equipped WS750-6B swinging rotor. Af-
ter rinsing with distilled water, all slides were air-dried
at room temperature.

The 3D and 2D visualization of nuclei disposed on the
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FIG. 1: Flow cytometry histogram for the sample of the HeLa
nuclei.

a) 

b) 

c) 

FIG. 2: Surface reliefs of the HeLa nuclei. (a) fixed in sus-
pension, (b) fixed on the substrate. (c) centrifuged on the
substrate and then fixed.
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FIG. 3: The cross sections of the surface reliefs of the HeLa
nuclei shown in Fig.1 for nuclei fixed in suspension, for nuclei
fixed on the substrate and for centrifuged (deformed) and then
fixed nuclei .

substrate in Fig.2 (a,b) gives an image of a button-like
object with a well-defined hills (one or few) on its top.
Figure 2 (c) shows a spot with several small peaks on it.
A closer look to Fig.2 (a,b) shows that nuclei are strongly
squeezed toward the substrate by gravity. Please, note
that the width of the ”button” exceeds 104 nm, while its
height is less than 103 nm. Figure 2 (b) (as compared to
Fig. 2 (a)) proves that the nuclei are stable and posses
the same shape even though being firstly disposed on
the substrate and only then fixed. It is important to
note that the hill-like objects in Fig.2 (a, b) stick out of
a button-like basement with the height of 8-9 hundreds
nanometers. We associate these peaks with the presence
of a nucleolus or number of nucleoli, so naturally existing
in the HeLa cells. Figure 2 (c) shows what happens to the
nuclei when not the gravity with 1 g but the centrifuge
with 60 rcf is applied. The nuclei are smashed over some
area on the substrate. The ”nucleolus hill” seen in Fig. 2
(a, b) appeared split to a number of small peaks (nucleoli)
in Fig.2 (c).

It is instructive to receive the characteristic numbers
describing the nuclei disposed on the substrate. Fig. 3
shows the cross sections of the surface reliefs of the nu-
clei shown in Fig.2 for nucleus fixed in suspension, for
one fixed on the substrate and for the centrifuged one.
Its width exceeds 15 · 103 nm but its average height is
800-900 nm for the nuclei fixed in suspension and for nu-
clei fixed on the substrate, while it is 220 nm for nuclei
centrifuged and then fixed. The width and height of the
small peaks (nucleoli) are of order of 1000-2000 nm and
400 nm, respectively.

The volume of a nucleus was estimated by averaging
over 10 nuclei taken after different treatments. It is equal
to (7 ± 2) · 1010 nm3 for the nuclei fixed in suspension,
6 ± 1) · 1010 nm3 for nuclei fixed on the substrate and
6± 1) · 1010 nm3 for the centrifuged nuclei. We conclude
that the volume and density of the material inside the
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FIG. 4: Small-angle neutron scattering on HeLa nuclei in
heavy water D2O for the deformed (open red circles) and non-
deformed (open black squares) nuclei. The inset shows the ra-
tio of the intensities scattering curves taken from the deformed
and non-deformed HeLa nuclei (open blue square).

nuclei remain constant in spite of deformation in course
of the centrifugation.

Thus nuclei, upon sedimentation on a flat surface, form
rather low cone-shaped formations laying on the button-
like basement. Not all nuclear components are easily
deformed during sedimentation. The relatively strong
(tight) basement (800-900 nm) and solid formations of
nucleoli 1000 nm that are able to resist stress produced
by the substrate and the Earth gravity. These relatively
tight formations can, nevertheless, to be squeezed on the
substrate by the stress produced by additional centrifu-
gation of 60 rcf for 5 minutes.

The nuclei were fixed on the substrate and then can be
gently removed from it and dissolved in water for a fur-
ther study, for example, using small-angle neutron scat-
tering. We are confident that after fixation of nuclei with
glutaraldehyde, the strong and rigid covalent bonds are
formed in proteins and the nucleus can no longer be de-
stroyed. Finally, the AFM measurements demonstrate
the border line for the scale (200 nm) where chromatin
become rigid enough to resist mechanical stresses of or-
der of 60 rcf. Important to note that this stress does
not change the nucleus volume (nucleus matter density).
This implies that an internal structure of this matter does
not change under mechanical stress of this magnitude.
This fact was indeed confirmed using small angle neu-
tron scattering experiments.

