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At higher order levels chromatin fibers in interphase nuclei are organized into loop domains. Gene 
regulatory elements (promoters and enhancers) are often located near the sites of loop attachments. There-
fore, loop domains play a key role in regulation of cell transcriptional activity. We investigated the kinetics 
of DNA loop exit during single cell gel electrophoresis (the comet assay) of nucleoids obtained from two cell 
types that differ in their synthetic activity – human lymphocytes and lymphoblasts. Lymphocyte activation 
and transformation into lymphoblasts (blast transformation) was performed with interleukin 2. The results 
obtained suggest that a rearrangement of the loops occurs after lymphocyte activation. After blast transfor-
mation we observed an increase of the amount of loop domains on the surface of nucleoids against a decrease 
of the inner loop fraction. Therefore, the comet assay can be used for detection of large-scale changes in the 
cell nucleus that follow changes in cell functional state.
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Experimental evidences in favor of DNA 
looping  as one of the main features of spa-
tial organization of chromatin in cell nucleus 

have been obtained back to the 1970’s [1]. Neverthe-
less, despite of many experimental approaches being 
developed, a comprehensive understanding of prin-
ciples of the loop domain organization was absent 
for a long time. Development of high-throughput 
techniques which allow detecting the frequency of 
interactions between any two distant genomic loci 
(chromosome conformation capture and related 
methods) has become a breakthrough in this field 
[2, 3]. In-depth analysis of the inter- and intrachro-
mosomal contacts along with proteins that stabilize 
them revealed that CCCTC-binding factor (CTCF) 
and cohesin complex play an important role in the 
loop ends joining [3, 4]. Moreover, these proteins not 
only act as loop domain holders but they are probab-
ly involved in an active process of chromatin loop 
appearance, so-called "loop extrusion" [4]. 

Enhancer-promoter pairs often occur at the 
ends of the loops and thus the loop formation plays 
an important role in gene regulation: depending on 
the cell transcriptional profile some loops may arise 
de novo or disappear [3]. Respectively, the contacts 

between gene regulatory elements will be estab-
lished or disrupted [3, 5-7]. Thus, gene transcription 
should be essentially modulated by (or at least cor-
related with) changes in spatial organization of chro-
matin in the cell nucleus.

This article is focused on some features of the 
loop domain organization in the cells of two types: 
transcriptionally inert human lymphocytes and tran-
scriptionally active lymphoblasts. To investigate this 
issue we have applied single cell gel electrophore-
sis (the comet assay) under neutral conditions. The 
method is based on electrophoresis of whole cells 
after depletion of membranes and the vast majori ty 
of proteins (so-called lysed cells or nucleoids) [8, 9]. 
In the case of lysis of intact undamaged cells the nu-
cleoids contain nothing but negatively supercoiled 
DNA loops attached to some residual protein struc-
tures that appear to be insensitive to lysis conditions. 
During electrophoresis these loops are extended to-
ward the anode to form an electrophoretic track (the 
comet tail) [10].

In our previous works, which has been done 
with intact human lymphocytes, we have shown that 
the comet assay may be successfully applied to study 
the DNA looping [10, 11]. Using the kinetic approach 
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to analyze the extension of the DNA loops under 
electric force we have estimated several parameters 
of the comet tails: relative amount of the loops in the 
tail and their size at different steps of electrophoresis 
[11]. Moreover, we have measured the supercoiling 
level in the loops and demonstrated that the rate of 
the loop migration depends on their supercoiling 
modulated by intercalating agents [11, 12]. We have 
also concluded  that all the loops in the comet tail 
may be divided into two subsets: those that origin 
from the inner volume and surface of nucleoids [11].

