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Athigher order levels chromatin is organized into loops that appear as a result of contacts between distant
loci. The aim of this work was to investigate the length distribution of the DNA loops in nucleoids ob-
tained after lysis of either whole cells or isolated cell nuclei. Methods. We used single cell gel electro-
phoresis to analyze the kinetics of the DNA loop migration from the two nucleoid types. Results. The
kinetics of the DNA exit was found to have specific features for the two types of nucleoids. At the same
time, in both cases, the DNA amount in the electrophoretic track depends linearly on the length of the
longest loops in the track. Conclusions. We have concluded that for the loops up to ~100 kb the length
distribution appears to be consistent with the fractal globule organization.
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Introduction

In eukaryotic cell DNA is organized into multimo-
lecular complex known as chromatin, the spatial or-
ganization of which plays an important role in differ-
ent cellular processes: from gene expression to DNA
replication and repair [ 1-3]. Despite the comprehen-
sive understanding of the chromatin structure at low
levels (e.g. nucleosome) the higher order structural
levels remain not completely understood. In recent
years several methods have been developed to ana-
lyze three-dimensional architecture of the interphase
nucleus. An important progress in this field has been
made due to the chromosome conformation capture
technique (3C) and especially due to its high-
throughput modification — Hi-C technique, which al-
lows the mapping of interactions between distant
chromatin loci [4-6]. The analysis of genome-wide
interaction maps revealed that at least at megabase
scale resolution the chromatin conformation is con-
sistent with a fractal globule organization [4, 7]. The
fractal globule is a compact polymer state, which is

different from more familiar equilibrium globule in
two respects. First, in contrast to the equilibrium
globule, the fractal globule is characterized by the
absence of knots. The second feature of the fractal
globule is that the probability of contacts between
distant loci is directly inversely proportional to the
contour distance [8—10].

Some of these contacts may be preserved to give
chromatin loops: it was shown that the formation of
loops can be accomplished on the basis of diffusion
driven collisions of distant loci and entropy driven
crowding [11, 12]. The mechanisms of the loop long
time stabilization are very diverse. Chromatin loops
may be stabilized as a result of transcription activa-
tion or repression that involves enhancer promoter
interactions [13], interactions between insulators
[14], formation of polycomb bodies [15], and tran-
scription factories [16]. Additionally, looping may
arise from the constitutive interaction between DNA
sites and protein filaments of nuclear lamina or oth-
er subnuclear structures [17, 18]. Finally, recent re-
sults obtained using high-resolution Hi-C technique,
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the so-called in situ Hi-C, argue that approximately
10 000 chromatin loops are anchored by the CTCF
transcription factor and the cohesin subunits RAD21
and SMC3 [6]. The diversity of ways for the chro-
matin loop formation results in the diversity of the
loops itself: their number and size distribution may
depend on the cell type, the functional state, the
phase of the cell cycle [2, 19].

In our previous works we have shown that single
cell gel electrophoresis (or the comet assay) is an ap-
proach which may be applied to study the DNA loop-
ing [20, 21]. The method is based on the analysis of
electrophoretic migration of DNA from nucleoids —
the structures that are produced after cell lysis in aga-
rose blocks in the presence of detergents and high
ionic strength [22-24]. Such nucleoids have been
known for a long time to contain nothing but nega-
tively supercoiled DNA loops attached to some re-
sidual protein structures [22, 25]. Our results [20, 21]
have supported this view. During electrophoresis the
nucleoid loops extended toward the anode to form an
electrophoretic track (the comet tail). Certainly, only
some part of the most stable loops remains in the nu-
cleoids after cell lysis. However, since these loops
preexisted in vivo, the nucleoids can be viewed as
«ghosts» which keep some characteristics of the loop
domain organization in the cell nuclei.

Applying the kinetic approach to analyze the
DNA loop migration we have found the rate of the
loop migration to be sensitive to the supercoiling
level [20, 21, 26]. We also determined several im-
portant characteristics of the loop domain organiza-
tion: (i) the fraction of loops that migrate at differ-
ent time of electrophoresis and their size; (ii) the
initial supercoiling level in the loops; (iii) the pecu-
liarities of DNA-protein interaction at the loop an-
chor points [20, 21, 26]. Additionally, some differ-
ences in the kinetics of the loop migration were
demonstrated for the two types of nucleoids: ob-
tained after a lysis of either whole cells (cell-de-
rived nucleoids) or isolated cell nuclei (nuclei-de-
rived nucleoids) [27]. It has been argued that the
kinetic behavior is different due to agarose penetra-
tion into nuclei (but not into cells) before polymer-
ization of the agarose gel.
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This article is focused on the length distribution of
the DNA loops in the comet tail of the cell-derived
and nuclei-derived nucleoids. We have found that
for the loops up to ~100 kb the length distribution
appears to be consistent with the fractal globule or-
ganization. This observation points out that the frac-
tal globule model is valid not only at the megabase
scale (as it has been shown by the Hi-C technique)
but also at the scale of several tens of kilobases.

