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ABSTRACT

Studies on the dissociation of histones from chro-
matin by increasing concentrations of sodium deoxycholate
(DOC) have shown that histone II is removed at lowest con-
centrations of DOC, while slizghtly higher concentrations
remove histones III and IV, Still higher concentrations
remove histone I.

The complete separation of chromatin and 14 C=D0C by
sucrose sedimentation indicated that the binding of DOC

to chromatin is readily and completely reversible.

=

he dissocigtion of histones from chromatin by ine
creaging concentrations of related cholanic aclids and sonme
of their conjugated derivatives was studied, The results
suggested that the driving force for the interaction be~
tween the cholanic acid anion and histones is the lowering
of the activity coefficlent of the cholanic acid anion
which occurs when it is partially removed from solution by
interaction with hydrophoble regionsg of the positively
charged histones.

The role of histonesg in the structure of chromatin has
been studied by comparing the effects of selective removal
of histones from chromatin by increasing councentrations of

DOC with those caused by HaCl (removes histone I at lowest



v
concentrations, while higher concentraitions remove histones
II, III, and IV). Propertles studied included thermal de-
naturation, sedimentation velocity, flow dichroism, relaxa-
tion times of molecules oriented in a flow field, and the
lrreversible disruption of a 130 S, cross-linked component
of sheared chromatin. The data indicated that none of the
structural or chemical parameters with which these proper-
ties are correlated show a dependence on the presence of
one particular histone fraction.

The template activity (ability to prime a 0.2 M XC1
Dii-dependent RWA synthesis system catalysed by E. coll RNA
polymerase) increases from that of native chromatin (approx-
imately 25 per cent of that of pure DHA) to that of pure
DN& in a fashion which shows a nearly linear relationship
to the amount of histone coverage of the template. The
precipltabllity of partially dehistonized chromatin gsamples
in 0.15 M NaCl shows a large dependence on the presence of

histone I.
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GENERAL INTRODUCTION



GENBRAL INTRODUCTION

In the nuclei of higher organisms, chromosomal DNA
exists in close associlation with specifiec proteins. The
major portion of these proteins are the histones (Bonner
& Tslo, 1964), Most of the chromosomal material can be
separated from other cell components by differential
centrifugation (Bonner et al.,, 1968), Chemically, the
Preparation of chromatin is mild and work in this field is
based upon the concept that this material may serve as
worthwhile models for nuclear chromatin. An impression of
the type and degree of interaction between chromosomal DHA
and the histones can be obtained by finding various con-
ditions for selectively dissociating the chromatin complex
and then observing the physical, chemical, and biolocgical

effects of doing so.

1. ZBonner, J., Chalkley, G. R., Dahmus, M., Fambrough, D.,
Pujimura, ¥®., Huang, R. ¢, C., Huberman, J., Marushige,
X., Ohlenbusch, H., Olivera, B., and Widholm, J.

(1968a), Methods in Enzymology, V. 12, Academic Press,

New York.,
2. Bonner, J. snd Ts'o, P. 0. P., ed. (1964}, in The

Hucleohistones, Holden~Day, San Francisco, Calif.
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THE SELECTIVE DISSOCIATION OF HISTONWES FROM CHROMATIN

BY SODIUM DECXYCHOLATE






INTRODUCTION

The genetic material in the nucleus of eukaryotic
organisms 1s present as a nucleoprotein complex, chromatin.
Chromatin can be 1lsolated as a chemically defined entity of
DA, RUA, histone and nonhistone proteins. The histones, a
family of seven major components, comprise the major portion
of the proteins (Bonner & Ts'o, 1964; Murray, 1964; H. Busch,
1965), Although the biological functions of the histones
are not completely understood, a large body of data supports
the hypotheses that histones are iavolved in repression of
genetic activity (Huang & Bonner, 1962; Allfrey, Littau, &
Mirsky, 1963; Marushige & Bonner, 196 ) and that they confer
some structural restraints on chromosomal DNA (Doty, Marmur,
Eigner, & Schildkraut, 1960; Samejima & Yang, 1965; Ohba, 1966
Pardon, Wilkins, & Richards, 1967; Tuan & Bonner, 1969),

Several workers have studied the contribution of the
various histone fractions to the structure and function of
chromatin by biophysical and blochemical analysis of a series
of partially dehistonized chromatins (Marushige & Bonner,
19€6; Chba, 1966; Ohlenbusch, Olivera, Tuan, & Davidson, 1967;
Tuan & Bonner, 1969). In all cases the partislly dehiston%
ized chromatins have been obtained by the selective removal

of the various histone fractions by increasing concentrations

-y

of lonic dissoclating agents, such as sodium chloride,



sodium perchlorate, and guanidine hydrochloride. All
present methods, however, yleld the same general sequence of
histone removal - histones I (lysine-rich) are removed at
the lowest concentration of dissociating agent, while higher
concentrations remove histones II (slightly lysine-rich),
and histones III and IV (arginine-rich).

A selective dissociation agent which produced a differ-
ent order of histone fraction removal would be extremely
useful in the interpretation of selective dissociation
studles. Ve have investisated the dissociation of histones
from chromatin by increasing concentrations of sodium deoxy-

cholate (DOC), We have found that histone IT is removed at

the lowest concentirations of DOC, while slightly higher con-
entrations remcve histones III and IV, Still

centrations of DOC remove histone T.

METHODS AND MATERIALS

Prepargtion of Chromatin. Sucrose purified chromatin

was prepared from pea buds according to the method of Bonner
et al. (1968a)and from calf thymus by the method of Maurer

and Chalkley (1967), except that in both procedures the 1.7

']

M sucrose contalned 0.0025 M Tris, pH 8. The chromatin pel-
lets from the sucrose purification step were resuspended to
a I

inal Azéomp of 20 to 20 in 0.,0025 M Tris, pH 8, by homoo-



enizing in a Potter-Elvehjem homogenizer. The chromatin

[0

solutlion was dialyzed overnlght against 0.0025 ¥ Tris, pH 8,

sheared in 40 ml aliquots in the Virtis "45" homogenizer at 30
volts for 90 seconds, and then centrifuged at 10,000 x g for
20 minutes. The resulting supernatant was further fraction-

ated by sedimenting the sheared chromatin into a cushion of

Fot

1.2 ¥ sucrose = 0.0025 ¥ Tris, pHd 8, for t

e equivalent of
10 hours at 50,000 rpm (Spinco Ti-50 rotor). The super-
natant was removed and discarded. The pellet was resus-

pended as above, and dialyzed extensively azalnst 00,0025

=

Tris, pH 8. This solution, referred to as chromatin, conw
gtituted the starting material, The chromatin has a final
concentration of 20 to 40 Agéomp, a ratio Apzq, p/aggomp of
approximately 0.75, and a ratio ABEOmp/ ﬂgégmp of less than
0.034, A1l steps were carried out at O to 49 ¢,

Histone Disscclation Studlies., To assure that the

chromatin was not subjected to a sodium deoxycholate (DOC)
concentration hisgher than the desired final ons., Lthe fol-

lowing procedure was adopted, The chromatin was diluted

with 0,0025 M Tris, pH &, so that a final volume of 10

and a final ceoncentration 5 to 7 A25Omp would be obtained

e addition of the required amount of 0,25 M DOC =

5

after L
Tris, pH 8, The DOC solution was added dropwise
with vigorous stirring on a Vortex mixer. After thoroush

mixing of the sample, 2 ml of 1.2 M sucrose - 00,0025 M Tris



pH 8, were gently layered at the botitom of the tube. The
partially dehistonized DA was then sevarated from the dige

-

soclated protein by sedimentins the DA into the sucrose

cushion at the equivalent of 50,000 rpm for 10 hours (Spinco

'1=50 rotor). The top 11 ml of the resulting supernatant
were removed and discarded. The remaining loosely packed
pellet (contained in 1 ml of sucrose solution) was then re-
moved and resuspended by homogenization in a Teflom homo g=
enizer as above. The samples were exhaustively dlalized
against 0,0025 M Tris, pH 8, and then centrifuzed at 10,000
X gffor 10 minutes. The resulting supernatants were then
used for further characterization of the partially dehis-

vonized chromatin,

Thermal Denaturation and Ultrsviolet Absorption. The

o

-4

against 2.5 x

partially dehistonized samples were dialyzed exhaustivel
10 Y EDTA, pH 8, diluted to approximately
dia

1 .43.260“11}) _W‘ﬁ 11

multiple sample absorbance recording apparatus adapted for

lysate, and melted in a Gilford Model 2000

the recording of melting profiles., The rate of temperature
increase was 0.5 to 1,0 degree/minute., Ultraviolet absSorp-

tion s

o]

ectra were determined with a Cary recording spec-
trophotometer, Model 11.

Free-Zone Electrophoresis, Free-zone electrophoresis

was performed as described by Olivera, Baine, and Davidson

£y

(1964) in 0.01 M WaCl ~ 0,00t M Tris, pH 7.5, using their



apparatus. Data were fitted to a2 stralght line using a

least sguares computer program.