Here we address the question about a rela-
tionship between cell activation and loop domain 
organization as it can be seen in the comet assay. 
The activation of lymphocytes was achieved due to 
their transformation with interleukin 2 [13-15]. We 
have found that some redistribution of the loops oc-
curred when lymphocytes were transformed. This 
rearrangement was related to a change in the ratio 
between the two subsets of the loops but not to the 
size of the loops in the comet tails. Our results show 
that the comet assay may be applied for detection of 
changes in chromatin three-dimensional organiza-
tion associated with different functional states of the 
cell.

materials and methods 

Lymphocytes isolation and blast transforma-
tion. Human lymphocytes were obtained from pe-
ripheral blood of healthy donors by centrifugation in 
a density gradient (Histopaque 1077, Sigma, USA) 
according to instructions of the manufacturer. Isola-
ted cells were washed in 0.15 M NaCl twice and then 
were put in culture medium: RPMI 1640 medium, 
supplemented by antibiotics and 10% fetal bovine 
serum (Gibco, USA). Recombinant interleukin 2 
(1000 units/ml, Biotech-pharm, Russia) was added to 
the cell culture to induce activation and prolife ration 
of lymphocytes. This cytokine concentration was 
found to be the most efficient for blast transforma-
tion. The cells were then cultivated at 37 °С for 24 h. 

Upon cultivation completion the cells were 
harvested by centrifugation, washed in Hanks’ salt 
solution and an aliquot of suspension was used for 
cytological estimation of blast transformation ef-
ficiency. For this purpose the cells were incubated 
in a hypotonic solution (0.075М KCl) at 37 °С for 
30 min and then in ethanol : glacial acetic acid (3 : 1) 
fixative solution at –20 °С for 10 min. The cell sus-
pension in the fixative in the amount of 0.5 ml was 
pipetted on microscope slides and dyed with 2% 

Giemsa stain. Slides were analyzed with an optical 
microscope to evaluate a fraction of lymphoblasts 
per 1000 randomly chosen cells. In our experiments 
the cultures with the effectiveness of blast transfor-
mation no lower  than 70% were used. For several 
samples of the cultivated cells a flow cytometry cell 
cycle analysis was also performed.

Sample preparation. A sample of 50 µl of the 
intact or activated (transformed) lymphocytes was 
embedded in the 0.67% agarose gel (low-melting 
point agarose, Sigma, USA) at the surface of a mi-
croscope slide, covered with 1% high-melting point 
agarose (Chemapol, Czech Republic). After agarose 
polymerization slides were treated with ice-cold ly-
sis solution (2.5 M NaCl, 100 mM EDTA, 10 mM 
Tris-HCl (pH 8.0), 1% Triton X-100 (Ferak, Germa-
ny)) for several hours.

Electrophoresis and microscopy. After the lysis 
slides were washed two times in Hanks’ salt solu-
tion and electrophoresed (1 V/cm, 300 mA) in TBE 
buffer (89 mM Tris-borat, 2 мМ EDTA, рН 7.5) in 
the dark at 4 °C. Several slides, which were simulta-
neously prepared in the same way, were placed into 
the electrophoresis tank, and then they were taken 
out every 5 or 10 minutes of electrophoresis to study 
the kinetics  of DNA loops migration – we performed 
the experiment until the parameters measured (see 
below) stopped to change. Slides were stained with 
1.3 µg/ml of DAPI (4′,6-diamidino-2-phenylindole, 
Sigma, USA) and immediately analyzed with a fluo-
rescent microscope (LOMO, Russia) connected with 
a came ra Canon EOS 1000 D. A total 100-200 ran-
domly chosen nucleoids on each slide were examined 
using image analysis software CometScore (TriTec, 
USA) to measure 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 fluo-
rescence intensity to the total intensity of the comet. 
The tail length was defined as the distance from the 
center of mass of the comet head to distal end of the 
tail. The tail length was multiplied by two and di-
vided by 0.34 nm to convert it in the contour length 
(in base pairs) of the longest loops.

