ISSN 2409-4943. Ukr. Biochem. J., 2018, Vol. 90, N 5

UDC 577.323:576.08 doi: https://doi.org/10.15407/ubj90.05.043

DNA LOOPS AFTER CELL LYSIS RESEMBLE
CHROMATIN LOOPS IN AN INTACT NUCLEUS
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The comet assay has proved itself to be not only a method of detection of DNA damages at the level
of individual cells but also an approach for investigation of spatial organization of DNA loop domains in
nucleoids. Usually, those nucleoids are obtained after cell lysis in high-salt buffer (e. g. 2.5 M NaCl) with a
detergent: these conditions ensure the removal of cell membranes and most of the chromatin proteins, while
supercoiled DNA loop domains remain untouched. In this work, we tested the comet assay applied to nucle-
oids obtained in low-salt solution (I M NaCl). These nucleoids keep most of the histones and thus contain the
loops resembling the chromatin loops to a greater extent. It was shown that, despite some quantitative dif-
ferences, the most general features of the kinetics of DNA exit are about the same for nucleoids obtained in
high- and low-salt conditions. It can be concluded that the DNA loops in high-salt nucleoids can be efficiently

used to investigate the spatial DNA organization in chromatin.
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great breakthrough in the understanding
A of spatial chromatin organization that has

been made in the last decade became pos-
sible owing to the development of new accurate re-
search approaches and techniques. Among them,
the most important are chromosome conformation
capture (3C) and related methods that allow genome-
wide chromatin interaction mapping [1, 2]. The
comprehensive analysis of the interaction network
makes it possible to describe the 3D architecture
of the genome. The main advantages of these tech-
niques arise from the possibility to get information,
which reflects, to a large extent, chromatin structure
in living cells — different improvements of original
protocols presume minimum manipulation with cells
that give an opportunity to retain intact chromatin
structure [3].

Investigation of some aspects of DNA spatial
organization in the cell nuclei is also possible due to
an analysis of nucleoid structure [4, 5]. The nucle-
oids are usually obtained after cell lysis with a low
concentration of detergents and high ionic strength
and consist of negatively supercoiled DNA loops at-

tached to residual nuclear proteins that appear to be
insensitive to the lysis conditions.

Single-cell gel electrophoresis (the comet as-
say) is a well-known technique which may be ap-
plied to investigate the nucleoids after the cell lysis
[6-8]. The method is based on an analysis of DNA
migration from nucleoids immobilized in a thin
layer of agarose on microscopic slides. In our previ-
ous works [7, 9, 10], measuring the kinetics of DNA
exit during electrophoresis, we have shown that, in
the case when intact undamaged cells are used for
the lysis, the electrophoretic track (the comet tail)
contains nothing but supercoiled DNA loops, which
are extended to the anode. The exit of these loops
occurs in two steps: the first rapid step corresponds
to loops, migration of which is insensitive to super-
coiling, whereas the migration at the second, delayed
and cooperative, step is very sensitive to alteration
of DNA supercoiling level. We have argued that
the first rapid component should be composed of
the loops located on the nucleoid surface while the
second step represents the supercoiled loops inside
the nucleoid [7].
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All these works were done using nucleoids
obtained by the standard lysis procedure, i.e. cells
immobilized in agarose were treated with low de-
tergent concentration and 2.5 M NaCl. The high salt
concentration in the lysis solution ensures the total
removal of histone proteins and most other chroma-
tin proteins from DNA. The negative supercoiling of
the nucleoid loops, mentioned above, is a direct con-
sequence of the removal of nucleosomes from topo-
logically constrained chromatin loop domains. We
have suggested that the nucleoid DNA loops should
resemble the chromatin loops. To check this assump-
tion, we investigated the kinetics of DNA migration
from nucleoids, which maintain most of the histone
proteins thus containing the loops resembling, to a
large extent, the chromatin loops. Our results show
that the kinetics of the DNA exit, although being
different quantitatively, keeps some important fea-
tures observed earlier for nucleoids obtained by the
standard lysis procedure. The results confirm the
view that nucleoids (even those that were prepared
in the standard way) can be used to investigate some
peculiarities of the chromatin loop domain organiza-
tion.