Sedimentation Aralysis. Sedimentation velocity was

studied using band-sedimentation techniques on preformed
sucrose gradients in a Spinco Model L2-65 ultracentrifusze.

All steps were performed st O to 4° (.,

Chromatography. Chromatographic separation of chroms-

tin from DOC was accomplished as follows. The appropriate
concentration of sodium deoxycholate was added toc the chro=-
matin solution. The mixture was then applied to a jacketed,
2 ecm x 30 em Biogel P~150 column, which had been equili-
brated with 0.0025 M Tris, pH 8. The column was eluted with
0.0025 M Tris, pH 8, and the fractlons analyzed for A25Omp
and 634 ets,/min, A1l steps were performed at O to 40 ¢,

Chemical Analysis, RNA was separated from DWA by the

modified Schmidt-Tannhauser procedure of Ts'oc and Sato

(1959). DHA concentration was determined by the diphenyla-

O

mine assay of Burton (1956) and by ultraviolet absorption.
RUA concentration was determined by the orecinol reaction of
Dische and Schwartz (1937). Purified calf thymus Dia
(Worthington Biochemical Corp.) and yeast RNA (Sizma) were
used as standards.

Proteln concentration was determined by ultraviolet
absorption and by the procedure of Lowry et al. (1951) after

separation of whole protein into histone and nonhistone
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components, The histone samples were prepared by adding
0.25 ml of 2 If H2804 ver ml of chromatin solution. The
solution was vigorously mixed, allowed to stand at 0° C.
for 30 minutes with occasional mixing, and then centrifuged
a2t 24,000 x g for 20 minutes., The supernatant was removed
by pipetting and analyzed for protein content by ultraviolet
absorption. Three volumes of 95 per cent ethanol were then
added and the proteins precipitated at -20° ¢. for 24 hours.
They were pelleted by centrifugation at 24,000 x g for 20
minutes, and washed twice with cold 95 per cent ethanol.
The pellet was alr-dried and dissolved in the proper amount
of 8 ¥ urea to make the final solution approximately 1 ng

pude=s

protein/ml solution. Acid-insoluble material was washed
once with 95 per cent ethanol, alir-dried, and then dissolved
in 1 I WaOH, Calf thymus histomes and bovine serum albumin
(Sigma) were used as standards.

The absorptivity of total histone at 230 mu is 4.15
1/em g (Jensen, 1966); for DNA contained in chromatin it is
22 1/em g at 260 mu (Tuan, 1966); for RNA contained in chro
matin 1t is assumed to be 25 1/cm g at 260 mu.

Disc Gel Electrophoresis of Histones. Acrylamide disc

gel electrophoresis of isolated histones was performed by
the method of Bonner et al. (1968a), The quantity of each
electrophoretic component was determined by densitometry

fter Fambrough (1967).
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Chemicals, Deoxycholic acid-nh-gl4 (Huclear Equipment

Chemical Corp.), 3.6 mC/mM, was dissolved in 0.5 N HaOH and
then adjusted to pH 3.

All cholanic acids and theilr conjuzated derivatives
were obtalned from lMann Research lLaboratories, Inc.

Note: All assays were performed within one week of the

preparation of chromatin.

The welght fractions of total histone protein, non-
histone protein, and RNA remaining bound to the IHA of pea
bud chromatin as a function of the molarity of sodium deoxy-
cholate (DOC) used for dissociation are shown in Figure 1.
A8 is the case with other agents that have been used to
selectively dissociate the nucleoprotein complex, increasing
concentrations of DOC principally dissoclate histone protein.
Relatively 1ittle nonhistone proteiln or RIA, amounting to
no more than 20 per cent of initial amounts, is extracted
by DOC over the concentration range studied.

Filgure 1 presents data on the removal of two types of
nonhistone protein. Nonhistone vrotein, as defined in
methods, 1s that fraction of chromatin-bound protein which

i1s insocluble in 0.4 I H,S0, and subsequently soluble in 1 N
2°v4 bl

Hal0l, This type of nonhistone proteln asmounts to approxi-

mately 0.5 welght fraction of the DNA contained in the
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nucleoprotein complex, Nonhistone protein has previously
been defined as that fraction of chromatin-bound protein
which remains insoluble upon subjecting the chromatin to
extraction with 0.4 X Hn30y, followed by the modified
Schmidt-Tannhauser procedure of Ts'o and Sato {(1959) (0.3 i
KOH, 37° C. for 18 hours; 0.5 M HC10,, 100° C. for 10
minutes), and which is subsegquently soluble in 1 I NaOH
(Bonner et al., 1968). As is shown in FPigure 1, this type
of nonhistone protein amounts to approximately 0.17 weight
fraction of the DWA in chromatin. The discrepancy in the
vields obtained by the two methods can be explained by as-
suming that a step(s) in the modified Schmidt-Tannhauser
rrocedure causes a loss of some nonhistone protein, and/or
a change in some nonhlistone protein which renders it insol-
uble in 1 ¥ Na0H, That the second explanation is apparently

correct is supporied by the repeated observation that after

hydrolysls of the 0.4 H H530, insoluble material of pea bud

QO

hromatin in hot 0.5 M HC10, a significant amount of 1 I
ta0H insoluble material remains. Fambrough (1967) found
that this material was almost totally soluble in 1 per cent

2w

sodium dodecylsulfate ~ & M urea, and could be purified by

precipitation with ammonium sulfate, a method developed for
the study of the nomhistone protein of rat liver chromatin

(Marushige, Brutlag, & Bonner, 1969), This material was

estimated to amount to 0.25 to 0.33 weight fraction of the
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DA from which it was isolated. Studies on the dissoclation

Q—l
Hu
0
m
o+
\I

of chromatin with increasing councentrations of Wall in
that a large portion of this nonhistone protein is not dis-
sociated from DWA by extraction of chromatin with 2 M Nall
(Pambrough, 1967).

An increase in the weight fraction of nenhistone Pro-
tein above control levels can be seen in the chromatin
samples previously extracted with 0.025 and 0.0375 M DoC,
Thisg increase appears to be due to histone and nonhistone
protein aggregation (Levinson, Smart, & Bonner, 1969) and/for

to histone-nonhistone~D0C micelle formation,:

*Extraction of chrometin with concentrations of sodium de-
oxycholate between 0.0625 and 0.1 molar foms & small amount
of white precipitate which remains insoluble after exten-

. 0 . ol 1 't =+ ] - —' [
sive dialysis against 0.0025 M Tris, pH 8, or 2.5 x 10 4 ¥

P

EDTA, pH 8., The precipitate is also insoluble in 0.4 I
Ep80,, but is soluble in 1 ¥ NalH or 1 per cent sodium do-
decylsulfate (S8DS). Examination of the profeins contained
in the precipitate by SDS disc gel electrophoresis shows s
significant amount of proteilns which have the same mobili-
tles as the histone fractions (Elgin, 1969), Although this
precipitate pellets upon centrifugation at 10,000 x g for

10 minuvtes, it appears that it is not possiblewto remeve
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Data on the fraction of each histone component dis-
soclated from chromatin by increasing concentrations of
sodium deoxycholate are presented in FPigure 2. Histone IT
(slightly lysine-rich) is most readily dissociated by DOC.
Eistones III and IV (arginine-rich) are extracted by
slightly higher concentrations of DOC, while histonre I
(lysine-rich) is least readily dissociated by DOC. The same
general pattern of histone removal has been found with calf
thymus chromatin. Consequently, this method for the selec-
tive dissociation of histones produces a pattern of histone
removal which is different from that produced by increasing
concentrations of NaCl, HaClOa, and guanidine hydrochloride
(GuCl). Sodium deoxycholate extraction of histones is Dar-
ticularly useful because it selectively removes histones

II, III, and IV at low concentrations of dissoclating agent,

all of the micelles by the methods employed in this study,
Consequently, we can account for the apparent increase in
the welght fractiom of nonhistone protein in chromatin
samples extracted with 0.025 and 0.0375 M DOC. It is also
obvious that we should anticipate an artifactually high
yield of apparent DNA-bound nonhistone protein in samples

of chromatin treated wlth higher concentrations of DOC.
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Figure 2., The fraction of individual histone components
remaining bound to the DNA after extraction of chromatin
with increasing concentrations of DOC. Fistone T = lysine-

rich = fl; histone II = slightly lysine-rich = f2b and

ginine-rich = f2al.
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while leaving histone I bound to the DNA; whereas, all
other reported dissoclation agents selectively remove
histone I at low concentrations, while leaving histone 1L,
IIT, and IV bound to the DNA., It should also be noted that
the concentration of dissociating agent required for the
extraction of a gilven welght fraction of total histone is
approximately an order of magnitude less for DOC than for
other dissociating azents,