Kinetic plot analysis. Two-step kinetic curves 
(the relative amount of DNA in the tail f versus elec-
trophoresis time t) were fitted with equation:

,     (1)
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where A1 and A2 are the maximum amplitudes of the 
two components of kinetic plots, k1 and k2 are the 
rate constants, and t0 is the transition half-time. To 
obtain the parameters the equation was fitted to ex-
perimental data using a least-square procedure.

Results and discussion

In our study, using the comet assay, we at-
tempted to make a comparison between nucleoids 
obtained after lysis of intact and transformed hu-
man lymphocytes. To induce the cell transforma-
tion, lymphocytes separated from whole blood were 
stimulated to proliferation with different concentra-
tions of interleukin 2 (250, 500, 1000 units/ml) for 
24 h. The cytokine concentration of 1000 units/ml 
was chosen among others since it appeared to be the 
most effective to induce cell proliferation: the mitotic 
index (the number of cells at the metaphase stage re-
spective to the total number of cells), which was esti-
mated according to common cytological techniques 
[16], was ~0.5% after 48 h of cultivation. Addition-
ally, an analysis of cell morphology was performed 
to estimate the fraction of blastoid cells in 24-hour 
lymphocyte culture (see Materials and Methods). As 
it was mentioned above, the level of cell transforma-
tion reached up to 70%. 

Nucleoid DNA integrity (first of all, the absence 
of single- or double-strand breaks) is a prerequisite 
for using the comet assay to investigate the loop do-
mains organization [10]. Subsequent to the activation 
of lymphocytes by interleukin 2 they progress from 
G0 to S phase of the cell cycle [13], and after 24 h 
of cultivation some cells may be expected to reach 
the synthesis stage when DNA strand breaks are ac-
cumulated in nuclei. Therefore, we have analyzed 
the distribution of cells at the cell cycle phases by 
flow cytometry. The results showed that after 24 h 
of cultivation the vast majority of cells exists in G0/
G1 phases and only small fraction (less than 5%) 
reaches DNA synthesis stage.

Performing the comet assay, we have meas-
ured the kinetics of DNA exit from nucleoids ob-
tained after lysis of intact and transformed human 
lymphocytes. Several representative comet images 
after electrophoresis of lymphocyte-derived and 
lymphoblast-derived nucleoids are shown in Fig. 1: 
the comet  appearance was about the same in the 
two cases. The kinetic plots of the average relative 
amount of DNA in the tails for nucleoids of the two 
types resemble each other: both plots have a two-
step shape (Fig. 2). However, the first step is slower 

in the case of lymphoblast-derived nucleoids: the 
characteristic time τ1 (the value that is inversely 
proportional to the rate constant k1, Eq.1) is slight-
ly higher in comparison with lymphocyte-derived 
nucleoids (Table). The maximum relative amount 
of DNA in the comet tails at the first step (the first 
plateau of the kinetic curves) is twofold higher for 
lymphoblasts than for lymphocytes (Fig. 2, Table).

The second step of the kinetic plots is sigmoid 
for both cell types but it is more rapid and begins 
earlier for lymphocyte-derived nucleoids. In addi-
tion, the relative amount of the loops exiting at the 
second step is very different for the nucleoids of the 
two types. Provided that the total maximum amount 

The kinetic parameters of the DNA exit from lym-
phocyte- and lymphoblast-derived nucleoids

А1 and А2 are the maximum amplitudes of two compo-
nents of the kinetic plots; τ1 is the characteristic time (the 
value that is inversely proportional to the rate constant 
k1), k2 is the rate constant of the second step of the kinetics 
plot and t0 is the transition half-time for the second step

