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The histone competition for DNA has Dbeen described by
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(Ashmarin & MuratchaevalL1]) on the importance
of this phenomenon for histone binding to DNA. In both the papers
as well as in our previous reports (P a ponov et al, [32-34]
the histone competition for DNA is used only as an experimental
method for analysis of relative histone affinity for DNA. Nobody
has analysed the possibility of histone competition for DNA in
cell and naturally the question of its biological consequences
has not been posed. To reveal the above possibility it is necessa-
ry, in model systems, to determine the whole histone/DNA ratios
at which the histone competition for DNA arises. It is also impor-
tant to study the selectivity of the competition with respect
to individual histone fractions when all the histones can compete
for DNA being specifically associated with each other.

In the course of the studies performed in our laboratory
DNA was isolated from calf thymus as previously described (P a-
Ponov etal. [32, 331) and sonicated with an MSE ultrasonic
disintegrator (Mr A = 1% 10°). DNA was quantified spectrophoto-
metrically according to S pi r i n [46].Histones were extracted
with 0.4 N HC1 from calf thymus chromatin, which was isolated by
the procedure of Zubay & Doty L[51. Protein was determi-
ned according to Lo wry et al, [261 with whole thymus histo-
ne as g standard. Concentration of histone stock solution was
determined by measuring absorbance at 230 nm, A1cm at 230 nm being

taken as 42.5 (O hlenbusch et al. [31]).

Whole higtone-~-DNA mivtures were Dprevdared bv direct additio
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of histone solutions of various concentrations to fixed amounts
of DNA in +two media: (a) in solution of physiological ionic

strength, (b) in 2M NaCl with subsequent salt gradient dialysis
in +ha
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centration in all mixtures was 0.1 mg/ml. After 16 h incubation
in 0.15 M NaC1l/0.7 mM sodium phosphste buffer (pH 7.0) at 2 = 4°C
DNA~histone mixtures were centrifuged for 6 h st 114,000 g
(40,000 revs/min in 40.7% rotor). Histones of the supernatants and
the pellets were resolved Dby electrophoresis on SDS gels ac-
cording to L aemm1li’s procedure (Laemm 1 i L[22D).

In the first stage of the studies we carried out the anslysis
of competitive histone binding to DNA.

Figure 1A shows that after centrifugation of whole histone~
DNA mixtures at histone/DNA ratios less than or equal to 1 the
histones are absent in the supernatants obtained. In other words,
the histones completely bind to DNA and appear in the sediments.
Some DNA of the gbove mixtures remains in the supernatants being
free from histones. This finding agrees with results of R u bin
& Moudrianakis [381and it is explained by co-opera-
tive ©binding of histones to DNA at the physiological ionic
strength.

After centrifugation of whole histone-DNA mixtures at histone/
DNA ratios over or equal to 1.1,DNA is absent in the supernatants.
That is consistent with the data of P r anc o et al, [81.
However, the supernatants contain histones. This suggests the
existence of histone competition for DNA in the mixtures with

whole histone/DNA ratio greater than 1.

o wa /TN O N ™ enits obtaine
Figure 1B shows histo ne/DNA ratios 1in sediments obtained

after centrifuging the whole histone-DNA mixtures. We can see
that protein content in the nucleohistones assembling in the
mixtures depends onthe input histone/DNA ratio. However, starting
*ther strengthening of the histone com-
petition for IDNA (i.e. increasing the histone/DNA ration in the
mixtures) does not practically affect the histone/DNA ratio of
the mucleohistones formed in the mixtures. These saturated DNA-
~histone complexes had in various experiments the following
histone/DNA ratios: 1.46, 1.43, 1.62, 1.37, 1.36. It should be
emphasiged that the above complexes were formed in the mixtures
at a 50-fold excess of the whole histone over DNA.

The dependence of protein/DNA ratio of nucleohistones formed
in the DNA-histone mixtures on the input ratio of the components
was DPreviously reported (Rubin & Moudrianakis
[38);Lapeyre &Bekhor [23]). It was also noted that
DNA cannot bind more than a certain amount of histone in the

mixtures of DNA with individual histone fractions (Paul & Mo~
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nucleohistonc complexes
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Fig. 1A. Recovery of DNA (x—x) and histones (— - —) in

supernatants after centrifugation of whole histone-DNA mixtures
in the medium of physiological ionic strength (0.15 M NaCl,0.7 mM
sodium phosphate buffer, pH 7.0)