Free-zone electrophoresis of partially dehistonized
samples has been considered as a method which provides an
independent indication of the histone coveraze of the
samples (Ohlenbusch, Olivera, Tuan, & Davidson, 1967; Levin-
son, Smart, & Bonner, 1969). The relationship of electro-
phoretic mobility of the partially dehistonized samples to
molarity of DOC used for disscociation of chromatin is pre-
sented in Figure 3. These data show that extraction of
chromatin with 00,0375 M DOC removes approximately 67 per
cent of total histone. Such partially dehistonized chro-
matin exhiblts an electrophoretic mobility of 1.75 x 104

e 1

cm“gec” volt"a, which is intermediate (51 per cent) be-

tween that of fully covered chromatin (1.31 x 10%em®gec-1-
volt=1) mé@ pure DNA (2.17 x 1040mgsec"1volt“1). These data
may be compared with those of Ohlenbusch, COlivera, Tuan,

and Davidson (1967), who studied N¥aCl extraction of calf

thymus chromatin, and of Levinson, Smart, and Bonner (1969),



Figure 3, The free-zone electrophoretic mobility of chro-

matin samples partially dehistonized by increasing concen-

trations of DOC. Bach point represents the average value

from four experiments. Iree-zone electrophoresis was done

in 0.01 ¥ ¥aCl, 0.001 ¥ Tris, DPH 7.5
S s e
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who studied zuanidine hydrochloride extraction of pea bud
chromatin., Both found én increase in electrophoretic
mobility of approximately 50 per cent after removal of
approximately 30 per cent of total histone by extraction
with 0.6 M WaCl or 0.5 M GuCl, In both cases, the large
change in electrophoretic mobility was consistent with the
fact that histone I, the most positively charged histone,
was selectively removed, Our data are consistent with the
fact that histone II, the least positively charged histone,
as well as a small amount of histones IIT and IV are re-
moved by 0.0375 M DOC. In fact, consideration of the net
positive charge density of the histones (calculated from
amino acid composition data of Fambrousgh, 1967) removed by
this concentration of DOC shows that 52 per cent of the net
positive charges of the total histones have been removed,
This number is in very good agreement with the 51 per

cent increase in electrophoretic mobility of this sample.
These data also indicate that the negatively charged DOC
molecule does not remain bound to the partially dehistone-
1zed samples to any significant extent.

Plgure 4 shows the electrophoretic dlspersion (defined
as the band width of the migrating Agéomp realk at one half
veak height; native chromatin is assigned the value of 1.0)
of chromatin samples which have been extracted with in-

creasing concentrations of DOC, Although the partially de-



Pigure 4., The free-zone electrophoretic dispersion (the

band width of the Aggomp peak at one half peak height) of
chromatin samples partially dehistonized by increasging con-
centrations of DOC. The electrophoretic dispersion of
native chromatin is assigned the value of 1.0. Free-zone

electrophoretic dispersion of native chromatin is aggslgned

the value of 1,0, Free-zone electrophoresis was done in
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histonized samples all migrate as single Agéomp peaks, it
is clear that partial removal of the histones from chroma-
tin creates a set of molecules of much higher diversity of
charge distribution than that of either unextracted chroma-

tin or pure DHA,

The thermal denaturation behavior of chromatin from

[

which discrete histone fractions have been removed provides
yet another independent indication of the amount of histone
coveragze of each sample., It 1g also of interest because it
may provide some insight into the distribution of histones
along the DHA chain, TFigure 5 shows the melting profiles
of chromatin samples which have been partially dehistonized
by various concentrations of DOC. Under the conditions em-
Ployed in this study, the Tm (midpoint of thermal transi-
tion) of native chromatin is in the temperature range, 73
to 769 C., while that of DuA is 43 to 45° ¢. The values of
Tps hyperchromicity, and dispersion (defined as that temper-
ature gpan regquired to raise the AQ@Omp
of the final hyperchromicity) for partially dehistonized

from 0.333 to 0,667

samples are presented in Table 1, As mentioned previously,

Eﬂ

extraction of chromatin with 0.,0375 M DOC removes about 67
per cent of total histone, which corresponds to approxi-
mately 52 per cent removal of the net positive charges

contained in the histones. Inspe

O
of
o
0
=
o]

Hy
5
o

o
fd
©

2]

&

<

0]

o

et
u

.

that treatment with 0.0375 M DOC reduces the T, of the
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Fligure 5. Melting profiles of chromatin samples partially

dehistonized by increasing concentrations of DOC, Melting

kv

" il . W . wr o 3
was done in 2.5 x 10 . M EDTA, pH &. No correction for

thermal expansion.
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Table 1

Description , @mT htg C o/35
Control 73.9 £ 0.5 33.9 £ 0.8 10,0 £ 0,2
0.005 ¥ DOC T34 L 0B 34.1 £ 0.6 10,2 * 0.2
0.015 ¥ DOC 71.5 % 0.6 35.1 £ 0.7 10.9 * 0.3
0.025 ¥ DOC 68.3 ¥ 0.7 35.1 £ 0.5 12,9 0.3
0.0375 M DOC 64,1 £ 0,9 35,8 £ 0.6 15.6 ¥ 0.5
0.04375 M DOC™ 60.5 T 1.0 35.9 ¥ 0.5 16.5 £ 0.9
0.05 M DOC 58.5 £ 1.6 36.6 £ 0.7 17.2 £ 0.5
0.05625 I DOC* 52,5 = 1.4 35.0 ¥ 0.5 15.4 £ 1,5
0.0625 ¥ DOCG 47.8 £ 1.0 36.4 £ 0.8 11,1 & 1,5
0.075 ¥ DOC  44.6 £ 0.5 36.3 = 0.5 5.3 ¥ 0,3
0.10 ¥ 100 44,0 £ 0.6 36.3 = 0.8 4,6t 0,3
0.15 I DOC 44,0 £ 0,7 36.0 = 0.7 4.5 % 0.4

%

= midpoint of thermal transition at which h = 0.5 h

1 T
ht Z hyperchromicity
2/3 = the dispersion, defined as that tempverature span

regquired to raise h from 0.333 h, to 0,667 h

4
-
i

(s

B
Data from three lndependent experiments; 2ll other points

o

from greater than 7 independent experiments



nucleoprotein complex from 73.9 to 64,1° ¢, This corre-
sponds to a 33 ver cent decrease in T (where 73.9
and 44,0 = 100%). It therefore appears that decreases in

the T of partially dehilstonized samples laz considerably

I

=

behind decreases 1n the welght fraction of histones com-

=t

plexed with the DHA, and alsgo behind decreases in the net

posgitive charges contributed by the histones.

i

A zeneral observation from Flgure 5

{_"l

5 that the meltins
profiles of partially extracted chromatlin samples are con-
siderably broadened, but not cleanly divided into a DilA-
like region and a native chromatin rezion. The general
broadening of the meltling profiles can be more clearly seen
by inspection of the values for Gé/B given in Table 1,

Olivera (in Bonner et al., 1968a) reported that the averasze

n DA wes of the order

!_h

lensth of a cooperative melting unit

of 200 base palrs. He subsequently susgested that if extrac-

¢t
}wﬁn
o
=
“|
l...h
i
ey
o
et
<
[
[
[}
o
fmd
ch
[e]

ncentration exposged tracts 200
base pairs long completely devoid of histone, leaving other

tracts completely histone covered, one would expect a bi-

ik

o

hasic melting curve, with one component melting as DA and
the other as native chromatin. TFollowing this argument, if

5

the average molecular welsght of histone molscules is taken
to be 15,000, such a DHA segment of fully complexed chroms-
tin would contaliln about 12 histone molecules, That the

nelting profilesg of partially dehnistonized chromatin
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samples show considerable broadening, but are not cleanly

i
s

divided into DNA-like and native chromatin resgions, has been
observed with chromatin dissociation by increasins concene-
“trations of sodium chloride (Ohlenbusch, Olivera, Tuan, &
Davidson, 1967; Smart & Sonner, 1969) and with increasine
concentrations of zuanidinium hydrochloride (Levinson,
Smart, & Bonner, 1969),

DifA in chromatin is hyperchromic with respect to pure

DHA (Doty, Mermur, Eigner, & Schildkraut, 1950; Tuan &
Bonner, 1969), Data for the values of the hyperchromicity
of chromatin samples which have had increasing amounts of
total histone removed by extraction with DOC are presented
in Table 1. The antic‘iaied increase in hyperchromicity
upon melting of the partially dehistonized sampleg i1s ob-
served. The lncrease in the hyperchromicity, however, 1is
rather gradual over the intermediate ranses of histone re-
moval., This same gradusl increase in hyperchromicity upon
melting 1s observed in chromatin samples that have been
artlally dehistonized with increasing concentrations of
sodlum chloride (Tuan & Bonner, 1969; Smart & Bonner, 1969)

and guanidinium hydrochloride (Levinson, Smart, & Boanner,

1969). Tuan and Bonmner (196%), who have studied calf thymus,

found a similar rather gradual decrease in the molar ex-

}-J-
E_‘
O
s
Q
o
@
I'“h

t ficients of the DWA contained in samples of

chromatin which had been increasingly dehistonized by
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.

xtraction with increasing concentrations of NaCl.