Parameter Lymphocytes Lymphoblasts
А1

0.07 ± 0.01 0.14 ± 0.01

τ1
7.8 ± 2.9 12.5 ± 3.9

А2
0.14 ± 0.01 0.08 ± 0.01

k2
0.22 ± 0.08 0.13 ± 0.08

t0
42.5 ± 1.0 63.5 ±5.0

Fig. 1. The representative comet images of nucleoids  
obtained after lysis of intact lymphocytes (a, b) and 
lymphoblasts (c, d) after 20th and 60th minutes of 
electrophoresis. Bars correspond to 10 μm
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Fig. 2. The average relative amount of DNA in the comet tails (f) as a function of electrophoresis duration for 
nucleoids prepared from intact (a) and transformed (b) lymphocytes. Here and in next figure, each point is an 
average for 5 to 10 independent experiments; error bars represent the standard deviations; continuous curves 
are obtained by fitting as described in Materials and Methods
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of DNA in the tails remains the same, the contribu-
tion of the second step is about twofold lower for the 
lymphoblast-derived nucleoids (Fig. 2, Table). Thus, 
some redistribution of the loop domains in lympho-
cytes was observed after their transformation.

  To explain the differences in the kinetic curves 
of DNA exit from lymphocyte- and lymphoblast-
derived nucleoids it is worth to discuss briefly the 
influence of interleukin 2 on human lymphocytes. 
It is well-known that highly purified natural or re-
combinant interleukin 2 is able to induce lympho-
cyte proliferation via interaction with its receptors 
at the cell surface [15]. Such interaction activates 
several signaling pathways that lead to expression 
of cell cycle-related genes [15, 17]. Changes in tran-
scription patterns during lymphocyte transformation 
correlate with chromatin reorganization: the size of 
lymphoblast nuclei (as well as lymphoblastoid cells) 
increases and euchromatization occurs [18]. As it 
was mentioned above, gene activation or repression 
could be directly connected to the loop domain reor-
ganization in the cell nucleus. 

Our results show that interleukin 2-stimulated 
transformation of lymphocytes is associated with an 
essential increase of the DNA fraction in the comet 
tails at the first step of electrophoresis (the first pla-
teau on the kinetic plot, Fig. 2, b). In our previous 
work we have argued that the first step represents 
the migration of DNA from the nucleoid surface 
[11]. Therefore, during lymphocyte transformation 

a growing number of DNA regions are becoming 
closer to nuclear periphery and thus they are able to 
migrate rapidly into the comet tail. This assumption 
is in a good agreement with the nucleus enlargement 
that is observed during blast transformation.

Despite almost twofold increase in the relative 
amount of DNA in the comet tails at the first step of 
electrophoresis after blast transformation, the total 
amount of DNA that can exit is similar for both cell 
types. Respectively, the amplitude of the second step 
A2 is equal to 0.14 ± 0.01 for lymphocytes while for 
lymphoblasts this parameter is equal to 0.08 ± 0.01. 
As it was shown in our previous works, the second 
slow step of the DNA migration reflects an extension 
of large supercoiled loops that are located inside the 
nucleus [10, 11]. On the way towards the anode, these 
inner supercoiled loops have to overcome, except 
agarose gel resistance, the resistance made by DNA 
inside nucleoid and their own torsional constraint 
that appears in the loops when they are stretched 
during electrophoresis [10, 11]. Evidently, the mi-
gration of these loops requires a prolonged action of 
the external electric force. We may conclude that an 
essential decrease in the amount of the inner loops 
accompanied by a respective increase of the surface 
loops occurs during lymphocyte transformation.

It should be mentioned that in our experiments 
the part of DNA, which was found to be able to mi-
grate in the comet tails in lymphocytes and lympho-
blasts, is rather small (less than a quarter of the total 
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DNA amount in the nucleoid). The simplest explana-
tion of this observation is that most of the loops are 
too large so that they cannot migrate at all. In other 
words, the number of loops that may exit during  
electrophoresis is small and remains the same after 
lymphocyte transformation.

Applying high-resolution in situ Hi-C tech-
nique Rao et al. have identified about 10 thousand 
loops ranged in size from 40 kb to 3 Mb with median 
length 185 kb [3]. In our experiments the maximum 
loop size in the comet tails was similar for lympho-
cyte- and lymphoblast-derived nucleoids: it did not 
exceed ~127 and ~116 kb, respectively. However, the 
average contour length of the loops that migrate into 
the comet tail at the first step of electrophoresis (first 
plateau of the kinetic curve) was slightly higher for 
lymphoblast-derived nucleoids (Fig. 3).

