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Introduction

Nucleosome core particles (NCPs) are basic units of chromatin organization; they represent
the most convenient model system for the study of key DNA-dependent processes. Therefore,
a robust method of nucleosome assembly is important for research. To prepare NCPs, purified
histones and DNAs with sequences providing strong positioning of DNA relative to histone
octamer are commonly used, and a method to control the efficacy of NCP reconstruction is
required. Aim. To optimize the procedure for NCP reconstitution from purified histone octam-
ers and different types of synthetic model DNAs and develop a new approach for express
analysis of the efficacy of NCP reconstitution. Methods. Dialysis, PAAG, fluorescence meas-
urement using the Eva-Green dye. Results. We first developed a convenient procedure for
NCP assembly in a low-salt buffer with a variable DNA-histone ratio at the first stage. Once
the optimal ratio was determined, NCPs could be assembled by a slow gradient dialysis. The
efficacy of NCP assembly can be estimated directly in the solution using the Eva-Green dye.
Conclusions. The efficacy of dye intercalation into DNA duplex was sharply reduced in the
nucleosomal context. The main benefits of the proposed approach are the rapid analysis di-
rectly in the solution and possibility to use DNAs without any special tags.
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primary unit of DNA compaction is nucleo-
some. Thus, to perform any DNA-dependent

The eukaryotic genome exists in a form of process such as replication, repair or transcrip-
chromatin. This supramolecular nucleoprotein  tion it is necessary to affect the chromatin
complex provides a compaction of billions of context in whole and to nucleosomes in par-
nucleotide units of DNA within a nucleus. The ticular (1-3). There are multiple studies testi-

© 2019 M. M. Kutuzov et al.; Published by the Institute of Molecular Biology and Genetics, NAS of Ukraine on behalf of Bio-
polymers and Cell. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited

91


mailto:lavrik@niboch.nsc.ru

M. M. Kutuzov, T. A. Kurgina, E. A. Belousova et al.

fying the influence of nucleosomal organiza-
tion on the efficiency of DNA-dependent pro-
cesses and demonstrating the importance of
nucleosomal DNA context to both the nucleo-
some organization and the process efficacy
(1-3). The performance of such investigations
implicates the usage of reconstituted nucleo-
somes with the defined DNA sequence. This
entails the necessity to control the efficiency
of reconstitution of nucleosome core particles,
NCP. Here, we present a method to test the
efficacy of NCP reconstitution and to produce
NCPs free from naked DNA. Histone octamers
used for the NCP formation were purified from
chicken erythrocytes, one of the most popular
sources of natural histones due to their avail-
ability. There is a number of protocols descri-
bing the purification of the core histone octa-
mers (4—7). We analyzed them and proposed
a combined version with several original mod-
ifications. Here, we presented an overview of
this protocol.

Materials and Methods

Erythrocytes purification. All procedures need
to be performed at 4°C unless otherwise spec-
ified. Fresh chicken blood was collected to the
anticoagulation buffer at an accurate proportion
of 50 ml of blood per 200 ml of the buffer, and
then centrifuged for 10 min at 1500 g. Here
and elsewhere it is necessary to avoid the con-
centration higher than 50 ml of blood/erythro-
cytes/pellet per 200 ml of the buffer. The buffer
contained 30 mM sodium citrate, pH 7, 0.1 M
NaCl, 0.1 mM PMSF. Sodium citrate can be
replaced by 2500 TU of heparin. Collected
blood can be stored for a few hours at 4°C.
After careful removing of supernatant, the
pellet was resuspended in the citrate buffer
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followed by centrifugation at 1500 g for
10 min. The washing was repeated twice. The
collected pellet was resuspended in sucrose
buffer (60 mM KCI, 15 mM NaCl, 2 mM
spermidine, 340 mM sucrose, 0.1 mM PMSEF,
15 mM Tris-HCI pH 7.5) with 2.5 mM EDTA,
0.5 mM EGTA, and centrifuged at 1500 g for
10 min. The washing was repeated twice.