Materials and Methods

Sample preparation

Human peripheral blood from 3—5 healthy donors was
collected into heparinized medical syringe by finger-
pricking. Lymphocytes were separated by centrifu-
gation in a density gradient (Histopaque 1077, Sig-
ma, USA) according to instructions of the manufac-
turer. Cells then were washed in 0.15 M NaCl twice
and used either to prepare microscope slides or to
isolate nuclei. Before nuclei isolation lymphocytes
were washed twice in STMK buffer (0.25 M sucrose,
50 mM Tris-HCI, 5 mM MgCl,, 25 mM KCl, 0.5 mM
EDTA, 0.5 mM EGTA, pH 7.4). Then the cell sus-
pension in STMK buffer (2.5 ml) was layered on
1.5 ml of the same buffer containing 2.1 M sucrose
and centrifuged 90 min at 19000 g, 4 °C. The purity
of the isolated nuclear fraction was checked by West-
ern blot analysis using antibodies against histone H1
and o-tubulin as specific markers of nuclear and cy-
toplasmic fractions respectively. Isolated nuclei we-
re washed by STMK buffer twice and immediately
used for slide preparation.

The comet assay

Cells or nuclei were embedded in the 0.67 % aga-
rose gel (low-melting point agarose, Sigma, USA)
on the surface of a microscope slide. Slides were
treated with ice-cold lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Tris-HC1 (pH 8.0), 1 %
Triton X-100 (Ferak, Germany)) for several hours.
After the lysis slides were washed twice by TBE
buffer (89 mM Tris-borat, 2 mM EDTA, pH 7.5)
and electrophoresed (1 V/cm, 300 mA) in the same
buffer in dark at 4 °C. Several slides, which were
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simultaneously prepared in the same way, were pla-
ced into the electrophoresis tank, and then they we-
re taken out every 10 min of electrophoresis. After
electrophoresis slides were stained with 1.3 pg/ml
of DAPI (4’,6-diamidino-2-phenylindole, Sigma,
USA) and immediately analyzed with a fluorescent
microscope (LOMO, Russia) connected with a ca-
mera Canon EOS 1000 D. A total 100-150 random-
ly chosen nucleoids on each slide were examined
using image analysis software CometScore (TriTec,
USA) to determine the relative amount of DNA in
the tails and the tail length. The relative amount of
DNA in the tail was determined as the ratio of the
tail fluorescence intensity to the total intensity of
the comet. The tail length was defined as the distan-
ce from the center of mass of the comet head to the
distal end of the tail. The length of the comet tail
reflects the contour length of the longest loops in
the tail. Taking the contour length of the loop to be
roughly two times longer than the extended loop,
the tail length was multiplied by two and divided
by 0.34 nm (the distance between the adjacent base
pairs) to convert it in the contour length (in base
pairs) of the longest loops.

Analysis of the comet assay data

Kinetic plots (the relative amount of DNA in the tail
fversus electrophoresis time #) obtained for the nu-
clei-derived nucleoids were fitted with the standard
equation of monomolecular kinetics:

f =A(1—exp(kt)), (1)

where 4 is the maximum relative amount of DNA
that can exit, k is the rate constant. The two-step
plots obtained for cell-derived nucleoids were fitted
as described [21] with the equation:

f =A (1-exp(kt) )+

A
2 2
1+exp(k2(t0—t))’ @

where 4 and 4, are the maximum amplitudes of the
two components, k, and k, are the rate constants, and
t, 1s the transition half-time. The first term in Eq. (2)
describes the first rapid phase of the DNA exit, the
second term, which obeys the sigmoidal Boltzmann
equation, corresponds to the slow sigmoid phase.