Going ahead, we conducted SANS measurements to
study the effect of the mechanical stress on the internal
structure of the HeLa nuclei. For this experiment, two
samples of non-deformed nuclei (similar to those shown
in Fig. 2 (a)) and deformed nuclei (also shown in Fig. 2
(c)) were selected. Fig.4 shows scattering intensity as a
function of momentum transferred for these samples con-
trasted by heavy water D2O. The data for the intensity
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of neutron scattering in the momentum transfer range
[1.5 · 10−3 − 9 · 10−2] nm−1 were obtained at the KWS-
3, MLZ, Garching, Germany. The data for the intensity
of neutron scattering in the momentum transfer range
[9 · 10−2− 0.7] nm−1 were obtained at the KWS-2, MLZ,
Garching, Germany. The scattering curve taken from the
deformed nuclei practically coincide with one taken from
non-deformed nuclei. To see it better we plot the ratio
of the scattering intensities taken from the deformed and
non-deformed HeLa nuclei in the inset of Fig.4. The ratio
is equal to 1 in the whole Q-range under study. The small
kinks on the curve are related to the errors of scattering
curve stitching since the curve are built out of four indi-
vidual measurements made at different sample-detector
distances at two different set-ups.

As can be seen in Fig.4, the deformation of nuclei has
no effect on the internal chromatin organization. This ob-
servation made for the deformed and non-deformed HeLa
nuclei drastically differs from the similar experiment per-
formed with the nuclei of the chicken erythrocytes [32],
where deformation produce essential changes in the in-
ternal structure of the chromatin. Interpretation of these
results will be given in Sec. V.

III. CONTRASTING TECHNIQUE IN SMALL
ANGLE NEUTRON SCATTERING

Similar to the AFM method the Small Angle Neutron
Scattering (SANS) allows one to determine the character-
istic sizes of the nucleus itself and its internal formations.
Moreover, SANS also shows if the internal soft matter is
homogeneous, or, it contains inhomogeneous formations
such as nucleoli, or, its density changes with scale as it is
happened in fractals.

The small-angle neutron scattering intensity from
monodisperse non-interacting disordered particles can be
written as:

Is(Q) =
N

V
V 2
p ∆2ρ|F (Q)|2, (1)

where (N/V ) is the volume number density of particles,
Vp is the particle volume, F (Q) is the Form-factor of
a single particle and ∆ρ is the contrast factor which is
defined as (ρp− ρbuff ), where ρp and ρbuff are the scat-
tering length densities of the particle and the buffer in
which the particles are floating [33].

Below we will describe an individual nucleus as a ”par-
ticle”. Further on, the nucleus as a single scatterer has a
form factor F (Q) with fractal characteristics. Moreover,
a nucleus consists of NA and proteins, thus we consider
it as a two-component system (Fig. 5 top schematic).
Scattering from the two-component system in the buffer

FIG. 5: Top — schematically visualization of the HeLa nu-
cleus as two component scatterer. Bottom — Various contrast
conditions: 40% D2O to match the protein part (∆ρp = 0),
60% D2O to match the NA part (∆ρNA = 0), 100 % D2O
to get maximal contrast between chromatin and the diluting
buffer.

prepared as D2O-H2O mixture can be given as:

Is(Q) =

2∑
i=1

2∑
j=1

√
Ni

V
Vpi

√
Nj

V
Vpj∆ρi∆ρjFi(Q)F ∗

j (Q).