Nuclei purification. The erythrocyte pellet
was resuspended in the sucrose buffer with
2.5 mM EDTA, 0.5 mM EGTA, and 0.5 %
NP-40 and centrifuged at 1500 g for 10 min.
The washing was repeated until the pellet be-
comes white. After that, the pellet was resus-
pended in the sucrose buffer and centrifuged
at 1500 g for 10 min. The washing was re-
peated twice. The purified nuclei can be kept
at -70°C in the storage buffer (50 % glycerol,
0.15 M NaCl, 2 mM spermidine, 0.1 mM
EDTA, 0.1mM PMSF, ImM DTT, 10 mM
Tris-HCI pH 8.0).

Histones purification. The nuclei were re-
suspended in the sucrose buffer with 0.5 mM
spermidine and 1 mM MgCl,, 1 mM CacCl, to
the final concentration of DNA 3 mg/ml. The
DNA concentration can be estimated from the
absorption of resuspended nuclei at 260 nm.
Then MNase was added to a final concentration
of 30 units per mg of DNA in the solution. The
mixture was incubated for 4 hours at 37°C
under gentle agitation, transferred on ice, and
supplemented with 3 mM EDTA. The pellet
was collected by centrifugation at 7000 g for
10 min, resuspended in the buffer containing
0.25 mM EDTA, pH 8.0, 0.1mM PMSF, stirred
for one hour at 4°C, centrifuged at 7000 g for
20 min. The supernatant containing mononu-
cleosomes was concentrated via the 10 kDa
centrifugal concentrator and diluted with phos-
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phate buffer (25 mM K,HPO,, 25 mM KH,PO,)
with NaCl to a final concentration of 500 mM.
The solution was loaded onto HAP-column
equilibrated with the buffer consisting of 25
mM K,HPO,, 25 mM KH,PO,, 500 mM NacCl.
The column was washed with the same buffer
and with phosphate buffer containing 0.75 M
NaCl. The core histones were eluted with phos-
phate buffer containing 2.2 M NaCl. Pooled
fractions can be concentrated via the 10 kDa
centrifugal concentrator. The samples supple-
mented with 0.1 mM PMSF and 40 % glyc-
erol can be stored at -70°C. To estimate the
concentration of histones the aliquot of purified
proteins was diluted in bidistilled water. The
absorption at 230 nm was measured using spec-
trophotometer. The concentration in mg/ml is
determined by dividing the absorption value by
the extinction coefficient of 4.3.

DNA preparation. The DNA amplification
was provided by conventional PCR. The DNA
template in concentration 1 ng/ul was supple-
mented with 0.5 puM primers and standard
PCR buffer components. The program for
amplification:

95°C 3 min

94°C 15 sec

65°C 15 sec (the decrement of 1°C per
cycle from 65°C to 61°C)

72°C 10 sec

5 cycles

94°C 15 sec
60°C 15 sec
72°C 10 sec
15 cycles

4°C hold

To remove the excess of primers the sam-
ples were treated with Exol exonuclease by
supplemented with 10 x buffer containing
67 mM MgCl,, 10 mM DTT, 670 mM glycine-
KOH pH 9.5 to 1x and 0.1 U/ul Exol. The
DNA was precipitated by addition of NaOAc
up to 0.3 M and supplemented by ethanol up
to 70 % and incubated at -20°C for 1 hour.
After centrifugation at 14000 g for 10 min the
pellet was washed twice with 70 % ethanol
followed by dissolution in bidistilled water.
The concentration of DNA was measured using
spectrophotometer at 260 nm.

Nucleosome assembling. Quick-time recon-
stitution. In this approach either radioactive- or
fluorescent-labelled DNA should be used. The
DNA in final concentration of 0.1 uM was
mixed with histones in different concentrations
in low-salted buffer (10 mM NaCl, 0.2 mM
EDTA, 5 mM beta mercaptoethanol, 0.1 %
NP-40, 10 mM Tris-HCI pH 7.5), incubated
for 15 min at 37°C and analyzed by 4 % PAGE
under non-denaturing conditions. The minimal
DNA::histone ratio corresponding to the mix-
ture with no naked DNA should be used for
preparative reconstitution.