Fig. 1. Representative examples of comet images obtained after
60 min of electrophoresis of nucleoids prepared from cells (4)
and nuclei (B). Bars correspond to 10 pm

The two parameters, the fraction f of DNA in the
tail (at a given time) and the contour length s, of
the longest loops in the tail, are related by the equa-
tion [21]:

f :k'rspsds, (3)
0
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Fig. 2. The average relative amount of DNA in the tails (f, ) and
the average contour length of the longest loops in the tails (s,0)
as functions of electrophoresis duration for nucleoids prepared
from cells (4) and from isolated nuclei (B). Each point is an av-
erage for 5 to 10 independent experiments. Error bars represent
the maximum standard deviations; continuous curves are ob-
tained by fitting as described in the Materials and methods

where A is a coefficient, s is the loop contour length, p_
is the fraction (or the probability) of loops of the size
s present in the tail at a given time. Eq. (3) was used to
analyze the experimental dependence of fon s .

Results and Discussion

The typical images of comets obtained after electro-
phoresis of nucleoids prepared from nuclei and cells
are presented in Fig. 1: the appearance of the comets
is about the same in the two cases. Fig. 2 shows the
kinetics of DNA exit from intact non-damaged cell-
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derived nucleoids (4) and nuclei-derived nucleoids
(B) along with the time dependent change in the av-
erage contour length of the longest loops in the com-
et tails. Evidently, the DNA loop migration has spe-
cific features in the two cases.

The most significant difference related to the sha-
pe of the kinetic plots of the DNA amount in the
comet tails: in contrast to cell-derived nucleoids, the
stepwise behavior was not observed for nuclei-de-
rived nucleoids and the dependence of the relative
amount of DNA in the tails on time was not sigmoid.
In our previous work [27] we have explained this
difference by peculiarities of the nucleoid microen-
vironments for these two types of material. The rea-
son is a probable agarose penetration into the nuclei,
but not into cells, before polymerization of the aga-
rose gel. As a result, the medium inside the nucleoid
head is made by agarose and DNA, with agarose cre-
ating a constant friction for the loop movement. This
is in contrast to the cell-derived nucleoids, where the
friction, which is made by DNA only, changes dur-
ing electrophoresis due to the DNA exit into the tail
thus creating a cooperative effect [27].

Additionally, there are the following small differ-
ences between the two nucleoid types. First, in the
case of nuclei-derived nucleoids, as compared to the
nucleoids obtained from the whole cells, the contour
length of the longest loops in the comet tails tends to
be slightly higher at the initial stage of electrophore-
sis (up to 40" minute). Second, in contrast to the
relative amount of DNA in the tails, which reaches
the saturation level and then remains constant for
both nucleoid types, the contour length of the lon-
gest loops in the comet tails reaches the saturation
level during electrophoresis of the cell-derived nu-
cleoids only. It is noteworthy that the fraction of the
long loops in the comet tails is very small: their con-
tribution is detectable for the comet tail length, but
not for the relative amount of DNA in the tails. Both
differences may be explained by somewhat different
lysis efficacy. Indeed, the lysis is expected to be
more effective for nuclei (which, during their isola-
tion, are already depleted of cellular membranes and
a vast majority of cellular proteins) than for whole
cells. Thus, the larger loops can migrate more easily
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during electrophoresis of nuclei-derived nucleoids.
It is not excluded also that some fragments of cytos-
celeton, which remain in the cell-derived nucleoids
but not in the nuclei-derived ones, may contribute to
additional hampering of DNA migration. However,
the two small differences are almost within the ex-
perimental error (Fig. 2).

Despite the differences mentioned above, two pa-
rameters, the DNA amount in the tails and the tail
lengths, change in parallel for both nucleoid types:
they both increase with time. This simple observa-
tion suggests that the two parameters should be cor-
related with each other (Fig. 3). In our previous work
we have found that for the cell-derived nucleoids the
DNA amount in the tails depends linearly on the tail
length [21]. Keeping in mind the distinct kinetic be-
haviors of DNA migration for the two nucleoid types,
one could expect also some differences in the corre-
lations between the DNA amount in the tails and the
tail lengths. Fig. 3 shows this is not the case. Obvi-
ously, for the loop contour lengths in between ~20
and 100 kb, the correlations are perfectly linear for
both nucleoid types. The linearity is disturbed for
very long loops, the size of which is close to the lim-
it of the gel resolution.