We have found that increasing concentrations of sodium

deoxycholate (DOC) dissociate the various hlstone fractions

'y oo

in an order which ig 4iff

erent from the order observed with
other previously reported dissociating agents., DOC most

readily dissocliates histone II (slightly ly

m

ine-rich), while
histones III and IV (arginineurioh) are dissoclated by
slightly higher concentrations of DOC. Histone I (lysin

rich) 1s the last histone fraction to be extracted by this

)

agent. All other reported method

(&2]

of histone dissoclation
(Ohlenbusch, Olivera, Tuan, Davlidson, 1967; Murray, 1966;
Levinson, Smart, & Bonuner, 1969) result in the selective
removal of histone I at the lowest concentrations of dis-
soclating agent, Ixtraction of chromatin with 0.05 M DocC
vields a nucleoprotein sample which is almost completely
devold of histomes II, III, and IV, but which retains prac-
tically all of histone I. ©"his agent thus provides a method

.

for the interpretation of the roles of the various histone

fractions in the structure and function of chromatin,

Our studieg show that sodium deoxycholate is about ten

a

..g‘

]

times as fective as sodium perchlorate in the dissociation

‘—.‘

Hy

0 tal histone from chromatin., Sodium rerchlorate, in
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turn, is about twice ag effective as sodium chloride or
cvanidinium hydrochloride, and requires about one half the
molar concemtratibns of the latter to cauvse an eguivalent
amount of histone dissociation. These facts, together with

1
L

the evlidence presented in the second section of this paper,

ating histones is more devendent uvpon differences in the
pinding of the anion to specific sites of the protein, than
upon differences 1n the binding of the cation to the phos-
phate residues of DNA.

Ilyin and Georglev (1969) have found that when 0.6 Y
WaCl extracted chromaitin of calf thymus or of Ehrlich as-
cltes carcinoma cells is treated with formaldehyde to pre-
vent dissocliation of the complex in high salt concentra-
tilons, and then centrifuced to equilibrium in a CsCl density
gradienﬁ containing 2 M urea, it yields a wide plateau with
two partially resolved peaks of Aggomu material. The total
protein to DNA ratio in the denser peak is approximately
0.95, while that in the less dense peak is about 1.3, Since

MaCl removes histone I, they explain the presence of

two peaks by suggesting that the remalining histone fractions
(I, III, IV) are unegqually distributed in the partially
dehistonized complex., Chlenbusch, Clivera, Tuan, and
Davidson (1967) subjected a sample of calf thymus chromatin

which had been extracted with 0,6 M NaCl to free-zone elec-



rophoresis. They reported that although the electro-
phoretic band was broader than that of pures DNA or native
chromatin, 1t was not bimodal., As has been mentioned
earlier, extractlon of chromatin with 0.05 M DOC yields =z
nucleoprotein sample which is almost completely devoid of
histones II, III, and IV, but which still has practically

all of histone I still attached. Free-zone electrophoresis

bk

of this sample also ylelds a broader electrophoretic band:
however, again there is no indication of any bimodal char-
acteristics. It, therefore, appears that the 25 to 30 per
cent difference in the distribution of total protein in the
0.6 M WaCl extracted chromatins observed by Ilyin and Goer-
ziev (1969) is not completely due to differences in dis-
tribution of histones II, III, and IV. Moreover, since
free-zone electrophoresis, which separates mainly on the
basis of charge differences in chromatin molecules, shows
no bimodal nature, we must look to other sources for the
cause of the bimodal distribution of formaldehyde~fixed,

0.6 M FaC

e

fomd

extracted samples in a CsCLl density gradients.
Thermal denaturation and electrophoretic mobility

data both eliminate the possibility that a large number of

molecules of a single histone fraction sgit side by side over

long stretches of DA, They, however, do little more to

precisely define the situation. One possible arrangement

of the various histone fractions along the DWA chailn would
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be the situation in which individual molecules of the seven
major specles of histones succeed one another down the chalin
in a regular, repeating fashion, producing a repeatinz and
completely invariant sequence of histone molecvles, Since
partially dehistonized samples yield more broadly migrating
Agﬁgmp reaks upon free-zone electrophoresis than does pure
DA or native chromatin, the DNA segments (molecular weight
approximately 3 x 106) of chromatin must be complexed with
varying amounts of the different histone fractions, Con-
seguently, prartial removal of histones generates a set of
nucleoproteln molecules of higher diversity in charge @isé
tribution than would be expected if the histones were dig-
tributed along the DNA chain in an invariant, repeating
sequence, We conclude that the various histone fractions
are somewhat heterogeneously distributed along the DWA,

DHA contained in native chromatin has undergone a con-
formational change which is expressed as an increased
absorptivity at zéomp and a reduced hyperchromicity upon
melting {Doty, Marmur, Eigner, Schildkraut, 1960; Tuan &
Bonner, 1960), Although the dissoeciation of a small amount
of RHA of unknown secondary structure in pea bud chromatin

~

makes the interpretation of melting profileg more difficult,
we obgerve a gradual increase in hyperchromicity upon
melting as increasing amounts of total histone are removed

by extractlion of chromatin with increasing concentrations



of DOC., The same gradual increase in hyperchromicity is
seen with samples which have had increasing amounts of total
histone removed by NaCl (Tuan & Bonner, 1969) and GuCl
(Levinson, Smart, & Bonner, 1969). If this increase in
hyperchromicity upon melting represents a loss of the con-
formational change characteristic of DNA contained in native
cahromatin, then the change would not appear to be dependent

upen the presence of any one particular histone fraction.
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TETRODUCTION

Deoxycholic acid and cholic acid have been used ex-

tenslvely in the isolation of many subcellular components.

r
o
9
E.lo
p’)

cally all of the procedures employed have taken ad-
vantaze of thelr detergent-like properties to sclubilize
varicus components of

t
amples 1lnclude =zentle lysis of bacterial membranes (Razin

& Argaman, 1063; Godsen & Sinsheimer, 1967), isolation of
specific membrane fractions from several orzanisms (Burk-
hard & Xropf, 1964; Lenaz et al., 1968), isolation of poly-

gsome and other ribosome fractions (Monreoy, Mazgio, & Rinal=
J 9 #

di, 1965), and opurification of nucleic acids (Colter
Casper, & Hllem, 1962),., Despite the widesprezad use of de-

oxycholic acid and choliec acid, relatively 1ittle has been
done towards furthering the understandine of the mechanism
by which these agents act.

We have reported that increasing concentrations of the

sodium salt of deoxycholic aecid dissociate the various his-

7

tone fractions in an order which is very different from

that reported with other dissoclating agents, and at con-

centrations which are an order of macnitude less than those

.

reported wilth other =z

i

ents. The various

o
fow

differ markedly in the ratics of lysine to arginine, net
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Tuan & Bonner, 196%8). In an attempt to zain some insicht

into the mechanism by which sodlum deoxycholste dissocliates

the various histone fractions from chromatin, we have
gtudied the reversibility of the binding of DOC to chroma-

L8 v ®

tin and the effects of increasginz concentrations of a few
cholanic zcids and thelr conjuzated derivatives on histone

dissociation patterns.

RESULTS

Because 1lrreversible binding of the detersent-like DOC
anion to partilally dehistonized nucleoprotein would sicni=-
Ticantly alier bilophysical and biclozical properties of the
nucleoprotein complex, we have investigated bindins of GTﬁ—

labelled DOC to chromatin.

The reversibility of binding of DOC to native chromatin
was neasured by incubating chromatin with varying concen
trations of ¢14-D0C for 30 minutes at 0° C., and then
nz the chromatin-DOC mixture to centrifucation
through a sucrose gradient. Sheared chromatin (Virtis "45,'

20 volts, 90 seconds) has a sop 4 25 to 30 5; consequently,
’TW R fod

E«J'

t ig readily sevarated from the small DOC molecules and
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Figure 6. Separation of chromatin and =D0C by sedimen-

tation throush sucrose. 0,29 ml of native chromatin (34,3

ﬂg@@wp) was incubated at 0° C. for 30 minutes with 0.01 ml
Y. ; i ; - . F .
of 'Hg-24-D0C (approximately 65,000 cts/min under the con-

/
TLC

ditions employed). The ~L0C=chromatin solution wasg then

in a Spinco SW65 rotor. TFractions were collected dropwise,
analyzed for Asgn -, and then plated on stainless steel
planchets for counting in a Nuclear Chicaco D81 planchet

counter. Approximate concentration of D0OC in the incuba-

tion mixture was 10”7 I (specific activity = 3.6 mc/mmole).
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micelles, 'The resulls obtained from such an experiment are
shown in Pigure 6. t is clear that no 014-DGG molecules

gedinment with the .5?31*6 ¥ ealk, If each histone molecule in
260
i ZH}J.

this sample had irreversible bound one DOC molecule, then
A of chromatin would have approximately 3000 cts/min

?60?