Preparative reconstitution. The DNA and
histones should be taken in the concentrations
determined under “quick-time reconstitution”,
mixed in the high-salted buffer containing 2 M
NaCl, and dialyzed against the buffer with
gradient of NaCl from 2 M to 250 mM during
6 hours at 4°C with gentle stirring. Then the
probes were dialyzed against the buffer with
10 mM NaCl overnight at 4°C with gentle
stirring.

Analysis of nucleosome reconstitution using
Eva-Green dye. The samples of 10 ul contain-
ing 50 mM NaCl, 10 mM DTT, 50 mM Tris-
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HCI pH 8.0, 50 nM nucleosome (the concen-
tration was defined by nucleic acid component)
and 0.5x Eva-Green (Biotium) were placed to
the 384-well round bottom microplate to esti-
mate the fluorescence intensity. The measure-
ment was performed in microplate reader
CLARIOstar (BMG Labtech) at 520 nm. The
average value of five independent measure-
ments was normalized to fluorescent level of
naked dsDNA and analyzed using MARS Data
Analysis Software (BMG Labtech).

Results and Discussion

The design of DNA substrates was based on
nucleotide sequences named clones 603 and
605 that were constructed and published by
Lowary and Widom (8). The length of these
DNA duplexes is 147 nucleotides, which ex-

actly corresponds to the “core” part of nucleo-
somes in vivo. The feature of these sequences
consists in the precise positioning of the his-
tone octamer on DNA during the formation of
NCP. Additionally, the histone octamer has a
high affinity to these DNAs. Thus, along with
5S ribosomal cDNA, these DNAs are widely
used in the assembling of NCP in vitro (9,10).

First, the preparative amounts of plasmid
DNA encoding the 603 and 605 sequences
were produced in E. coli strain according to a
standard protocol (11). The DNA was isolated,
and the regions of interest were amplified by
PCR. The PCR primers were chemically syn-
thesized to obtain the final DNA containing or
not the discriminant mark in the 5’-part of the
DNA duplex (Figure 1, A). Such approach
permits to produce the target DNA constructs
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Fig. 1. A — Electrophoretic analysis of PCR products. The electrophoretic mobility of the plasmid DNA encoding
the Widom clones 603 and 605 in 1 % agarose gel in non-denaturing conditions with SYBR Green-1 staining.
Lane 1 — marker DNAs, lane 2 — clone 603, 3 — clone 605. B — Nucleosome assembling. The electrophoretic
mobility of 5’-FAM labelled products after the process of NCP reconstruction from model FAM-DNA and histone
octamers in 4 % PAAG under non-denaturing conditions. Lane 1 — free DNA; lanes 2-5 — samples with an increas-
ing ratio of DNA to proteins from 1:0.3 to 1:0.6 with the increment of 0.1 assembled by quick-time method; lanes 6-9 —
NCP assembled by gradient dialysis with the ratio of DNA to proteins from 1:0.2 to 1:0.5 with the increment of 0.1.
Ns — nucleosome particles, DNA — naked DNA.
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with the specific damage at the defined posi-
tion or special label at the 5’-end of the result-
ing DNA. This is important to study various
mechanisms of DNA repair in context of NCP.
Some experimental approaches using recon-
stituted nucleosomes are sensitive to contam-
ination by single-stranded DNA. The nucleo-
somal DNAs prepared by PCR often contain
the unspent primer molecules. We used treat-
ment with Exonuclease I to remove any single-
stranded DNAs including PCR primers. After
the Exol treatment and DNA precipitation with
ethanol the amplicons were used to obtain the
target model NCPs.