The dependence in Fig. 3 is, in fact, the cumulative
probability for the loops below some size to be pres-
ent in the nucleoid (and hence in the tail), which obeys
Eq. (3). Since some of the contacts between distant
loci give rise to the loops, the most stable of which
(resistant to lysis conditions) remain in nucleoids and
form the comet tail, the parameter p_in Eq. (3) is di-
rectly proportional to the probability of contacts be-
tween two sites separated by the contour distance s.

It is obvious from Eq. (3) that the DNA fraction in
the comet tail (f) may be directly proportional to the
longest loop size (s, ) in the case when p_~ s': then
p, and s under integral are canceled and we simply
have f'=As . The power-law scaling p_~ s™' corre-
sponds to the so called fractal globule — a polymer
state that appears as a result of a polymer condensa-
tion [4, 7, 9]. The fractal globule possesses several
properties, the most important of which are that the
polymer in this state is unknotted and that the prob-
ability of contacts between distant loci is directly
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Fig. 3. Correlation between the average relative amount of DNA
in the comet tails (f) and the average contour length of the longest
loops in the tail for cell-derived nucleoids (4) and nuclei derived
nucleoids (B). Error bars represent the standard deviations

inversely proportional to the contour distance. This
long-lived intermediate polymer state was intro-
duced theoretically in 1988 [8], but has not been ob-
served in experiments until 2009, when the first ex-
perimental evidences for the fractal globule state of
interphase chromatin in cell nuclei were obtained us-
ing the Hi-C technique [7]. It was shown that the
contact probability between two loci as a function of
their distance is consistent with a fractal globule or-
ganization in the ranges of several megabases (be-
tween 0.7 and 7 Mb). At shorter distances (hundreds
of kilobases) chromatin was shown to be organized
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in discrete subunits — topologically associating do-
mains (TADs), and it was not clear whether the fractal
globule organization persists at low scales [4, 7]. Our
results confirm that, for both cells and isolated nuclei,
the fractal globule remains valid for much shorter dis-
tances — at the scale of several tens of kilobases.

It should be mentioned that in our experiments the
part of DNA, which was found to be able to migrate
in the comet tails, is rather small: the saturation lev-
els of the DNA exit were 0.22 in the case of cell-de-
rived nucleoids and 0.19 in the case of nuclei-derived
ones (the differences are within the experimental er-
ror). The simplest explanation of this limitation, discus-
sedin [21], is related to the loop size: very long loops
cannot exit and remain in the comet head even after
prolonged electrophoresis. The increase in the loop
size may occur as a result of cell lysis due to protein
dissociation and/or perturbations in the DNA-protein
interactions at the loop anchor points [21]. The ques-
tion, which has been never answered, is how the an-
chors may remain in nucleoids after the treatment
with 2.5 M NaCl. Some insight may be provided due
to a comparison of our results with the recent report
on the mapping of 3D chromatin organization with
kilobase resolution [6]. Applying high-resolution in
situ Hi-C technique Rao et al. has identified 9 448
loops ranged in size from 40 kb to 3 Mb with median
length 185 kb. About 86 % of these loops were an-
chored by two proteins, transcription factor CTCF
and cohesin [6]. Taking 6.6-10° kb as the size of the
diploid genome, the fraction of DNA in these loops f
op 9448-185-0.86/6.6-10° = 0.23.

This value is quite comparable with the maximum
relative amount of DNA in the tails that was observed
at the saturation level in our experiments. This finding
may point out that only the loops that were anchored in
vivo by CTCF and cohesins remain in nucleoids after
cell/nuclei lysis. Since the cohesin complex forms a
large ring embracing two DNA strands without direct
contact [28, 29], it is not surprising that only the loops
anchored in this way resist the lysis treatment.

Conclusions

In this study we present the results of the comet as-
say applied to investigate the loop length distribu-
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tion in the comet tail of the two nucleoid types, ob-
tained either from isolated cells or from isolated nu-
clei. Our results can be summarized as follows. (1)
The kinetic behaviors of DNA migration are differ-
ent for the two nucleoid types. The differences ob-
served may originate from specific peculiarities of
the nucleoid microenvironments and also by differ-
ent lysis efficiency in the two cases. (2) The loop
length distribution, in the range from 20 to 100 kb,
appears to be consistent with the fractal globule or-
ganization. Therefore, the fractal globule model can
be valid not only at the scale of several megabases as
it has been revealed using Hi-C technique, but also
at the scale of several tens of kilobases. (3) Our re-
sults, when compared with the recent data obtained
by high-resolution Hi-C technique, allows us to sug-
gest that the most stable chromatin loops which re-
main in nucleoids after cell/nuclei lysis are probably
anchored by cohesins.
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XpomaruH y cTani ppakraabHoi
TJI00Y/IH: MiATBEP/KEHHS 32 J0NIOMOT 010
KOMETHOTO0 ejieKTpodopesy