(2)

In our case Ni

V =
Nj

V = N
V is the volume number density

of HeLa nuclei and Vpi = Vpj = Vn is the HeLa nucleus
volume. Thus Eq.(2) can be rewritten as:

Is(Q) =
Nn

V
V 2
n [∆ρ21F

2
1 (Q) + ∆ρ22F

2
2 (Q) + (3)

+∆ρ1∆ρ2F1(Q)F ∗
2 (Q) + ∆ρ2∆ρ1F2(Q)F ∗

1 (Q)]

that can be further shortened as:

Is(Q) =
NnV

2
n

V
[∆ρ2NAFNA(Q) + ∆ρ2pFp(Q) + (4)

+2∆ρNA∆ρpFint(Q)],

where first and second terms (FNA,Fp) are partial neu-
tron cross-sections of the NA and proteins, respectively,
and third term (Fint) is the interference part between
NA and proteins. Each contribution is the Fourier trans-
form of the partial correlation function and has meaning
of the probability for a neutron to be scattered. Partic-
ularly, the term Fint(Q) is the Fourier transform of the
cross-correlation function between NA and proteins. Al-
though SANS does not differentiate inelastic scattering,
the term Fint(Q) reflects a probability of the space-time
correlations between NA and proteins. In the absence of
correlation between the components of the system, the
interference contribution disappears Iint = 0.

The scattering intensity Is reduces to INA or Ip, when
the match points for one (∆ρp = 0) or another (∆ρNA =
0) components are reached, respectively. To find the
matching point is the essence of the contrasting tech-
nique in SANS since the large scale organization of the
NA and that of the proteins can be directly studied by
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FIG. 6: Small-angle neutron scattering on HeLa nuclei (sam-
ple of nuclei fixed in suspension) in heavy water D2O (chro-
matin), in 60% D2O (proteins only) and in 40% D2O (NA).

this technique. The scattering intensity with the buffer
that differs from the matching points brings additional
information on the system only when the interference
term is non-zero at least in a certain Q-range.

The SANS measurements of the chromatin’s structure
in the isolated HeLa nuclei was carried out at the KWS-3
instrument in the momentum transfer range 10−3÷10−2

nm−1 and at the KWS-2 instrument in the momentum
transfer range 10−2 ÷ 1 nm−1 at MLZ, Garching, Ger-
many. The experiments were carried out with samples
of HeLa nuclei diluted in three different D2O–H2O mix-
tures:

• 40% D2O to match the protein part (∆ρp = 0) and
to visualize the NA part,

• 60% D2O to match the NA part (∆ρNA = 0) of
nucleus and to visualize the protein part only ,

• 100 % D2O to get maximal contrast between chro-
matin and the diluting buffer and to obtain scat-
tering pattern from all the inhomogeneities of the
nuclei.

Figure 6 shows three scattering curves taken from the
HeLa nuclei diluted in heavy water D2O (chromatin), in
60% D2O (proteins only) and in 40% D2O (NA) in the
wide momentum transfer range [1.5 · 10−3 − 1] nm−1.
These three orders of magnitude in sizes scales from 6
nm to 6 microns, i.e. cover the whole diapason of sizes
inherent to nucleus.

Similar to the analysis of the SANS data made in [27],
we observe two fractal levels for the scattering curve
taken from chromatin (100% D2O). The crossover point
between two fractals is found to be equal to 4·10−2 nm−1.
The scattering intensity is described by a power function
I(Q) ∼ Q−D with the power D = 2.55 ± 0.01 in the

(        )

FIG. 7: Ratio of the intensities of the scattering curves taken
from the protein component of HeLa nuclei (60% D2O + 40%
H2O) and NA component of HeLa nuclei (40% D2O + 60%
H2O).

range [4 · 10−2 − 7 · 10−1] nm−1. This power dependence
demonstrates the fractal organization of the chromatin
with the dimension equal to DF = 2.55.

The intensity of the neutron scattering in the smaller
momentum transfer range [1.5 · 10−3 − 4 · 10−2] nm−1

(larger distances) has different power dependence. It can
be described by the expression

I(Q) =
A

(1 + (Qξ)2)D/2
(5)

with the power D = 3.0 ± 0.01, which accounts for the
finite size of nuclei ξ = 4580 ± 80 nm−1. The difference
between the indexes observed in the different Q-ranges
makes one to conclude that the fractal structure of the
chromatin in the nucleus changes its nature upon tran-
sition from the smaller scale (tens of nanometers) to the
larger scale (hundreds of nanometers).