At the next stage, we worked out the proce-
dure for nucleosome assembling using purified
histone octamers and amplified model DNAs.
First of all, to assemble the nucleosomes cor-
rectly, the attention should be paid to the ratio
of concentrations of DNA and histone octamer
samples. Basically, this ratio should be equi-
molar to escape, on the one hand, the excess
of free DNA in the final sample solution, and
on the other hand, the formation of high-mo-
lecular weight DNA-protein complexes upon
histone abundance. However, due to highly
basic nature of the histones it is impossible to
determine precise concentration of protein in
the samples using standard Bradford protocol.
Therefore, the absorbance measurements at
230 nm are commonly used, but mostly small
molecules absorb at this wavelength. Thus, it
is necessary to select the DNA-protein ratio in
mixture for each sample. We proposed the fast
assembling of NCPs in low-salted nucleosome
buffer under titration of the DN A-histone ratio.
The analysis in non-denaturing 4 % PAAG al-
lows selection of the nucleic acid to protein
proportion providing the correct assembling of

NCP (Fig. 1, B). Then the octamers were ini-
tially mixed with DNA in the buffer containing
2 M NaCl and subjected to a gradient dialysis
at +4°C for about 6 hours to decrease the salt
concentration to 250 mM. Finally, the NCP
solution was dialyzed overnight against the
buffer with 10 mM NaCl at 4°C. The effi-
ciency of nucleosome assembling was analyzed
by classical method with an electrophoretic
separation in 4 % PAAG under non-denaturing
conditions. In Fig. 1, B it is presented an ex-
ample of electrophoregram of the products of
the nucleosome assembling after the selection
of the DNA-protein ratio for preparative recon-
struction of NCP using DNA with the 5’-fluo-
rescent label.

This standard approach has an obvious dis-
advantage as far as it does not allowed the
estimation of percent of out-of-nucleosome
DNA directly in the solution under equilibrium
conditions. This problem could be solved by
utilizing an external fluorescent dye in the
solution after the assembling procedure.
Accordingly, we suggested an alternative ap-
proach for analyzing the efficiency of nucleo-
some assembling in solution using the Eva-
Green dye. It is an intercalating dye, the spe-
cific characteristic of which is to effectively
interact only with double-stranded DNA (12).
The fluorescent signal from Eva-Green is non-
essential by itself due to self-extinguishing,
but its level dramatically increased upon ds-
DNA binding. Noteworthy, at the formation of
DNA-protein complex the fluorescent signal
can be obtained from all DNA forms, which
are accessible for Eva-Green intercalation. In
this case, at the formation of compact NCP the
efficiency of dye intercalation should sharply
reduce and the consequent fluorescent level of
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Fig. 2. The level of fluorescence
signals at different ways of nu-

DNA/Eva-Green complex should decrease.
Indeed, in the experiments we obtained a re-
duction of the fluorescent level of DNA/Eva-
Green consisting of nucleosomes compared to
the initial DNA/Eva-Green fluorescence.
Whereas the change in fluorescent level at the
quick-time reconstitution was significantly
lower (Fig. 2). It should be mentioned that
these results are in full agreement with the data
obtained by electrophoretic analysis under
non-denaturing conditions.

Therefore, we suggested the optimized ap-
proach to track the NCP assembly. According
to it, the quick-time assembling of NCP in
low-salted buffer at the first stage allows the
selection of precise DNA-histone ratio. After
that the quality of slow nucleosome assembling
could be estimated directly in the solution.
Moreover, it does not require the presence of
any labels in DNA to monitor the nucleosome
formation during the preparative reconstitu-
tion. The main advantages of this approach are
the performance of the study in the solution,
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cleosome assembling. Y-axis is
represented in relative units, where

the fluorescent level of dsDNA/
Eva-Green complex was taken as
100 %. The bars on the X-axis are
the following: DNA — the fluores-
cence of dsDNA/Eva-Green com-
plex; ns — the fluorescence of nu-

cleosome/Eva-Green  complexes
after slow assembling at the ratio of
DNA:histones 1:0.3, 1:0.4, and

1:0.5; DNA+oct (octamer of his-
tones) — the fluorescence of his-
tones/DNA/Eva-Green complexes
after quick-time reconstitution of
the components at the ratio of
DNA:histones 1:0.5, 1:0.75, and
1:1. The results are the mean £SD,
n=>5.