K. C. AdanacbeBa, M. 1. Homeit, A. B. CuBono6

B iarepdasnomy sapi XpoMaTuH OpraHi3oBaHUH y BUIIAMIL 1e-
TEJIbHUX JJOMEHIB, III0 BUHUKAIOTh y PE3YJbTaTi KOHTAKTIB MIXK
BiJAJICHUMH JIoKycamu. MeTa poboTu mojsirana y I0Ci-
JOKCHHI PO3IOLTY 3a TOBKUHOK merenbHux nomexis JJHK y
HYKJIeO1/1aX, OTPUMaHHX HUISXOM JIi3UCY KIITHH a00 1307150Ba-
HUX s1aep. Meroau. Mu 3acTocoByBasll MeTO eJleKTpodopesy
JIHK i30:1p0BaHMX KIITHH A7 aHAIi3y KIHETHKU Mirparmii me-
tenb JJHK i3 nBox tumiB Hykieoinis. Pesyabraru. Kinetnuni
KpuBi, mo onucyoors Buxia JHK i3 aBox TuIiB HYKIEOiniB,
BIJIPI3HSUTUCS JIEKIJIbKOMa 0COOMMBOCTIMH. Y TO# camuii yac,
B 000x Bunajxkax kinbkicte JJHK B enexrpodopernanomy Tpe-
Ky JIHIIHO 3alIe)KHUTh BiJl pO3Mipy HAWIOBIIUX METEIb y HHO-
My. BucHoBku. OTpuMaHi pe3ynbTaTu CBig4aTh, IO IS Ie-
tenb 10 ~100 kb ixHill po3moin 3a JOBKHUHOIO Y3rOKYIOTHCS
31 CTPYKTYpoIo (ppakranbHOT Io0yIH.

Kawo4dori caosa: nerensui nomenn JJHK, ¢ppakramsaa rio-
Oyia, KOMETHHH enekTpodopes, KITHHHI sapa.

XpoMaTuH B cOCTOSTHUM QpaKTAIbHON
1J100YJIbI: TIOATBEP: KIeHHe IPH MOMOIIH
KOMETHOI0 3/1eKTpodopesa

K. C. AdanacbeBa, M. 1. Yormeii, A. B. CuBono6

B unTepdazHoM sape XpoMaTHH OPraHU30BaH B BHUJE METETb-
HBIX JOMCHOB, BOSHUKAKOIINX B PEIYJILTATC KOHTAKTOB MEXKIY
OT/IJICHHBIMH JIOKycamH. Llesib paGoThI 3aKiIrodanach B Mcclie-
JIOBaHUH paclpe/eIeHus 110 JUIMHE MeTeNbHEIX foMenoB /IHK B
HYKJICOU/1aX, MOIYyYEHHBIX ITyTeM JIH3HCa KIETOK MIIN H30JIHPO-
BaHHBIX si1ep. MeToasl. Mb1 ncnons3oBanu anekTpodopes JTHK
W30JIMPOBAHHBIX KJIETOK JUISl aHANIN3a KHHETUKH MUTPALUHN Tie-
tens JIHK u3 aByx Tunos Hykineounos. Pesyiabrarbl. Kuneru-
yeckne KpuBble, onuchiBaronire Bbixoq /JHK u3 nByx tumos
HYKJICOUJIOB, OTIIMYAIIICEH PSJOM ocoOeHHocTel. B To ke Bpe-
M, B o6oux ciydasx konmdectBo JJHK B anexrpodopernuec-
KOM TpeKe JTMHEHHO 3aBHCHUT OT JUIMHBI HAaHOONBIINX METeNb B
HeM. BeiBoabl. [lonyuenHble pe3ynbTaThl yKas3bIBaloT, YTO IS
nerenb 10 ~100 kb ux pacnpeneneHue mo JIMHE COrACyeTCs CO
CTPYKTYpO# (ppakTaabHOM TIOOYIIHI.

KuawueBbie cJioBa: nerensabie nomensl JJHK, gpakransaas
m100yna, KOMETHBIN 3JeKTpoope3, KIETOUHBIE SIpa.
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