T

of C'“=DOC bound to i1t. The game result, indicating no ir-
ravarsible binding of D0OC to native or partially dehiston-

ized chromatin, has bheen obtained for samples treated with
increasing concentrations of DOC (up to 0.1 molar) and then
separated from DOC by sucrose gradient centrifugation or by

chromatozraphy on Biogel P«150, Therefore, fthe binding

of

godium deoxycholate to fully covered or partizlly dehiston-

ized chromatin appears Lo be readlily and compleltely rever-

Rudman and Kendall (1957) studied the effect of pH
upon the bindins of deoxycholic acld by human serunm albi-
min. They found s suppression of binding above pH 9. They

sugzested that this result was compatible with the existence

(O

of an electrostatic bon:

{

between the positively charged
e-amino group of lysine (pK 9.3), and the negatively charged
carboxylate zroup of the deoxychollc acid, as the primary
force resgpongible for the binding., If the binding of DOC
to the lysine of histones were the primary force iunvolved

in the histone dissocistion pattern observed with increasing



Binding of Varlious Cholanic Acids by Human Serum Albumiaj

Moles of chola-

Common ¥ame Structure nic zacid bhound

by one mole of
albumin

xrteress

ithocholic Acid

i)
)
®

OO
"
~151

i
Q
13
o]
2
CJJ
]
o
o
o0

(o e]

E_?o e

~J
i

C 3 o
0

g

O

~.1

(‘

},...

o

W

Di

w«m

Deoxychollic Acid 3,12=d1-0H-cholanic acld 245
Hyodeoxycholic Aeld 3,6-dil-0F-cholanic acid a2

Chenodeoxycheolic Sy (~di=0H=cliolanic aclid 540
Acid

droxycnolanic
Acids

ST

s

Cholic Acid 3,7412-tri~0H~-cholanic
acid 0.94

Cholanic

Glycodeoxycholic 5,12-d1~0H-cholanyl
Acid tlyvcine

iute
28]
L

Taurodeoxycholic s 12=-d1~0H=-cholanyl 2
dciad tcuria

g)
o

Glycocholic Acid s [y 12=tri-0H-cholanyl 0.92

glycine

Taurocholic Acid 3.7« 12=tr1=-0H~cholanyl O.54
taurine



Aelds by

1. Ten nl. of a 1 per cent human
(1.4 x 10”77 mM of albumin) was equilibz

5
o

rophotometricall

{(continued)

Serum Albumin

gerum albumin solution
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protein,

outer soluition was
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concentrations of DOC, we would expect to find that histone
I (25.5 mole per cent lysine) would be removed at the low-
est concentrations of dissociating agent, Histone II (16,1
mole per cent lysine) would follow at slightly higher con-
centrations of DOC, while histones III (8.6 mole per cent
lvsine) and IV (8.5 mole per cent lysine) would be the last
higtone fracilons to be dlssoclated. Since the experimen-
tally observed order of dissociatlion is histone II, fol-
lowed closely by histones IITI and IV, which are in turn
followed lastly by histone I, we feel that the formation of
such an electrostatic bond is not the primary force respon-
gible for the histone dissociation patterns observed when

chromatin is extracted with increasing concentrations of
Dco

Rudman and Kendall (1957) also revorted that the affin-

ity of various cholanic acids for albumin is reduvced by the

introduction of polar zroups into the steriod nucleus,

Table 2 shows thelr results on the binding of various chow-

-~

lanic acids by human serum albumin, It is readlly apparent
binding decreases in the order monochy=-

ihydroxy > trihydroxy cholanic acid, This vari=-

;..Jl

ation in bindinz amonz closely related cholanic acids

indicates the existence of forces, other than electrostatic,

between albumin and cholanic acids, The data suggested



that information of interest misght be obtained from studying

how changzes in the structure of cholanic acids affect his-

tone disscciation patiterns obtained when chromatin is ex-

tracted with increasing concentrations of various cholanic

q

The frzction of total higstone which remsinsg bound o

1A of chromatin after extraction with the sodium salts of
several cholanic acids is shown in Fisure 7. Sodium cholate
is 3 to 5 times less effective as a histone dissociating
agent than is sodium deoxycholate., Movenment of one of the

'

hydroxyl gzroups of sodium deoxycholate from the 12-positio:

Fond

to the 6-position (sodium hyodeoxycholate) has relatively

§,~h

ttle effect on the amount of histone dissociated by a
zilven councentration of cholanic acid. The monohydroxycho-
lanic acid serles was not sufficiently soluble in our buffer
system to allow a histone dissociation study. Conjuzation
of the carboxyl group of deoxycholic acid or cholic acid
with either glycline or taurine causes approximately a 1.5
fold reduction in the histone dissoclating cavacity of the
cholanic acid. Conjusation of cholic acid with glutamic
acld, however, restores the ability to dissociate histones

to its original level (same as unsubstituted cholic acid).

Because sodlum cholate occuples an intermediate posi-

tion between sodium deoxycholate and sodium chloride in its
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Ficure 7. The weight fractlon of total histone remaining

L ‘

bound to DNA after extraction of chromatin with increasing

concentrations of the sodium salits of various cholanic

acids and some of thelr conjuzated derivatives,
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to selectively dissociate the various histone fractlons was
investigated., Pigure 8 presents data on the fraction of
tone fraction remsining bound to the DNA of chro-

matin after extracition with increasing concentrations of

godium cholate., At a siven amount of total histone removal,

'_.h.

more histone I 1g removed by sodium cholate than by sodlum

2bility to selectively leave histone I
attached to the DNA while removing histone II, ITI, and IV

N\

is apparently diminished by the higher concentrations of

dissoclating azent required for a given amount of total
histone removal when a third hydroxyl group is introduced
into the steroid nucleus.

Thermal denaturation of partially dehistonized sanmples

was studied in order to provide an independent indication
of the degree and type of histone fraction removal, Flgure

9 shows the Tm of samples which have been partially dehis-

-

tonized by extraction with increasing concentrations of de-
xycholic acid, cholic acid, and a few of thelr conjugated
derivatives, In order to provide a clearer feeling of the

type of histone fraction being removed at a given per cent

total histo

pur

e removal, the data have been replotited as frac-
tion decrease in T  (where 740 0, = 0 and 44° ¢, = 1.00)

o~

versus fractlon of total histone remaining bound to the
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gure 10).
The stablilization of the DHA double helix agalinst

thermal denaturation by increases in the lonic strenzth o
¥

4

the melting mediuvm has been well documented, and for 2 gz

o]

ven

[_,_'-

.

D4 increases by approximately 18° ¢./log [a] (Dove &

Davidson, 1962). Therefore, a

jon

ecrease in the T,'s of par-

-

tially dehistonized samples of chromatin would be expected
to show some dependence on the number of histone positive

charges still attached to the DNA, and, consequently, some
dependence on the arginine plus lysine content of the his-

tone fractions still attached to the DA, Comparison of

sodium chloride data (Smart & Bonner, 1969) and sodium de-

fomd

oxycholate data yile

nete

.dg the expected differences

sk
st

!
i
&
i~

Tm

changes. Thus, removal of 20 per cent of total histone by

¥aCl (only histome I removed) produces a decrease in the T

of the partlally dehistonized sample which is approximately
2 to 3 times as greatl as that observed when 20 per cent of
total histone is removed by DOC (only histone II removed),
Thege decreasges are 1n zood azgreement with the differences

113

in the net positive charge per amino acid of the s

it
~3
[._J-

0 his-
tone frzctions {(from amino =zcld composition data of PFam-
brouzh, 1967); histone I has 0.183 net pdsitive charses per
amino acid, while histone II has only 0.084,

Fizure 10 also shows that decreases in the T 's pro-
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Figure 10.
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duced by extraction of chromatin with increasing concentra-
tiong of various xycholic aclid derivatives as a function
of total histone remalning bound to the DL closely parallel

those for deoxycholic acld. On the other hand, decreases

l_..'t

n T produced by extraction of chromatlin with increasing
m . L 25

ok

concentrations of cholic acld and its derivaitives are

o+

slightly zreater per weight fraction histone removed. This

observation is in accord with the relatively early removal

Lo 4

of histone I by sodium cholate (see Fizure 2 and 8). It

also appears thalt the sodium salts of the various deriva-
tives of deoxycholic acid and cholic acid selectively dis-
socliate histone fractions in 2 pattern simllar to that of

the parent compounds.