which is fast and convenient, and the oppor-
tunity to use different types of DNA required
for further research procedures.
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OnTumizanis NpoToKoJy 30ipKH HYKJIE0COM

3 BUKOpHCTAHHSAM ricToniB i monenbnux JHK-
AyILIeKCiB i oniHka eeKTUBHOCTI mpouecy
PEeKOHCTPYKIIl

M. M. Kyrysos, T. A. Kyprina, €. A. benoycosa,
C. H. Xonupesa, O. L. JIaBpix

HyxneocomHua kopoBa yactka, HKY, siBnsie coboro 3pyu-
HY MOJIEJIbHY CUCTEMY ISl BUBUEHHS KitouoBux JJHK-
3aJIeKHUX TIPOIIECIB, OCKUIBKH € €IEMEHTapPHOIO OJIH-
HUILECIO CTPYKTYpH XpoMaTuHy. Came TOMy OCHOBHHM
3aBJIaHHSM TIPEICTABICHOTO JOCIIKEHHs OyIo cTBO-
peHHS yHIBEepCcaIbHOTO METOAY 30ipKH HyKieocoM. J{ms
pexoncTpykuii HKY BUKOPUCTOBYIOTHCS! OUMIIIEHI Tic-
toHU i JIHK-CTpyKkTypH 3 MIEBHUMHU TIOCITiTOBHOCTSIMHU,
o 3abes3neuyioTs diTke mosunionysanas JHK Bizg-
HOCHO OKTaMepa rictoHiB. lle Bumarae HassBHOCTI crio-

co0y KoHTpoIto edekTuBHOCTI pexoHcTpykiii HKY.
Meta. OnTumizyBaTu nporenypy pexonctpykiii HKY
3 OYMILEHUX OKTaMep TiCTOHIB 1 PI3HUX THIIIB CHHTE30-
Baanx MonenpHUX JIHK i 3ampomoHyBaTH migxim mist
eKcrpec-aHarizy e(eKTHBHOCTI LBOTO TIPOIECY.
Metoau. [liaxni3, moxin B [TAAT, Bumip ¢uyopecuenii
3 BUKOpUCTaHHsIM OapBHHKa Eva-Green. Pe3yabrarm.
Mu po3poOumnu 3pydny npouenypy ckiaaganas HKY B
c1abo compoBOMY Oyepi i3 3SMiIHHUM CITiBBITHOIIICHHSIM
JHK-ricronu Ha mepmomy erari. [liciis BUSHaYCHHS
ONTHUMAIBHOTO CIIBBiTHOMICHHS peKoHCTpyKmiss HKY
MOJKe OyTH ITPOBEZICHA 3a JJONIOMOTOI0 MOBUIBHOTO Tpa-
JIMEHTHOTrOo miamizy. Ha mpomy eTami epeKTHBHICTB TIPO-
1ecy Moxe OyTH OIliHeHa 06e3MoCepeIHbO B PO3UMHI 3
BUKOpHCTaHHAM OapBHUKA Eva-Green. BucHoBku. byno
ITOKa3aHo, 10 €()eKTUBHICTh MHTEPKAJIIMHA OapBHHUKA
B nymiekc JJHK B KOHTEKCTI HYKJICOCOMH Pi3KO 3HIDKY-
eTbesi. Jlo OCHOBHHX IlepeBar 3armporioHOBaHOTO Tij-
XOJIy MOYKHA BiTHECTH MIBUAKUAN aHATI3 CyMimIi Oe3Iro-
cepeaHbO B PO3UMHI 1 MOKITUBICTh BUKOpucTaHHs JIHK,
[0 HE MICTITh Oy[b-SKHUX CIICIIaIbHUX MITOK.