Materials and Methods

Sample preparation. Human peripheral blood
(finger-prick samples) was obtained from healthy do-
nors in the 20-35 age range (males and females, non-
smokers). Lymphocytes that were isolated by cen-
trifugation in the density gradient Histopaque 1077
were washed with 0.15 M NaCl twice, and 50 pl of
the suspension was mixed with 100 pl of 1% low-
melting-point agarose (Sigma, USA) at ~37 °C. 25 ul
of the mixture was used to prepare a microscope
slide, covered with 1% high-melting-point agarose.
After agarose polymerization, the slides were im-
mersed for several hours either in the standard lysis
solution that contained 2.5 M NaCl, 100 MM EDTA,
10 MM Tris-HCI (pH 8.0), and 1% Triton X-100
(high-salt buffer) or in the same solution with 1 M
NaCl(low-salt buffer) instead of 2.5 M. After the ly-
sis, the slides were washed twice with TBE buffer
(89 MM Tris-borate, 2 MM EDTA, pH 7.5).

Electrophoresis and microscopy. The slides
were electrophoresised (1 V/cm, 300 mA) at 4 °C in
dark either in TBE buffer (the neutral comet assay)
or in 300 mM NaOH, 1 mM EDTA, pH > 13 (the al-
kaline comet assay). Before alkaline electrophoresis,
the slides were incubated in the same alkaline buffer
for 30 min at 4 °C. After alkaline electrophoresis, the
slides were neutralized by washing with TBE buffer.
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To measure the kinetics of the comet formation,
several slides (simultaneously prepared in the same
way) were placed into the electrophoresis tank, and
then they were taken out every 10 min of electropho-
resis for further analysis. In some experiments, inter-
calator chloroquine was added to the electrophoretic
buffer in different concentration. The concentration
of chloroquine stock solutions was determined spec-
trophotometrically, taking the extinction coefficient
€= 14000 M 'cm ! at 343 nm.

After electrophoresis, the slides were stained
with 1.3 pg/ml of DAPI (4',6-diamidino-2-phenylin-
dole, Sigma, USA) and immediately analyzed with
a fluorescent microscope (LOMO, Russia) connec-
ted with a camera Canon EOS 1000 D. The relative
amount of DNA in the tails (as the ratio of the tail
fluorescence intensity to the total intensity of the
comet) was determined for 100-200 randomly cho-
sen nucleoids per slide.

Analysis of the kinetic plots. Kinetic plots (the
relative amount of DNA in the tail f versus elec-
trophoresis time #) were fitted with the equation
f=Af + Af,, where A and A4, are the maximum
amplitudes of two components (4, may be equal to
0). The function f; is described by a standard equa-
tion of monomolecular kinetics:

=1 —exp(-th), D

where 7 is the characteristic time (the value that is
inversely proportional to the rate constant k). The
function f, obeys the sigmoidal Boltzmann equation:

= V[T + exp(k, (¢, — D), 2

where k, is the rate constant, ; is the transition half-
time.

Results and Discussion

Cell lysis in the high-salt buffer (2.5 M NaCl)
ensures the total removal of histones and most of the
other proteins from DNA. In the low-salt buffer (1 M
NaCl) most of non-histone proteins are removed,
but nucleoids contain a mixture of nucleosome and
subnucleosome particles bound to DNA: histone oc-
tamers (H2A-H2B-H3-H4),, hexamers H2A-H2B-
(H3-H4),, and tetramers (H3-H4), — about half of
H2A-H2B dimers should be removed [11, 12].

A gallery of typical comets observed in fluo-
rescent microscope after electrophoresis of nucle-
oids obtained in the low-salt conditions (referred to
hereafter as low-salt nucleoids) is shown in Fig. 1.
The appearance of the comets is about the same as
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Fig. 1. The representative comet images of low-salt
nucleoids after 20" (@) and 120" (b) min of electro-
phoresis in TBE buffer without intercalator and after
20™ and 120" min of electrophoresis in the presence
of chloroquine at the concentrations of 0.1 (c) and
1 ug/ml (d). Bars correspond to 10 um

in our previous experiments with nucleoids obtained
in high-salt buffer (high-salt nucleoids).