The first conclusgion of this section ig that the

binding of sodium deoxycholate to chromatin componsnts
appears to be readily and completely reversible. Sec ondly,

we conclude that the formation of an electrostatic bond

2

between the positively charged e-amino group of lysine and
the negatively charged carboxylate group of deoxycholic azcid
(suggested by Rudman and Kendall (1957) £ the binding of

eoxycholle acld to hyuman sgerum albumin) is not the rrimary
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forece responsible for the hilstone dissociation pzttern ob-
gerved when chromatin 1s extracted with increasing concen-

OC.,

b4y

trations o
The lowering of the chenical potential of the agueous
chromatin-cholanic acid solution, which occurs when the cho-
lanic acid complexes with histones and other chromatin conm-
ponents, certainly involves changes in the activiiy co=-
efficients of histones and DNA, These changes, however,
are very conplex and the actual effect on the activiiy co-
efficlients of the DHA and histones is difficult to predict.
e feel, on the other hand, that the complexing of the
relatively hydrophoblc DOC anion with hydrophobic reglions

of the positively charged histones, certalinly lowers the

Consideration of the amino acid composition data of
TPambrough (1967) shows that the various histone fractions
contain the hydrophobic amino acid residues of valine, iso-
leucine, leucine, tyrosine, and phenylalanine in th

following amounts:; histone I, 12,1 mole per cent; histone

-1
|

, 23,4 mole per cent; histones III and Iv, 26,0 mol

[
g
W
=

cent., Although thesge data do not consider sequentiszl

lir]

arrangement of these residues in the histones, they are

consistent with the hypothesls that DOC should form more

(a1

stable hydrophoblic complexes with histones II, III, and IV
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"

than with histone I, With no correcition for amide groups,
the (lveine + arzinine) - (zlutamic acid + aspartic acid)
content for the wvarious histone fractions is: histone I,
18.3 mole per cent; histone II, 8.4 mole per cent; histones

IIT and IV, 2.1 mole per cent. The mole per cent of net

{2

fte

vositive charges per histone fraction, therefore, is an

inverse function of the oxder of removal with increasing

wpgest that the driving foxece for the interaction
between the cholanic zcid anion and histones is the lowering
of the activity coefficlent of the cholanic acid anion which

by interactlon with hydrophobic regilons of the histones

When a cholanic acld anlion interacts with a histone mole-
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the net positive charze of the

histone molecule, thereby lowering the lonic strength of

tone and histone-DNA hydrophobic interactions. It is pos-
sible that these interactions may account for the fact that
ionic dissocliating apents, such as NaCl, WaCl0,, and GuCl
selectively remove histone I, the histone fraction with the
hizhest net positive charge density per amino acid, at lower

concentrationsof di

n

goclating acent than those reculred to
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remove histones II, III, and IV.

W

e propose that cholanic acid anions preferentially

e - noo 1l o LY

interact with those histone fractions which contain the
highest mole per cent hydrophobic amino acids, namely his-

tonesg II, ITI, and IV. This interaction will lower the net

- ”~

positive charze of

these histone fractions and reduce hise-

tone-histone and histone-D hydrophobic interactions.
¥ £

With these assumptions we expect sodium deoxychola
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repove histones at much lower concentratlions of dissociating
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lissociating agents - such is the ex-
perimental observatlon., e also expect DCC to selectively
remove histones II, III, and IV at lower concentbrations of

agent than those regquired for removal of hig-
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ot
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g the experimentally observed pattern of

histone dissociation, Since the introduction of a hydroxy
the sterold nucleus effectively lowers the ac-

L e

tivity coefficient of the cholanic acid in agueous gsolution,

)
4y

we expect sodium cholate to be less effective in dissocio-

tion of histones from chromatin, as is experimentally ob-

P

served. Conjugation of the cholanic acid with a compound

!

which is relatively less hydrophobic will result in a2 low-
ering of the activity coefficient of the conjugated deriva-
tive inm agueoug solution., Consequently, conjugation of

deoxycholic acld or cholic acid with taurine or glycine
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should, and doesg, make the product less effective in the
b 3

dissociation of histones than

The importance of the negatively charged carboxylate group

of the cholanic acld in the orizinal binding of the cho-
lanic acid anion %o histones, and/or the subsgsequent lowering

the histone %o which it has

F

of the net positive charze o

bound, and/or its contribution to the ionic

disgsociating mediun, 1s demounstrated by the effectiveness
of sodium glutamy lcholate a8 o histone disscciating azent.
It appears that the presence of the additional negabively
charged carboxyl zroup compensates for the expected lowering
of the activity coefflcient (due to the presence of the hy-
drophilic carboxyl group) of sodium gluitamylcholate in
aqueous solution,
Since addltion of a third hydroxyl zroup to the steroid
nucleus lowers the asctivity coefficient of the cholanic

acid in aqueous soluvtion, less cholate anion is expected to

<A

be bound to the histones than deoxycholate anion at a given

the wvarious hisgtone fractions =zs much as the same concen-—
tration of deoxycholic acid, Dissoclation of histones by

diuvm cholate, therefore, would be expected t0o be more

lependent upon

oif the dissoclating me-
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dium, and consequently, would be expected to yvield a dis-
sociation pattern of the various histone fractions whieh
would be intermediate between sodium deoxycholate and ionic
dissociating agents, such as sodium chloride, The data
show that althouzh sodium cholate is about 7 to 10 times

as effective as sodium chloride in the dissociation of
total histone, it is only 2 to 3 times as effective in the

dissociation of histone I.
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STUDIES ON THE ROLE OF HISTONE

STRUCTURE OF CHROMATIE

3

TH



IHNTRODUCTION
The DHA contained in
is complexed with proiteins and usual

RWA,., This nucleoprotein complex, as
cells, is referred to as chromatin.

the proteins contained in chromatin

of seven major specieg all of which
per cent arginine plus lysine conten
histones to DHA results in neutraliz
of the negative phosphate zgroups of
commitant structural changes in the

structure of chromatin is complex, a

several levels or organization,

its primary organization is at the 1
of the individual chromatin fibers (
19069; Pardon, Wilkins, & Richards, 1

1969)., The model which appears to b
mental observations is that of a

approximately

goiled to yield =z molecule with a wi

o
of 110 A. Caleculations show that th

the nucleus of hicgher organisns

recent studies

DA douhle helix

30 A with associated pr

sl 3D

ly a small amount of
found in interphase
The major portion of

are histones, a family

possess a 20 to 30 mole

t. The complexing of
zatlon of a larse portion
the DNA, and a few con-
DNA, Although the

nd probably concerns

-

indlcate that
evel of superceilin
Bonnezr,
Moundrianakis,
est account for experi-
(width
which

oteln) is super-

i D . .
dth of ©0 A and a pltch

o

e resulting structure
produces about a 40 per cent shortening of the DNA molecule
in chromatin, and tilts the plane of the basges in the double
helix to an angle of approximately 35° with respect to the
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molecular axis of the chromatin molecule., It is also
observed experimentally that the DHA contained in chroma=

tin has undergone a conformational change which is expressed

-

as an lincreased absorptivity and, also, a decreased hyper-

chromicity upon melting (Tuan & Bonner, 1969).
5 e 5

The &

2]

issociation of chromatin with increasing con-
centrations of I'aCl selectively removes histone I (lysine-
rich)-aﬁ lowest concentrations of dissociating agent. Higher
concentrations of Mall remove histone II (slighitly lysine-

&

rich) and histones IIT and IV (arginine-rich) {(Ohlenbusch,

Olivera, Tuwan, & Davidson, 1967; Fambrough & Bouner, 1968;

Georgiev, Ananieva, & Kozlov, 1966; Tuan & Bonner, 19693

Smart & Donner, 1969). Smart, Hadler, and Bounner (1969)

have reported that increasing concentrations of sodium de-

e

xycholate (DOC) dissociate histone II at lowest concen-
trations of dissoclating agent, while slightly higher
concentrations remove histones IIT and I

last histone fractlon to be dissoclated by increasinz con-
centratlions of DOC, We have compared the effects of selec-
tive removal of histones from chromatin by increasinz con-
centrations of sodiuwm deoxycholate with those caused by

concentravions of sodium chloride. Properties

<
Q’J
-
@
o
l_,.'l

nclude thermal denaturation, sedimentation veloc-
ity, flow dichroism, relaxation times of molecules oriented

in a flow field, and the irreversible disruption of a 1308,
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crosg-linked component of sheared chromatin. The data
indicate that ag evidenced by selective removal of histone

the structural or chemical parameters wi

b

studies, none o

ok

fal

et

thich these properties are correlated show a dependence on

the presence of one riticular histone fracitlon.

METHODS AND MATERIALS

Preparation of Chromatin, Pea bud and calf thymus

chromating were prepared by the methods previously des

cribed (Smart, Hadler, & Bonner, 1969). The chromatin had

-~

2 final concentration of 20 to 40

i

e

26Omp’ a ratio of Ae)omp/
&2601F of approximately 0.75, and a ratio ABQOmp/ 260my; of

less than 0,034, The pea bud DNA contained in chromatin is

o

complexed with histone proteln, nonhistone protein, and

in the mass ratios DHA, 1.0; histone, 1.05; nonhistone,
0.50:; RHA, 0.12, Calf thymus D4 is complexed in the mass

R

ratios D

, 1.00; histone, 1.,00:; nonhistone, 0,30.

4

Isolation of Chromatins of Differing Sedimentztion Co-

efficients. Chalkley and Jensen (1968) reported that prep-

%

arations of calf thymus chromatin (referred to as nucleo-

histone in their studies) contain a continucus distribution

of chromatin molecules which range in sedimentation coeffi-

"

cilent from 25 to about 200 S in 0.01 ¥ Tris, pH 8. Two

fractions with s,q  of 30 and 150 5 were isolated by them
¥
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ag previously described (Chalkley & Jensen, 1968).