Taken together, our results of the comparative 
study of the kinetics of DNA exit during electropho-
resis of intact and transformed lymphocytes imply 
that a redistribution of the loop domains occurs after 
blast transformation. In lymphoblast cells the frac-
tion of loops that are located at nucleus surface is 
higher in comparison with intact lymphocytes while 
the number of large inner domains is lower. At the 
same time, the fraction of loops with contour length 
that is significantly higher than 100 kb remains the 
same for both cell types and did not exceed 25% of 
total genome DNA. Our findings allow us to con-
sider the comet assay as a tool to investigate spatial 
chromatin organization and its alterations in cell nu-
clei at different stages of cell cycle and in cells with 
different transcriptional activity.

ПерерозПоділ Петельних 
доменів днК у 
лімфоцитах людини у разі 
бласттрансформації за 
вПливу інтерлейКіну 2
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На вищих рівнях організації в інтерфазному 
ядрі хроматинові фібрили формують петельні 
домени. В основі петель часто знаходяться 
регуляторні ділянки генів – промотори і енхансе-
ри. Внаслідок цього петельні домени відіграють 
важливу роль у регуляції транскрипційної 
активності клітини. Досліджено кінетику ви-
ходу петель ДНК за кометного електрофо-
резу нуклеоїдів, одержаних із клітин двох 
типів, які відрізняються за своєю синтетичною 
активністю – лімфоцитів та лімфобластів люди-
ни. Активація лімфоцитів із перетворенням їх у 
лімфобласти (бласттрансформація) досягалася за 
допомогою інтерлейкіну 2. Одержані результати 
свідчать про перерозподіл петель у нуклеоїдах 
за активації (трансформації) лімфоцита. Після 
бласттрансформації на поверхні нуклеоїда 
спостерігалося збільшення кількості петель, 
що знаходяться на поверхні нуклеоїда, на фоні 

Fig. 3. The average contour length of the longest loops in the tails as a function of electrophoresis duration 
for lymphocyte-derived nucleoids (a) and lymphoblasts-derived nucleoids (b)
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зниження частки внутрішніх петель. Таким 
чином, кометний електрофорез може бути ви-
користаний для реєстрації масштабних змін 
у клітинному ядрі, що супроводжують зміни 
функціонального статусу клітин.

К л ю ч о в і  с л о в а: петельні домени ДНК, 
лімфоцити, бласттрансформація, кометний 
електрофорез, інтерлейкін 2.
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На высших уровнях организации в интер-
фазном ядре хроматиновые фибриллы форми-
руют петельные домены. В основании петель 
часто находятся регуляторные участки генов – 
промоторы и энхансеры. По этой причине пе-
тельные домены играют важную роль в регу-
ляции транскрипционной активности клетки. 
Исследована кинетика выхода петель ДНК при 
кометном электрофорезе нуклеоидов, полу-
ченных из клеток двух типов, различающихся 
своей синтетической активностью, – лимфоци-
тов и лимфобластов человека. Активация лим-
фоцитов с преобразованием их в лимфобласты 
(бласттрансформация) достигалась при помощи 
интерлейкина 2. Полученные результаты сви-
детельствуют о перераспределении петель в 
нуклеоидах при активации (трансформации) 
лимфоцита. После бласттрансформации наблю-
далось увеличение количества петель, находя-
щихся на поверхности нуклеоида, на фоне сни-
жения доли внутренних петель. Таким образом, 
кометный электрофорез может быть использо-
ван для регистрации масштабных изменений в 
клеточном ядре, сопровождающих изменения 
функционального статуса клеток.

К л ю ч е в ы е  с л о в а: петельные домены 
ДНК, лимфоциты, бласттрансформация, комет-
ный электрофорез, интерлейкин 2.
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