The kinetic plots of the average relative amount
of DNA in the comet tail for the high-salt and low-
salt nucleoids resemble each other: both plots have
a two-step shape (Fig. 2). The first rapid step that
reflects the migration of small fraction of DNA was
completely the same in the two cases with the maxi-
mum amplitude 4, = 0.07 + 0.01 for both types of
nucleoids and rate constants &, = 0.12 + 0.05 min"
and &k, = 0.15 £ 0.08 min™' for cells lysed in high-
salt and low-salt solutions, respectively (Table 1).
Despite the similarity of the first step, the DNA exit
at the second delayed step had a few differences.
First, the maximum amplitude 4, of this step was
almost three times lower for low-salt nucleoids than
for nucleoids prepared by standard lysis procedure
(Table 1) — the average amount of DNA in the comet
tail after long-term electrophoresis (upper plateau
of the kinetic curve) did not exceed ~0.11. Second,
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Fig. 2. The average relative amount of DNA in the
comet tails (f) as a function of electrophoresis du-
ration for high-salt (o) and low-salt (0) nucleoids.
Here and in figures below the error bars represent
the standard deviations

DNA migration appeared to be harder for these nu-
cleoids with the rate constant k£, = 0.12 + 0.08 min!
vs k,=0.22 £ 0.08 min™ for the high-salt nucleoids.

As we have shown in our previous work [7, 9],
in the case of high-salt nucleoids the first rapid stage
of DNA exit is achieved by migration to the anode
of some DNA located at the nucleoid surface. In con-
trast to the loops that migrate at the second step, the
rate of the first step is insensitive to the supercoi-
ling level and to any disturbances in the loop anchor
regions (i. e. different factors that can detach DNA
loop ends from anchoring proteins) [7]. Considering
the fact that at the first step DNA migration displays
similar behavior for nucleoids of the two types, we

Table 1. The kinetic parameters of the DNA exit

from high-salt and low-salt nucleoids

High-salt Low-salt
Parameter . .

nucleoids nucleoids

4, 0.07 £0.01 0.07 £0.01
k, (min™") 7.8+29 0.15+0.08
A, 0.14 £ 0.01 0.04 +0.01
k, (min™") 0.22 +0.08 0.12 +£0.08
1, (min) 425+1.0 58.5+92

A, and 4, are the maximum amplitudes of two compo-
nents of the kinetic plots; k, and k, are the rate constants
of the first and second step of the kinetic plot, respec-
tively; ¢, is the transition half-time for the second step.
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Fig. 3. The average relative amount of DNA in the
comet tails (f) after neutral (o) and alkaline (0) elec-
trophoresis of high-salt nucleoids

may conclude that the rapid component appears to
be insensitive to lysis conditions too: effectiveness
of DNA exit does not depend on the presence of nu-
cleosomes in nucleoids.

Interestingly, under alkaline conditions, maxi-
mum DNA fraction in the comet tail for the high-salt
nucleoids was almost at the same level as the first
plateau formed under neutral conditions (Fig. 3). It
was shown in numerous experiments that the key
mechanism of the electrophoresis track formation

0.30 4 T 5

0.25 1

0.20 4

0.15 1

0.10 4

0.05 -

0.00 1

0 20 40 60 80 100
Time, min

under alkaline conditions is the migration of single-
stranded linear fragments resulted from multiple
DNA single-strand breaks [13, 14]. Since the DNA
amounts in the tails are almost the same in the alka-
line comet assay and at the first step of the neutral
assay, and also because of insensitivity of the first
neutral step to the supercoiling, it can be assumed
that under neutral conditions, the first step of DNA
exit is mostly formed by loops that are relaxed due
to nicks.

The second delayed step of DNA migration
from the high-salt nucleoids was attributed to large
supercoiled loops inside the nucleoid [7]. In contrast
to the first step, DNA migration at the second step, as
expected, is essentially hampered by nucleosomes:
we observed both a slowdown in the DNA exit and
a significant reduction of the maximum amount of
DNA in the tails that can be reached after a long
time of electrophoresis (Fig. 2, Table 1).