Fig, 1B. The effect of whole histone/DNA ratios in initial
mixtures on composition of nucleohistone formed in the medium of
the physiological ionic strength

re [36])) as well as in those of DNA with the whole histone

ordouw et al, 510 However,the composition of histone
ucleohigstones assembling in whole histone-~-DNA
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mixtures 1is usually not analysed. We could find the relevant in-

formation only in the work of J ohns & Butler[16] who
howed that the nucleohistone containing only the histone H3 is
0 whole h
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Electrophoretic analysis of histones in sediments of the
mixtures showed that Hi-depleted and Hi-free nucleohistones are
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formed in initial mixtures at histone/DNA ratios less than 1.5
and grester or equal to 1.5 respectively (Fig. ?2). Thus, rather
a small excess of the whole histone over DNA in their mixtures is
capable of complete suppressionof H1 binding to DNA at physiologi-
cal ionic strength.

1 2 3 4 56 7 8 9

Fig. 2. Electrophoretic analysis of histones in pellets obtained
by centrifugation of whole histons~DNA mixtures

Histone/DNA ratios in initial mixtures (w/w): (1) 0.9; (2)
1.1: (4) 1.2; (5) 1.3; (6) 1.4; (7) 1.5; (8) 1.9; (9)

The analysis of sgsupernatants of the DNA-histone mixtures
showed that the ©binding of histone H1 to DNA iz selectively
suppressed at whole histone/DNA ratios between 1.1 and 1.4 (see
Fig. 3). Other histone fractions at these histone/DNA ratios com-

pletely bind to DNA Dbecause they were not found in the super-

natants. When the histone/DNA rati

other histone fractions appeared in the supernatants, i.e.competi-
tion between the histones of nucleosome cores H2A, H?B, H3, H4
for DNA gstarted. As result of this competition the nucleohistone
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conteining only histones H3 and H4 was formed at high histone/DNA
ratios (see Fig. 2).

A histone/DNA ratio did not differ for saturated nucleo-
histones containing either H3%, H4, H2A and H2B or only H3 and

H4 (Fig. 1B). This allows us to conclude that the sizes of the
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Fig. 3. Electrophoretic analysis of histones remaining in super-
natants after centrifugation of whole histone-DNA mixtures

Histone/DNA ratios in initial mixtures (w/w): (1) 0.9, (2) 1; (3)
o1z (4) 1.2; (5 1.3; (6) 1.4; (7Y 1.5; (8) 1.7: (9) 1.8; (10Y1.9

DNA regions occupied with the pairs H2A + H2B and H% + H4 are
practically equal. On the other hand, as the histone/DNA ratio
in nucleohistone containin H1 41is less than that in Hi-free
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The main result of the experiments described is that a minimal
mass excess 0f whole histone over DNA in their mixture leads to
a self-assembly of nucleohistone depleted in Hi but containing
all other histones in the s=me relative amounts as in the whole
histone-DNA mixture.
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Further we investigated - histone competition for DNA and
performed studies on chromatin assembly.
Many ©publications aere known in which nucleohistones were
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man [2]; Lapeyre & Bekhor(23]; Hsiang &C o-
lel13); Voordouw et al. [51]; St einmetz et al.
C471; We i he et al.[52); L 2askey et al. 257 K o 1-
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chinsky
et al. [501). All available biochemical and biophysical assays
were used to test the fidelity of reconstitution of those com-
plexes but no histone composition of +the nucleohistones was
analyzed. The sguthors quoted above seem to believe that all the
histone-fractions bind to DNA at any excess of total histone over

DNA, because the histone/DNA ratios used in the studies were as
high as 8 WV oordouw et al. [511; Vaghakidze et
al. C501). Inasmuch as the nucleohistones, in many cited papers,
were prepared by salt gradient dialysis from a high salt we should
emphasize that selective binding of histones to DNA at histone
excess over DNA was also found by us after salt gradient dialysis
of their mixtures from 2M NaCl in final physiological ionic
strength.