KamouyoBi cuaoBa: 30ipka HyKICOCOMHUX KOPOBUX
YaCTMHOK, XPOMarhH, KOPOBI TICTOHU

OnTuMu3zanus NPpoOTOK0Ja COOPKH HYKJIE0COM
€ HCMOJIb30BAHNEM T'HCTOHOB M MOJEJIbHBIX
JHK-ayniekcoB 1 oneHKa 3(p(peKTUBHOCTH
npouecca peKOHCTPYKIUH

M. M. Kyty3os, T. A. Kypruna, E. A, bBenoycosna,
C. H. Xonsipesa, O. 1. JIaBpuk

Hyxineocomnas xopoast yactunia, HKY, npencrasiser
c000i#1 yIIOOHYHO MOJICIIbHYIO CUCTEMY JIJIsl U3YUCHHS KITHO-
yeBbIx JJHK-3aBHCHMBIX IPOLIECCOB, MOCKOIIBKY SIBISIETCS
3JIEMEHTApHON €IMHULIEH CTPYKTYphl XpoMaTuHa. iMeHHo
[103TOMY OCHOBHOM 3a/1auell IIPECTaBIEHHOIO UCCIIEN0-
BaHMs OBUIO CO3JJaHUE YHHUBEPCAIBHOTO METOIa COOPKH
Hyksieocom. i pekoHcTpykuuun HKY ncnons3yrores
ountnieHnble rTuctonsl u JJHK-cTpykTyphl ¢ onpenenen-
HBIMH TIOCJIEIOBATEIEHOCTSIMH, 00ECIICUNBAIOIIMH YeT-
xoe nozunuonuposanue JIHK oTHOCcHTENBHO OKTamepa
THCTOHOB. DTO TpeOyeT Hamuus criocoda KOHTPoJIst 3¢-
¢dexruBHOCTH peroHcTpykimn HKY. Heab. Onriumuszu-
poBarb npouenypy pexkoHcTpykumu HKY u3 ouneHHsix
OKTaMCpPOB I'MCTOHOB U Pa3JIMYHbIX TUIIOB CUHTC3UPOBAaH-
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HbIx MozenbHbix JIHK u npemioxute noaxon asst sKc-
npecc-aHann3a 3G (HEeKTHBHOCTH TOTO Tporiecca. MeToasl.
Huanus, paznencuaue B [TAAT, usmepenue duiyopeciicH-
WA C WUCHOJIb30oBaHWEM Kpacutens Eva-Green.
Pe3yabTarbl. MBI pa3zpaboTany ynoOHYIO TpOLeaypy
coopkun HKY B cabo coneBom Oydepe ¢ M3MEHsIEMBIM
coorHowienneM JJHK-rucrons! Ha nepBom stare. [Tocne
OTIpe/IeNICHAsI ONITUMAIbHOTO COOTHOIICHHUS PEKOHCTPYK-
st HKY MokeT ObITh MpoBeeHa ¢ TIOMOIIBIO ME/ICH-
HOTO TpaJIMEHTHOTO Jauanu3a. Ha atom starme spQeKTus-
HOCTB IPOIIecca MOKET OBITh OIlEHEHA HETIOCPEICTBEHHO
B pacTBOpe ¢ HUcmoib3oBaHueM Kpacutens Eva-Green.
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BsiBonbI. bruto mmokaszaHo, 4to 3h(heKTHBHOCTH HHTEPKa-
qsiuuu Kpacutens B ayrvieke JIHK B koHTekcTe HyKI€o-
COMBI pe3Ko CHIKaeTcsl. K OCHOBHBIM MpenMyIlecTBamM
TIPEUTOKECHHOTO ITOIX0/1a MOYKHO OTHECTH OBICTPHIN aHa-
JIU3 CMECH HETIOCPENICTBEHHO B PACTBOPE M BOZMOYKHOCTh
ucnons3oBanust JJHK, He comepikaiux KaKuxX-Oo
CITeLIMAJIbHBIX METOK.

KawueBbie cioBa: c60p1<a HYKJICOCOMHBIX KOPOBBIX
YacTHUIl, XpOMaThuH, KOPOBBIC TUCTOHBI.
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