The correlation function of the object, characterized by
the scattering law of (1 + (Qξ)2)−D/2 (in case Qξ � 1,
Q−D) with 2 < D < 3, corresponds to a mass fractal
of the dimension D and is described by the expression:
γ(r) ∼ (r/ξ)D−3. With D approaching to 3, the correla-
tion function changes its nature and can be described by
the ratio: γ(r) ∼ ln(ξ/r). The change of the nature of
the correlation function leads to the fundamental change
of the properties and structure of chromatin in the cell
nucleus.

The use of the contrasting mixtures 60% D2O and 40%
D2O provides one with the neutron cross sections ob-
tained from the proteins and NA, respectively (Fig.6).
The curve for the proteins shows the power dependence
Q−D with D = 2.48± 0.01 in the range of [4 · 10−2− 0.5]
nm−1 that corresponds to the mass fractal arrangement.
A very similar curve with the same dependenceQ−D with
D = 2.51±0.01 in the same range of [4 ·10−2−0.7] nm−1
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is observed for the NA (40% D2O). One concludes that
the NA have as well the mass fractal arrangement on the
scale from of 10 nm to 150 nm. Both curves demonstrate
clear crossover at the border line at Q = 4 · 10−2 nm−1,
similar to the curve for chromatin.

As for the smaller Q-range, protein and NA scattering
curves appeared to be similar to each other in sense of
their proportionality:

INA(Q) ∝ Ip(Q). (6)

To check of how the NA and proteins are distributed
one can compare their scattering intensities by dividing
one intensity to another: R(Q) = INA(Q)/Ip(Q) and to
normalize it afterwards (Fig. 7). It is found that function
R(Q) does not depend on Q (is equal to 1) through the
Q-range [1.5 ·10−3−4 ·10−2] nm−1 (Fig. 7) and therefore
the structural organization at the large scale fractal level
are very similar for NA and for proteins. Moreover, the
ratio R(Q) is close to one in the range [4 · 10−2 − 0.5]
nm−1, though it demonstrate a slight change. Account-
ing for the linear scale of the ordinate R and the logarith-
mic scale of abscissa Q, we can neglect these changes and
ascertain the fact the very similar, practically coinciding
structural organization of NA and proteins in chromatin
of the HeLa nuclei. This similarity of the structural orga-
nization of NA and proteins can be explained if they are
strongly correlated in space which correlation is caused
by their interaction so natural in the actively dividing
cells.

IV. CORRELATION OF THE PROTEINS AND
DNA STRUCTURES

The correlation between NA and protein structures can
be extracted by comparison of the intensities taken for
the sample with D2O buffer and for those with the mix-
tures (60% D2O + 40% H2O) and (40% D2O + 60%
H2O) as a buffer.

Figure 8 shows the ratio of the intensities of the scat-
tering curves taken from the heavy water D2O to that of
the 60% D2O and 40% D2O. As can be seen, the ratio is
constant (normalized to 1) for both mixtures with 60%
D2O and 40% D2O in the whole Q-range with the mass
fractal characteristics and even more [7·10−3−0.5] nm−1.
Remarkable that the ratio decreases smoothly upon de-
crease of the momentum transfer from 7 · 10−3 nm−1 to
1.5 · 10−3 nm−1.

In order to interpret this result let’s return to Eq. (4).
As we have shown above (Fig. 7), scattering intensity
from the protein component is practically proportional to
the NA component (Eq. 6). Accounting for FNA(Q) =
CFp(Q) where C is constant, Eq. 4 can be transformed
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FIG. 8: Ratio of the intensities of the scattering curves taken
from the sample HeLa in heavy water D2O to that taken from
60% D2O and 40% D2O (NA).

to:

Is
FNA

(Q) =
NnV

2
n

V
[∆ρ2NA + C∆ρ2p + (7)

+2∆ρNA∆ρp
Fint

FNA
(Q)]

Firstly, we note that the ratio Is/FNA depends onQ on
account of the ratio Fint/FNA only. Secondly, Is/FNA

is constant in the range [7 · 10−3 − 0.5] nm−1, therefore
Fint/FNA is constant too. One conclude that the inter-
ference term behaves similar to NA term that actually
proves the appearance of the correlation between NA and
proteins in this Q-range. Thirdly, the ratio Is/FNA de-
creases in the small Q-range down to the value of 0.43
at Q = 10−3nm−1. Assuming that it is minimal value of
the whole Q-dependence, we conclude that
(a) interference term does not contribute to the total
scattering at this Q and
(b) the number 0.43 can be attributed to the sum of the
first two terms Eq.(7), which are constant and therefore
the remaining part of the ratio Is/FNA, equaled to 0.57,
is attributed to the interference scattering.