S

Histone Dissgociation Studles. To assure that the

chromatin was not subjected to a sodlum deoxycholate or so-

-

diuvm chloride concentration hizher than the desired final

Q

one, partially dehistonized samples were prepared as des~-
cribed previously (Smart, Hadler, & Bounner, 1963),

Thermal Denaturation and Ultraviolelt Absorption, The

amples were dialyzed exhausgtively
pH 8, diluted to approximately

1 AQ@O with dialysate, and melted in a Gilford Model 2000
mp

(

multiple sample absorbance recording apparatus adapted for

"y

the recording of melting profiles. The rate of temperature

¢

increase was 0.5 to 1.0 dezree/minute., Ultraviclet absorp-
tion spectrs were determined with a Caryv recording spectro-
vhotometer, Model 11.

Sedimentation Analysis, Sedimentation veloclty was

T

studied using bend-sedimentation technigues elither on pre-

formed sucrose zradients in a Spinco Model L ultracentri-

1ts in Spilnco

3
l,.Jl
D

fuge or on self-zenerating density zra

i
o

b

¥odel B analytical ultracentrifusze (Vinograd, 1963), In the

analytical centrifure DBO was used to form the zoradients.

3
By
™

hal
@
o
ok

1ial specific volume of the partially dehistonized
chromating was determined as a

specific volumes of DNA (0.555

1065) and of histones (0.745 cc/em)
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& Bonner, 1969),

Flow Dischroism Measurements, Flow dichroism was per-

formed as described by Callis and Davidson {19240a) in 0.0025

M Tris, pH &, using thelr apparatus, In thelr apparatus,
the flow 1s down a long, narrow channel with an unpolarized

lipght beam along the direction of flow., The apparatus has

the following advantages: dilute macromolecule solutions

can be used (0.2 ), high shear gradients are easily

A

s 6021}1
obtained (up to 21,000 sec‘]), and only small volumes of
solution are needed,

Eelaxation Times of Molecules Orilented in a Flow Pileld,

The relaxation of the flow dichrolism siznal of native and
dehistonized chromatin was performed as described by Callis
and Davidson (1969b} in 0.0025 M Tris, »H 8, using their
apparatus, Under the conditions employed in this study,
the actual time required for stoppasge of flow is 3 $o 5 x
1077 sec,

.

Precipiltation of Chromatin In order to obtain a stan-

dard and reproducible measure of precipitation, we have de-
ined precipitated chromatin as that material sedimented

from solution (0.1°€

i

o]

i

ot

=

aCl - 0.0025 Y Tris, pH 8) in 10
minutes at 10,000 x g. The assay was performed by slow

adding 1/3 volume of 0.6 M WaCl - 0.0025 ¥ Tris, pH 8, to 1
volume of chromatin solution (approximately 10 Agggm]) con-

taining 0.0025 M Tris, pH &, with vigorous stirring on a
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Vortex mixer. After 10 minutes on ice, the solution was
centrifuzged in a Servall 88-34 rotor at 10,000 rpm for 10
minutes., The supernatant was removed by pipetting, ana-
lyzed for Agéom material, and then dialyzed extensively
P
against 0.0025 M Tris, pH 8. The pellet was removed, re-
suspended by Teflon homogenization, and dlalyzed extensive-
ly azainst 0.0025 M Tris, pH 8. Dialysis of supermatants
and pellets was carried out in a glass stoppered, gradu-
ated ecylinder mounted on a2 slowly rotating carrier, A
small air bubble in the dialysis tubes resulited in con-
stant stirring. All operations were carried oubt at 0O to

40 g,

Chemical Analvysis, DNA, histone protein, nonhistone

protein, and RNWA analysis were performed as previously des-

cribed (Smart, Hadler, & Bonner, 1969),

i =

Digsc Gel Blectrophoresis of

Histones, Acrylamide disc

zel electrophoresis of isclated histones was performed by
the method of Bonner et al., (1968a), The quantity of each
electrophoretic component was determined by densitometry
after FPambrough {1967).

Mote: All assays were performed within one week of the

preparation of chromatin.
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RESULTS

Samples of chromatin which have been partially de-
histonized by increasing concentrations of sodium chloride
(Nall) or sodium deoxycholate (DOC) are more heterogeneous
in protein distribution than native chromatin or pure DWA,
This is shown by an increase in the band width of formal-
dehyde-fixed samples in a cesium chloride density sradient
(Ilyin & Georglev, 1969; PFarber, Smart, & Bonner, 1969).
These samples also have an increased heterogeneity in
charge distribution over that of native chromatin or pure
DHA, as shown by the increase in electrophoretic dispersion
{band width) of the samples upon free-zone electrophoresis
(Oklenbusch, Olivera, Tuan, & Davidscn, 1967; Smart &
Bonner, 1969; Levinson, Smart, & Bonner, 1969), To provide
st1ll more evidence that a sample of partially dehistonized

chromatin is composed of many discrete, slightly differer

b
ot

types of molecules, we have subjected the samples to frac-
tionation by precipitation in 0.15 M NaCl. Whether chroma-
tin remains soluble or aggregates is largely dependent upon
the effective charge on the chromatin molecules {(Jensen &
Chalkley, 1968). ¥When the solvated, soluble form with its
over-all negative charge is electrostatically neutralized
in 0.15 ¥ WaCl, solvation is reduced and the molecules

interact to yield the aggregated form. Thus, we expect the
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precipitabllity of chromatin to decrease as increasinz
amounts of histone are removed, If partially dehistonized
chromatin samples are in fact composed of molecules which
contain varying proportions of DNA to histone, we would
anticipate that partially dehistonized samples should be
precipitable to an extent intermediate between the observed
90 to 98 per cent characteristic of native chromatin and the
O per cent characteristic of pure DNA. The pellet (preci-
pitated portion) of samples with intermediate precipitation
values should consist of a class of nucleoprotein molecules
of a higher histone to DA ratio than that found in the
supernatant (soluble portion). Pigure ta presents the
melting profiles of a chromatin sample which has been ex-

tracted with 0.04375 i

1

DOC, and of the supernatant and pel-
lets obtained from this sample by fractionation in 0.15 I
NaCl (approximately 66 per cent of the AE@Omp material of
this sample was recovered in the pellet). The Ty of the
original sample is 2.6° ¢, lower than the Ty of that portion
which remained soluble. Inspection of Table 1 and Table 2
indicates that the 8.1° ¢, difference in the T, 's of the
precipitated soluble fractions obtained by fractiomation
with 0.15 M Nall, can represent a 15 per cent difference in

histone content of the two fractions., In order to obtain a

better understanding of the fine structure of the melting

profiles, we have replotted the data as a derivative of



Approximately 606 ver cent of the A560.... material of this
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sample was precipltable, Helting was done in 2.5 x 107~

E-:L'--:i;
e

. o correction for thermal expansion,

Pigure 1b., The derivative with respect to temperature,
(h[t41] =h [7=1] )/2, of the melting profiles presented in
Pigure 1a., Histone stabilized material under peaks from

70 to 759 C. and 80 to 8%° (., and DNA-like material under
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Asgn wlth respect to temperature in Figure 1b. It is

mp
clear that the original sample contains more histone-
stabilized material (peaks 70 to 75° C. and 80 to 85° ¢.)
and less DNA-like material (broad peak 40 to 55° ¢.) than
does the 0.15 M MaCl soluble portion of the sample, and,
conversely, less histone-stabilized and more DNA-1like mate-
rial than the portion which precipitated in 0.15 ¥ WaCl.
Thus, partial removal of histones does not result in a uni-
form alteration of chromatin,

The value obtained by measurement of any blophysical
or biochémical property of a partially dehistonized chro-
matin sample, therefore, can only be considered an averaze
value made up of the contributions of all the individual,
discretely different nucleoprotein molecules in the sample,

A comparison of dissociation of total histone from
chromatin by increasing concentrations of sodium chloride
(appendix of this paper) and sodium deoxycholate (Smart,
Hadler, & Bonner, 1969) is presented in Table 1. NWall se-
lectively and completely dlssociates histone I at concen-
trations less than 0.6 molar, while higher concentrations
remove histomes II, III, and IV, In contrast, histone IT

(@]
[

@

is selectively removed by low concentrations of D
Slightly higher concentrations of DOC remove histones III
and IV. Historne I is the last histone fraction to be ex-

tracted by this agent.
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Tabhle 1

Dissoclation of Total Histone Protein from Chromatin

by HaCl and DOC

Fraction Total Fraction Total

Description Histone Removed Descriphtion Histone Remowved
e from DHA' from DIAZ

Control 0.00 Control .000
0.15 If NaCl 0.01 0.0050 M DOC =~ 043 I ,014
0.30 M TaCl 0.04 0.0150 M DOC .260 T .040
0.50 M NaCl 0.18 0.0250 M DOC 485 T 027
0.60 ¥ NaCl 0.25 0.0375 M DOC 668 T o4
0.75 Il WaCl 0.33 0.04375 M DOC 752
1,00 M NaCl 0.45 0.0500 M DOC .792 T 060
1.25 M NaGl 0.60 0.05625 M DOC  .862
1.50 M ¥aCl 0.80 0.0625 M DOC 895 T .035
2.00 ¥ NaCl 0.90 0.0750 M DOC 040 T 035
2,50 I NaCl 0.96 0.1000 M DOC L7B T J0¥1
3,00 I WaCl 0.99 0.1500 ¥ DOC 974 T L0009