This fact is not unexpected, because three groups of histones
H3 + H4, HP?A + H?B and H1 are known to bind with DNA at different
salt concentrations: 1.2-1.0; 0.8-0.5; < 0.5 respectively (B u r-
ton et al. [51; Wi 1l helm et al. £L5%3]1), Therefore, if the
histones H3 and H4 are capable of saturating DNA, no other histo-
nes with less affinities for DNA will bind with DNA at a subse-
quent lowering of ionic strength. It is much more surprising that
the selective binding of histones to DNA occurs at a direct mixing
of the total histone with DNA in the medium of physiological ionic
strength, where all the histone fractions may be in principle at-
tached to DNA. This phenomenon may be explained only by histone

competition for DNA.
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tion can occur ounly
when the number of histone molecules in the mixture is greater

than that of nucleic acid binding sites for histones. According
to our findings the above situation takes place at a total
histone +to DNA weight rgtio greater than unity. We can conclude
that the total histone saturates the DNA binding sites at the
histone to DNA ratio equal to unity. The core histones H3, H4,

Ho A A7 A 5T A~ t\n ¢

(Figs 1 and 2).
This observation 1is consistent with literature data on
stoichiometry of histone binding with DNA if to take intp account
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that histone H1 1is selectively competed out in conditions of
a rather low excess of total histone over DNA irrespective of the
method of nucleohistone reconstitution. The highest histone to
DNA ratio that Vo or douw et al, [51] had achieved by re-
constituting complexes of four core histones and Col E1~p1asmid
DNA was 2.4. J ohns and Bu t 1 e r[16] obtained the nucleo-~
histone with a histone to DNA ratio of 2.% by direct mixing of
a 4-f0ld excess of the total histone with the calf thymus DNA in
0.14 M NaCl, In conditions of a 3-4-fold excess of the total

histone and of four core histones over DNA the nucleohistones were
obtained by salt gradient dialysis with the histone to DNA ratios
of 1.7 (Ko lehinsky et al, [181Nand 1.86(Tatchell
&8 Van Holde L[49]) respectively., Be k hor and co-
workers obtained the nucleochistones with histone to DNA ratios
0of 1.5 t0 1.8 Bekhor & FPeldmamn L2101 and 4.5 (L a-

peyre & Bekhor [231) by reconstituting complexes of
total histone and DNA respectively in a medium containing SM urea
and in that of physiological ionic strength without urea.S h i h
& Bonner [42] also noted that stoichiometric ratio was
decreased by use of urea in the process of reconstitution of com-
Plexes between DNA and separate histone fractions.

We believe in sccordance with other suthors (S hih & B o n-
ner [42); Kornberg & Thomas [20])that nonspeci-
fic histone aggregation may be the cause of anomalous stoichio-
metries in complexes of histones with DNA. It seems, therefore,
that the nucleohistone with a lower histone/DNA ratio would be
considered as a more specific complex if it assembles in condi-

tions of a high excess of histones over DNA. With this in view it
should bYbe stressed that we ohtain 1 nucleohistones with
a protein/DNA ratio as low as 1.36-1.6 only after 16 h incubation

of the histone/DNA mixtures. After a short incubation we could

istone to DNA ratio above 3, Thig i
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in agreement with V o o r d ouw et al. £51],who supposed that
histones as ligands with "multipoint sttachment" are capable of
forming non-specific precipitates in mixtures with DNA at near
Physiological ionic strength. However, this "open association"
seems to be converted into a specific one during incubation of
histone/DNA mixtures leading concurrently to the decrease in
histone to DNA ratios of the complexes and to the selective
exclusion of histone fractions with lower affinities for DNA from
the resulting nucleohistones.
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Stein et al. [45] noted that samples of DNA and core his-
tones directly mixed in a medium of near physiological ionic
strength (0.1-0,2 M NaCl) were initially quite turbid but cleared
substantially during the incubation., According to biochemical and
biophysical assays performed by S t e i n et al.L45] the nucleo-
somes c¢an assemble in a medium of physiological ionic strength
after 16 h incubation of DNA and histones directly mixed in the
absence of any assembly factors. Slowly mixing DNA and total
histone in media of near physiological ionic strength, R u i z-
Carrillo et al. [40]1 could essentially decrease the in-
cubation period required for nucleosome reconstitution. Extract
of Drosophila embryos (N e 1 s on et al, L301) and polyglutamic
acid (St e in et al. [45]) were shown to stimulate the rate of
nucleohistone assembly. However, this does not yet mean that the
factors facilitating the chromatin assembly are necessary for
cells, because the rate of nucleohistone reconstitution in vitro
may be determined by the process of conversion of nonspecific
aggregates into specific complexes.