One can estimate of how large is the contribution of
the NA, proteins and their cross-correlation to the to-
tal scattering when the chromatin is contrasted by 100%
D2O. For the large Q-range 25% of the scattering comes
from NA, 25% - from proteins, and 50% - from their cor-
relations, giving rise to the interference term. At small
Q the interference is disappeared and only independent
contributions of NA and proteins remain in almost equal
amounts, i.e. 50% of the scattering comes from NA and
50% - from proteins.

Thus, we interpret the data of Fig.8 in terms of the
probability of the correlation of between the DNA and
protein structural organizations. The simple message
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read from Fig.8 is: two components are strongly corre-
lated in the range [7·10−3−0.5] nm−1 (10 nm - 900 nm in
direct space) and they loose their connection in the range
from 1 · 10−3 − 7 · 10−3 nm−1 ( 900 nm - 6000 nm in di-
rect space). The cross-term Iint(Q) makes a large (1/2)
contribution to the scattering, when the two components
are interconnected and gives no contribution otherwise.
Yet, the structures of NA and proteins remain similar in
the whole range under study.

These measurements demonstrates the bi-fractal na-
ture of the chromatin arrangement in the HeLa nucleus.
The data analysis of Fig.6 reveals the crossover in the
Q-dependences at the value of Qc = 4 ·10−2 nm−1 as the
border line between different fractal arrangement of the
NA, proteins and the chromatin as a whole. We correlate
this border line, corresponding to 150 nm in the direct
space, with the size of the solid part of the chromatin
obtained in the AFM measurements (200 nm). We spec-
ulate that they are the very same objects inside the nu-
clei that form the mass fractal arrangement and to resist
stresses upon sedimentation of nuclei on the substrate.

Another clear finding is the fact that structure of the
NA practically coincides with the structure of proteins re-
sulting in the unified, strongly interconnected system in
the range from 10 nm to 900 nm, thus dictating the sim-
ilar chromatin arrangement. Two subsystems of NA and
proteins are less linked on a distance above 900 nm. To
our opinion, this interconnection between NA and pro-
teins gives strength to the nucleus to resist stress pro-
duced by the substrate and the Earth gravity observed
by AFM at 800-900 nm (see. Fig. 3).

V. REMARKS AND DISCUSSION

1. We have confirmed the result of the previous study
[27] demonstrating the bi-fractal structure of the chro-
matin organization in the nuclei of the HeLa. Both NA
and proteins being constitutive parts of the chromatin
have similar bi-fractal nature with the crossover point
equalled to Qc = 4 ·10−2 nm−1 (150 nm in direct space).
The NA and proteins has a mass fractal arrangement
with D = 2.5 ± 0.05 for the smaller scale Q > Qc and
the logarithmic fractal arrangement for the larger scale
Q < Qc.

2. The fractal dimension characterizes qualitatively a
self-similarity of the object but gives as well a number as
a quantitative measure. The larger is a fractal dimension,
the larger is an internal density. According to [34], the
logarithmic fractal is 2 times more dense as compared to
the mass fractal with D = 2.5. Therefore, the large-scale
logarithmic fractal structure of the HeLa nuclei is two
time more dense, then its small-scale structure with the
volume fractal characteristics.

3. The interference between NA and proteins was
found in the Q–range [7 · 10−3 − 0.5] nm−1. That means

spatial correlation between NA and proteins on the scales
between 10 to 900 nm. One may conclude that the NA
and proteins structural arrangements are strongly en-
twined and their structures cannot be considered sepa-
rately. We can link this observation to AFM data show-
ing the presence of the nucleus internal structure able
hold its shape (on the level of 800-900 nm) against a
stress produced by the substrate and the Earth gravity
(Fig. 3). The correlation between NA and proteins ob-
served for the active HeLa nucleus is strikingly different
as compared to the slipping nuclei of the chicken erythro-
cytes, where the DNA and proteins parts seems to be
disconnected showing different structural arrangements.
We relate this fact with the ability of the HeLa cell to
division.