As it was mentioned above, the negative super-
coiling appears in the loops of the high-salt nucleoids
as a result of nucleosome removal. Since the low-
salt nucleoids still contain an essential part of nucle-
osomes and sub-nucleosomal particles, they should
not be highly supercoiled. One may ask whether the
loops that migrate at the second step from the low-
salt nucleoids are also under topological constraint.

An alteration of the topological state of DNA
loops may occur due to intercalation of chloroquine.
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Fig. 4. Influence of chloroquine on the kinetics of DNA exit from high-salt (a) and low-salt (b) nucleoids. The
chloroquine concentrations are 25 ug/ml (o) and 1000 ug/ml (A) in panel a; 0.1 ug/ml (o) and 1 ug/ml (A) in
panel b. The heavy curves are the continuous curves in the absence of chloroquine from Fig. 2 for two types

of nucleoid
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For the high-salt nucleoids at some concentrations of
chloroquine in the electrophoretic buffer (from 5 to
75 pg/ml), due to relaxation of the negative super-
coiling in the loops, an acceleration of the DNA exit
was observed: the second step became as rapid as the
first one. The maximum acceleration was observed
at 25 ug/ml of chloroquine, the concentration, which
approximately corresponds to the total relaxation
of the negative supercoiling that appears after the
nucleosome removal [7, 15] (Fig. 4, a). The same ef-
fect of the intercalator was observed for the low-salt
nucleoids with the only difference that the DNA exit
was significantly facilitated at very low chloroquine
concentration (0.1 pg/ml) (Fig. 4, b). An increase in
chloroquine concentration above the relaxation point
induces a positive supercoiling in the loops that
hampers their exit [7, 15]. This effect was found to
be the same for both types of nucleoids: an essential
hampering was observed for the high- and low-salt
nucleoids in 1000 pg/ml and 1 pg/ml of chloroquine,
respectively (Fig. 4, a, b). Therefore, these results
point out that: (i) the low-salt nucleoids contain the
loops, which are topologically constrained; (ii) some
very low level of negative supercoiling is present in
these loops, which means that they really maintain
the nucleosome organization to a large extent.
Altogether, our results allow us to make two
conclusions. The first one is related to the nature of
the first rapid stage of DNA migration during the
neutral comet assay. The comparison of the kinet-
ics of the comet formation for the high- and low-salt
nucleoids, as well as for neutral and alkaline condi-
tions, suggests that the first rapid step of DNA mi-
gration may be attributed to DNA loops with single-
strand breaks. Obviously, the DNA amount at this
step increases, as it was shown in our earlier work
[13], in the case of accumulation of DNA damages.
The second, more important conclusion is based on
the observation that the general behavior of the ki-
netics of DNA migration is the same for the high-
salt, nucleosome-depleted nucleoids and low-salt
nucleoids, which maintain the nucleosome organi-

zation. It implies that the DNA loops in the high-salt
nucleoids are the same as the chromatin loops and
thus the comet assay can be efficiently used to in-
vestigate the spatial DNA organization in chromatin.

HICJIA JI3UCY KJIITHUH ITETEJIBHI
JAOMEHU JHK 3BEPITAIOTbH
OPTAHIZAIIIO XPOMATHUHOBHUX
HETEJIb IHTAKTHUX AJEP
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KomeTnuit enexrpodope3 Bunpasaas cebe He
JIUIIIE SIK METO/T ieTeK i1 momkomkeHs JJHK va piBai
OKpEeMHX KIJITHH, aJie i SK METOJ JIJIsT JOCIiKSHHS
MIPOCTOPOBOI opraHizarii nerenpHux gomenis JJHK
y HyKIeoinax. 3a3BU4ail Taki HYKJICOITU OJepPXKY-
IOTh TIISXOM JI3UCY KIITHH y BUCOKOCOJIHOBOMY
oydepi (2,5 M NaCl) i3 gerepreHTOM: IIi YMOBH
3a0e31meuyIoTh BUJAJICHHS KIITHHHUX MeMOpaH Ta
OLTBIIIOCTI XPOMATHHOBHUX MPOTEiHIB, 30epiratodu
IHTaKTHUMHU HAJICIIPaJIi30BaHI TETEeNbHI JoMe-
v JIHK. V¥V miit poGoTi Mu 37iliCHUIN KOMETHUI
enekTpodope3 HyKJIEOiiB, ofepKaHUX 3a HU3BKOL
koHneHTpamii com (I M NaCl). Taki Hykmeoign
30epiraroTh OLIBITY YACTHHY TiCTOHIB 1 BiJIITOBITHO
MICTATh TIETIII 3HAYHO OiTBIIOI MIpPOK CXOXKi
Ha HaTWBHI metii xpomaruHy. [lokasano, mo, He
JIMBJISTYMCh Ha KIJBKICHI BIAMIHHOCTI, HaHOlJIbII
3araipHi BIacTUBOCTI KiHetnku Buxomy JIHK i3
HYKJICOIiB ABOX THIIB € MOMIOHMMH. Takum du-
HoM, nieTenbHI fomernn JIHK y Hykieoinax, onepika-
HUX OUISTXOM JTI3UCY KJIITHH 32 BUCOKOI I0HHOI CHIIH,
MOXXYTb OyTH BIAJIOI MOJEILIIO ISl JOCTiKSHHS
npoctopoBoi opranizarnii JJHK y xpomarusi.