Hsiang & Colel[13] have shown that a rapid mixing
of DNA and histones at physiological ionic strength results in
complexes much less reproducible and heterogeneous in shape than
slow mixing does. In cells the mixing of chromatin components
occurs by diffusion of protein molecules to DNA, i.e. without any
shearing. Therefore,it cannot be excluded that so called "assembly
factors" (Laskey et al.[24, 25]; Ruiz-Carrillo
et al. [40]; Ne 1l s on et al. [30]J; Ge rmond et al.[10];
Vashakidze et al. [501; M1 11ls et al.[28]; S e n-
shu & Yamaada [411) are necessary only for nucleohistone
asgembly in vitro to prevent from the shear-induced formation of
nongspecific aggregates or to increase the rate of disassembly of
nonspecific complexes and to facilitate the transition of the
system to thermodynamic equilibrium.

Laskey et al. [24, 25Jand M
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Xenopus laevis, organizes the histones into precursor complexes
and transfers them to DNA to form mucleosomes. Unfortunately
Laskey L253and coworkers do not give any evidence in favour
of histone transfer from one polyasnion to another in the form of
an octemer at physiological ionic strength. In contrast, it is

knowvn (Ruiz-Carrillo & Jorcano [39])that under
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tetramers and H2A-H2B dimers. Moreover, we could show that such

polyanion as heparin removes the histones H1, H2A and H2B, but
from chromastin in 0.15 ¥ NaCl (Paponov et
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al. [341).Thus the histone transfer from one polyanion to another
seems to be accompanied by digsociation of nucleosome octamers
into the complexes which are thermodynamically stable at physiolo-
gical ionic strength. If a competitor polyanion is capable of
dissociating all histone fractions, they can be assembled on it
into the octamers. Indeed, S t e i n et al. L4571 have shown that
not only DNA or L a s k e y'a factor but even polyglutamic acid
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ionic strength. 1In the absence of special control one can make
a wrong conclusion about histone transfer from one polyanion to
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another in the form of octamers.
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where it was concluded that histones transfer from chromatin to
a polyanion as octamers because the release of core histones from
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low ionic strength (0,01 M Tris-HC1l, ©pH 7.4) was coordinate.
ts
8

[
-
o
T

!
[

However, these data contradict not only our experimen

heparin (P a ponov et al. [341 dbut also result
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centrations of such polyanions as DNA or tRNA remove the histones
from chromatin at low ionic strength in the sequence: H1, H2A
+ H2B, H3 + H4. We cannot explain this contradiction but it isg
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possible that apparent cooperative release of core histones from
chromatin in work of Hi 1l de brand et al. [12lwas caused
by decrease in differences of histone affinities for DNA i e

of very low ionic strength t i competitive
histone binding with DNA (P a ponov et al. [341).

If the histone octamers are disintegrated during transfer
from one polyanion to another at physiological ionic strength
(Paponov et al.C35]1)the role of chromatin assembly factors
becomes uncertain. Therefore, we believe in accordance with other
emthers (Worcel etal.[5]; Ruiz-Carrillo et
al,fLLQJ; Senshu &-Yanmadal[e1l: Mc Ghee et sl
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[27]1) that chromatin assembly in vivo may occur by interaction of
H3-H4 tetramers and H2A-H2B dimers on mascent DNA,

The major question in our studies was: can the histone com-
petition for DNA take place in a cell?
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Irrespective of +the viewpoint on chromatin assembly our
findings require the following data to be brought into mutual
agreement.

1« The histone composition of nucleohistones, reconstituted
both by direct mixing of total histone with DNA and by the salt
gradient dialysis of their mixtures from 2M NaCl in physiological
ionic strength, is dependent on input histone to DNA ratio, when.
it 1is greater than 1 (this paper). Hi-free nucleohistones are
formed at input histone/DNA ratio greater or equal to 1.5. In con-
ditions of a high excess of the total histone over DNA the nucleo-~
histone reconstituted contains only H? and H4 histones(this paper
and Paponov et al. [34]).

2. The following histone/DNA ratios were reported for cell
nmaclei: 1.1 for calf thymus (C h an d a et al. [61); 2 for rat
and calf livers (C h anda et al. L61;3.% for pea embryo axes
(Grellet et al. [
£291); 20,000 for egzs of the frog Xenopus laevis (M i 1 1 s et
al. £281).

z T b mrrn Fma TINA cmedd man P mnn Alrmrmmedd s A bl mact A e~
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tic cells and in particular of rat liver and Hela cells are
1.1 40,1 (FPredericaq [9);Kornbergl19]; B o n-
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histone to DNA ratio, as high as 3.3, was found for the chromatin

@)
of pea embryo axes (G rellet et al. L111d) but this is in
conflict with previous data which was 1.03 (Bonner et al.
3.