1. Data from appendix of this paper.

C

\D

)
O
Saaes”
[ 3

2., Data from Smart, Hadler, and Bonner (1
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Consideration of the aminc acid composition data of
Fambroush (1967) reveals that the (arginine + lysine) -
(glutamic acid + aspartic acid) content of the histone
fractions (no correction for amide group losses) is:
histone I, 18.3 mole per cent; histone II, 8.4 mole per
cent; hisgstones III and IV, 2.1 mole per cent. The welght
fraction of the various histone components in the chromatin
used for these studies is histone I, 0.14; histone II, 0.80;
histones III and IV, 0.26. The combination of these datsa
with thoge for fraction of each histone component removed
from chromatin by increasing concentrations of WaCl (Ohlen-
busch, Olivera, Tuan & Davidson, 1967; Fambrough & Bonner,
1968) Tuan & Bonner, 1969; appendix of this paper) and DOC
{Smart, Hadler, & Bonner, 1969) makes 1t possible to cal-
culate the fraction of histone net positive charge removed

from the chromatin by the two methods of dissociation.

B

Tigzure 2 show

[

[

the caleoulated fraction of histone net posi-
tive charge removed from the DNWA of chromatin versus the
fraction of total histone removed from the DN4L, The re-
moval of a glven weight fraction of histone by Hall gener-
ates a set of nucleoprotein molecules which, on the whole,
have a much higher over-all negative charge than does the

set of nucleoprotelin molecules generated by the removal of

an equlvalent welght fraction of histone by DOC. Tor
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Pigure 2. The calculated fraction of histone net positive

o

charze removed from DFYA versus the fraction of total hig-

after extraction of chromatin with

increasing concentrations of DOC or NaCl. Awmino zacid com-

fped
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rom PFambrouszh (1967); datas
on total histone and individual histones removed by DOC

from Smart, Hadler, and Ronner (1

0O

63): data on total his-
tone and individual histones removed by Fall from appendix

of this paper and Fambrough and Bonner (1968)

®
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example, dissociation of 26 per cent of total histone by
DOC removes only 13 per cent of the histone net positive
charze, while dissociation of 26 per cent of total histone
by Tall removes about 35 per cent of the histone net posi-
tive charge.

Em values for chromatin samples partially dehistonized

dix of this

3
Jod

by increasing concentrations of NaCl (appe

(o))

paper) and DOC (Smart, Hadler, & Bonmer, 1960) are presented
in Table 2, The melting profiles of the partially dehiston-
ized samples are considerably broadened, but not cleanly

divided into a DNA-like and native chromatin region. Fizure

5 plots the data presented in Table 2 as fraction decrease

jie

n T, {where 73.8° C. = 0 and 43.0° C. = 1,00) versus frac-
tion total histone removed from DNA. The removal of a
ziven welght fractlon of total histone by NWall generates a
nucleoprotein sample which has a lower Ty than does the
sample generated by the removal of an equivalent weight
fraction of total histone by DOC. Pigure 4 shows the frac-

versug the fraction of histone net

o
et
I

tion decreas
- poslitive charge removed from the DHWA, When plotted in this
manner, the two methods of histoune dissociation yield es-
gsentially ldentical curves., These data are consistent with
the interpretation that the different histones fractions do

not vary greatly in thelr ability to stabilize the DUA



o
Wi

Table 2

of Chromatin Partially Dehistonized by ¥all and DOC

Degeription Tm Desecripiion Tm
Control 73.8 * 0.5 Control 73.9 1 0.5
0.15 ¥ HaCl 73.2 ¥ 0.8 0.0050 M DOC  73.4 * 0.6
0.30 M NaCl 72,3 t 0.8 0.0150 ¥ DOC 71,5 % 0.6
0.50 M ¥aCl 67.6 L 9.2 0.0250 ¥ DOC  68.3 & 0.7
0.60 ¥ FaCl 66.2 * 0,2 0.0375 M DOC  64.1 % 0.9
0.75 K KaCl 64.6 + 0.4 0.04375 M DOC 60.5 % 1.0
1.00 ¥ WaCl 63.6 = 0.7 0.0500 M DOC  58.0 * 1.6
1.25 ¥ ¥aCl 59.9 t 0.8 0.05625 M DOC  52.5 % 1.4
1.50 M NaCl 50.2 ¥ 1.1 0.0625 M DOC  47.8 % 1.0
46.2 £ 0.8 0.0750 ¥ Do¢ 44,6 + 0.5
2.50 M ¥NaCl 43,0 £ 1.5 0.1000 ¥ DOC 44,0 % 0.6
3.00 M FaCl 43.0 1.0 0.1500 M DOC 44,0 % 0.7
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Pilgure 3, The fraction decrease in 7T
0 and 43.,0° ¢, = 1.00) versus the fraction of total histone

removed from

extraction of chromatin with in-

creasing concentrations of DOC or NaCl., WHelting was done

2

in 2.5 ¥ 10~% BEDTA, pH 8, ¥o correction for thermal ex-~

pansion.
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Pigure 4, The fraction decrease in Pes (where 73.8° ¢, =
0 and 43.0° ¢, = 1.00) versus the fraction of histone net

positive charges removed from DNA after extraction of chro-

s By »

metin with increasing concentrations of DOC or ¥all., See

bty

Y

nistone net positive

b

Plaure 2 and btext for caleculation of

charges removed from DNA. The melting was done in 2.5 x

10~% M EDTA, pH 8., Ho correctlon for thermal expansion.
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double hellx against thermal denaturation provided that
correctlons are made for the net positive charsze contained
in each histone fraction.

Table 3 presents the SEQ’W values for samples of chro-
matin which have been partially dehistonized by inereasgsing
concentrations of NaCl and DOC., The wvalue of 31 8 for
sheared chromatin is in good zgreement with the value of 30
S obtalned by Challkley and Jensen(1968) for sheared calf

hynmus chromatin. The value of 15 to 16 § for samples com=

pletely dehistonized by DOC or NaCl is also in agreement

el

7ith the value of 14 8 which they obtalned for DA purified
from the chromatin. A4s noted above, chromatin aggresates
in 0.05 to 0.30 M Wall (Ohlenbusch, Olivera, Tuan, & Davide-
son, 1967; Chalkley & Jensen, 1968). When such aggregated
chromatin 1s redissolved and dialyzed against 0.0025 ¥ Tris,
pH 8, it exhibits a 800, slightly greater than that of
native chromatin (Richards, Smart, & Bonmner, 1969). It has
also been shown that samples of chromatin which have been
partially dehistonized by treatment with sodium chloride

concentratlions up to 1.0 I are still capable of partial pre-

e
ey

cipitation in 0.15 M NaCl (Smart & Bonner, 1969)., Inspec-
tion of partially dehistonized chromatin obtained in the

sucrose cushions of the 50,000 rpm, 10 hour centrifuzatio

=

after extraction of chromatin with 0.15 to 0.75 k¥ HaCl



Sog . ©OF Chromatin Partially Dehistonized by Wall and DCC
?

Description SQO,W Degeription S20,w
Control 31.0 * 0.6 Control 3.0 % 0,6
0.15 1 HaCl 5.4 £ 2.5 0.0050 M DOC 501 F 06
0.30 U 358 2 1.8 0.0150 ¥ DOC 28.9 £ 0.2
0.60 M 29.5 * 0.3 0.0250 M DOO 86:% T 0.3
0.75 1 NaCl 28.9 t 0.8 0.0375 M DOC 24,6 * 0.6
1.00 I aCl 24,8 * 0.6 0,0500 ¥ DOC 22.7 Y 0.4
1.50 M HaCl 20.6 ¥ 0.4 0.0625 M DOC 18,6 T 0,8
2,00 M ¥aCl 188 £ Bu3 0.0750 I DOC 17.1 £ 0.4
2,50 M NaCl 16,0 T 0.4  0.1000 ¥ DOC 16,3 £ 0.5
3,00 M ¥aCl  16.1 £ 0.2 0.1500 M D0G  15.3 ¥ 0.3
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reveals a hard-packed, slightly whitish pelletl character-

istic of partiaslls

v precipitated chromatin Therefore, we
might expect an erroneously high SQO,W value for samples of
chromatin extracted with concentrations of Nall within thig
range. Filgure 5 shows the fraction decrease in 800, w (where
31 8 = 0 and 15,3 8 = 1.00) versus the fraction of total
histone removed from the DNA by increasing concenitrations
of DOC or WaCl. Correction for the fraction of histone net
positive charge removed from the DNA yields essentially
superimposible curves above 40 per cent histone rem<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>