KnwouoBi cmoBa:nerensHi gomenu JJHK,
JI3UC KJIITHH, HYKJIEOi]l, KOMETHUH eJIeKTpodopes.
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HOCIJIE JIN3UCA KJIIETOK
HETEJIBHBIE TOMEHBI THK
COXPAHAIKOT OPTAHU3ALIUIO
XPOMATHUHOBBIX HETEJIb
NMHTAKTHBIX ALEP
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Kometnsrii anextTpodopes onpaBnan cedst He
TOJNBKO KakK MeTof neTekuuu noppexaeHui JTHK
B WHJUBUYATbHBIX KJIETKaX, HO M KaK METO JJIs
M3y4eHHUs TPOCTPAHCTBEHHOW OpraHU3alllH IIe-
tenpHBIX 1omeHoB JIHK mykmeonmoB. OOb9HO Ta-
KHU€ HYKJICOU B! TIOTYYarOT ITyTEM JIN3KCa KIETOK B
BBIcOKOCOJIeBoM Oydepe (2,5 M NaCl) ¢ nerepren-
TOM: DTH YCJIOBHUS OOECIIEYMBAIOT yAAJIEHUE KIle-
TOYHBIX MEMOpaH W OONBIIMHCTBA XPOMAaTHHOBBIX
MIPOTEMHOB, COXPAHSS TIPH 3TOM WHTAKTHBIMH OT-
pHUIIATENIEHO CBEPXCIMpATU30BaHHBIC IETEIhHBIC
nomensl JIHK. B nannoif paboTe MBI OCYyIIIECTBUIN
KOMETHBIH AJIeKTpodope3 HYKICOHIOB, MONYUYCH-
HBIX TIpH HU3KOH kKoHIeHTparuu conu (1 M NaCl).
Takue HYKJICOWIBI COXPAHSIOT OONBIIYI0 YacTh
TUCTOHOB M COOTBETCTBEHHO CONEP)KAT TMETIH B
OoJIbILIEH CTEMEHM IMOXO)KHME Ha HATHUBHBIE INETIN
xpomaruHa. [lokazaHo, 4T0, HECMOTpPS Ha KOJIHYe-
CTBEHHBIE OTJIMYHS, Hanboiee oOmme 3aKOHOMep-
HocTH KnHeTHKH Bhixona JIHK u3 HykieonnoB 060-
WX THUIIOB OKAa3aJINCh CXOXUMHU. TakuMm oOpasom,
TeTeIbHBIE JOMEHBl HYKIICOHMJIOB, IONYYSHHBIX
ITyTeM JIH3HCca KJIETOK MPU BBICOKOW MOHHOW CHIIE,
MOTYT OBITh yJIAYHON MOJEINBIO ISl UCCIIEOBAHUS
npoctpaHcTBeHHol opranuzanuu JIHK B xpoma-
THHE.

KnrwoueBbie CJ0Ba: NEeTeIbHBIE JOMEHBI
JHK, nu3uc KiIeToK, HYKJIEOU]l, KOMETHBIN 3JeK-

Tpodopes.
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