4. Chromatin of the cells studied so far contains all five
mgin fractions of histones.Core histones are present in chromatin
preparations from various cells 1in approximately equimolar
amounts (J o f f e et al, [15J; R a 1l 1 et al. C371).

In +the light of the data cite

d gbove we should conclude that

E S P P B | [P ] P | IS VO A At mamde ot acedame Al e o e )
vire oL LA LS L V.l Caoll Ll uuy IV Bul |9 VL CUILLALIL CALL AACIILVAVUGUNIAL
histones, but the nuclei of rat liver, Hela cells and eggs of
Xenopus laevis contain warious amounts of these histones. The
histone +n NMNA »atdne 4m +he yminled AfF +he Tatt+ar +hran anamniaac
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are so high, that histone H1 should be absent in their chromati

according to our results on nucleohistone self-assembly. However,
no evidence was presented in favour of this

It may be supposed that rat liver, pea embryos and HeLa cells
contain a certain factor which prevents the histone competition
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for DNA either by binding the additional complement of histones

with chromatin {in ne embrvos according to G » e 1 1 o % ot ol

YV he ViA LW bk \-le& P A i U.LJ avvv NA e 16 A e A i e o w < v Tl o &
[111Y, or by holdlng the histones out of chromatin in the state
with equalized affinities of all fractions for DNA. This factor
seems to be an acidic nonhistone protein assembling the histones

] A l\f\““"’r\‘\ AnnTer 41 4+h o 2T T et la
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a 2-fold or more weight excess of histones over DNA. Such histone

excess was found in meiotie (M i 1 s et al. C281), embryonic
d pol

(Grellet etal. C117) an yploidic cells (Mun r o et

1
e L Po
1 Fan™., M % . e 2 ke 1 ron
Hddle LATJdy L Il & 11 Q d L Hlie 1044,
When under certain conditions diploid cells synthesize his-

tones in excess, the histone competition for DNA seems to occur
hecguse of +ha ahaannma nf +h

the examples illustrating this suggestion 1is the assembly of
minichromosomes of SV40 in infected diploid cells, It is known
that the histone +to DNA ratio increases after SV40 infection

{7 o ~r Q [~ B Y a7\ DA 4T -y T o N - 1T 1 o W A e
\A.uy (-4 QJ.L&%U.L l.lf.l/ou.t'}’bt: J.y 44 2 T A 4 0Hf & ¥ O e

c o L[21] have shown that histone H1 is associated with the chro-
matin of SV40 only at early stage of infection but is absent at
later one. T a n [48] has shown in complete agreement with our
finding in vitro +that virions assembled in SV40-infected cells
with 2-fold excess of total histone are free of H1 and depleted
in H2A and H2B. No mechanism of this phenomenon was suggested by
by the authors but it may be most simply explained by the histone
competition for DNA in +the absence of a "histone competition
masking factor" (HCM factor).

It 1is possible that the chromatin assembly protein described
by Laskey et al.[251and by M1 11s et al, C2811is,in
fact, the HCM factor. M i 1 1 s et al. [28]1 do not also exclude
the ©posgsibility that "the high concentration ¢. this protein in
the oocyte nucleus is an adaptation which permits the accumula-
tion of a large histone pool".

Artykui wpiyngit do Redakcji 21 III 1982
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Vladimir D. Paponov, Pavel S. Gromov,
Vl1gdimir V. Bogdanov, David M. Spitkovsky

KOMPETYCYJNE WIAZANIE HISTONOW Z DNA
1 JEGO ZNACZENIE DLA STRUKTURY CHROMATYNY

Streszczente

W pracy przedstawiono wyniki badad wiasnych i pismiennictwa
$wiatowego nt. kompetycyjnego wigzania histondw z DNA. Zwrécono
uwage na fakt, Ze w przypadku mieszanin DNA z cadikowitym histonem
w warunkach x1730Lovlczne3 311y Jonowog i przy stosunku wagowym

W atan/TNA S 1 Fwemoe A rnnilrTla 1 atn MmN atdarnna it nh'!ﬂ
nliston/ ha 2 i VWOIT2Y o;ca niklechiston ze ZMNLE ;532008 ZawWarotonclL

histonu H-1. Natomiast przy otosunku histon/DNA > 1,5 powstaje
nukleohiston pozbawiony histonu H-1 1 o 7mn1e357one3 zawartosci
histondw 24 i H2B. Swiadezy to o kompety031 histonéw wiazacych
sie z DNA, co moZe mied istotny wpiyw na wiasciwodci strukturalne
chromatyny zardwno in vitro, jak 1 in vivo.
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