4. No effect of the mechanical stress on structure of
deformed nuclei. This fact could be considered as negli-
gible itself but it is highlighted by a comparison with
the dramatic changes of the internal structure of the
chicken erythrocyte nuclei prepared (deformed) in the
similar way [32]. For the chicken erythrocyte nuclei the
crossover point between two fractal levels can be signifi-
cantly shifted from 600 nm to 80 nm by application of me-
chanical stress. The combined SANS and AFM measure-
ments demonstrate the stress induced switch of the DNA
fractal properties from the rigid, but loosely packed, mass
fractal to the soft, but densely packed logarithmic frac-
tal. The absence of such transformation for the deformed
HeLa nuclei leads to conclusion that the HeLa nuclei are
already in the state of the soft and densely packed loga-
rithmic fractal. This densely packed state, probably, does
not allow any further deformation of the internal struc-
ture. Thus absence of internal structure transformations
of the HeLa nuclei under stress can be interpreted as
an evidence for the soft characteristics of the chromatin
structure from the nucleus size down to 200 nm and rigid
characteristics of chromatin below 200 nm. We remind
the reader that the crossover point in SANS measure-
ments at Qc = 4 × 10−2 nm−1 (150 nm in direct space)
splits the internal structure sizes with the mass fractal
characteristics for smaller scales and with the logarith-
mic fractal characteristics for larger scales. These prop-
erties of the chromatin taken from ASM and SANS mea-
surements are clearly correlated and we conclude that
chromatin is characterized as soft, densely packed, log-
arithmic fractal on the large scale and as rigid, loosely
packed, mass fractal on smaller scale.

5. One is tempted to attribute 2 fractal levels of chro-
matin organization to its different states: heterochro-
matin and euchromatin. It is supposed that heterochro-
matin is highly condensed and well ordered, while eu-
chromatin is loosely organized [35]. Furthermore, hete-
rochromitin is tens or even hundreds times smaller than
the whole nucleus occupied by euchromatin in the inter-
phase. Therefore, one may chracterize euchromatin as
being visible in the range from the size of nucleus (5×103



9

nm) down to the size of a histone (10 nm). The sizes of
heterochromatin obviously cover the range from 10 nm to
a few hundreds nm. Thus the large fractal level could be
attributed to the euchromatin and the small fractal level
- to the heterochromatin. However the situation is not so
simple. Recent studies have revealed a number of inter-
mediate classes of chromatin organization [36–38]. These
chromatin classes differ sharply in their physicochemical
properties (NCP density, fiber diameter, etc.), as well
as in the composition, concentration and accessibility of
genes [39]. Most likely, it is impossible to describe the
structure of chromatin only by these 2 classes, visible
through an optical microscope. If we consider the factor
of structural homology, which is characteristic of hete-
rochromatin, then this structuredness must and probably
will certainly affect the fractal dimension of chromatin
[40]. However, in euchromatin, according to [40], there
are very small structurally homologous regions in paral-
lel with intermediate states. So structural homology is
characteristic of both types of chromatin.

VI. CONCLUSION

In this paper we have shown that spatial organization
of chromatin in the HeLa nucleus is described by the bi-
fractal model that is originated from the bi-fractal nature
of both NA and proteins those are entwined in the unified
structure on the scales between 10 to 900 nm. Although
their correlation is lost at larger distances from 900 to
6000 nm, the structures of the NA and proteins remain
very similar. The border line for two fractal levels is
found at 150 nm. The chromatin (DNA and proteins) is
arranged as a low density but rigid mass fractal (D = 2.5)
for the scale smaller than 150 nm and condenses into the
more dense logarithmic fractal at the scale larger than
150 nm. Mechanical stress applied to the nucleus is un-
able to change its internal fractal structure but showed
the relation between mechanical and structural proper-
ties of chromatin at the large scale.
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