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ABSTRACT

The inner histone complex, extracted from chicken erythrocyte chromatin in 2 M
NaCI at pH 7.4, has been characterized by sedimentation equilibrium and sedimentation
velocity. High speed sedimentation equilibrium studies indicate that in 2 M NaCI the
inner histones are a weakly associating system with contributions from species ranging in
molecular weight from dimer to octamer. The appearance of a single boundary (3.8S at
2 M NaCI) in sedimentation velocity studies conducted over a wide range of protein con-
centrations and ionic conditions indicates that the various histone oligomers present are
in rapid equilibrium with one another. At higher salts the equilibrium is shifted to favor
higher molecular weight species; in 4 M NaCI essentially all of the histone is octameric
at protein concentrations above 0.2 rng7ml. The facile interconversion of histone oli-
gomers suggests that small alterations in histone-histone interactions may be responsible
for changes in nucleosome conformations during various biological processes.

INTRODUCTION

Extraction of histones from chicken erythrocyte chromatin with 2 M NaCI at pH

7.4 yields predominantly two species: a slowly sedimenting (1 .4S) fraction containing

the lysine-rich histones (HI and H5) and a rapidly sedimenting (3.8S) fraction containing

the "inner histones" (H2A, H2B, H3, and H4) (1). Sedimentation equilibrium studies

indicated an average molecular weight of about 51 ,000 daltons for this inner histone

complex (1 ) - approximately what would be expected for a tetramer containing one sub-

unit of each of the inner histones. This complex was shown to contain equimolar amounts

of the inner histones and was denoted a "heterotypic tetramer" (1). Since nucleosome

core particles appear to contain two of these heterotypic tetramers associated with 140

base pairs of DNA (2, 3), the heterotypic tetramer was postulated as a fundamental

structural component of the nucleosome, with important biological consequences for rep-

lication, transcription, and development (4).
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Researchers at another laboratory (5), using 2 M NaCI extraction of histones at

pH 8, suggested on the basis of chemical cross-linking experiments that the predominant

inner histone species in 2 M NaCI is a heterotypic octamer containing two each of the

four inner histones. More recently, equilibrium centrifugation results supporting a

histone octamer of 107,000 daltons were published (6). In yet another report (7), light-

scattering measurements yielded an apparent molecular weight of 56,000 daltons for the

inner histones in 2 M NaCI. The chemical nature of the "tetramer" remains in doubt as

well. While a great deal of data supports the concept of a heterotypic species (1, 6, 8)

others (9) believe the high salt histones are composed of a mixture of homotypic forms

(H3-H4 tetramers and H2A-H2B dimers). Molecular weight studies alone cannot distin-

guish these compositional differences. However, studies of the protein concentration

dependence and solvent effects on the molecular weights can be used as a probe of the

stability of various classes of oligomers.

Because of the continuing disagreement concerning the aggregation state of salt-

extracted inner histones, we have conducted our own molecular weight determinations.

Our results are consistent with the presence of a concentration-dependent mixture of his-

tone oligomers in 2 M NaCI. Furthermore, we show that at higher salt concentrations

(4 M NaCI) this equilibrium mixture can be shifted almost entirely into the octameric

form, with only slight dissociation at very low protein concentrations (<0.2 mg/ml).

METHODS

Inner Histone Preparation

Chicken erythrocyte nuclei were prepared from either fresh chicken blood or

frozen chicken blood obtained from Pel-Freez (Rogers, AR) (10). The nuclear pellet was

extracted with 0.35 M NaCI, 1 mM phenylmethylsulfonyl fluoride (PMSF). All subse-

quent buffers used in the isolation contained 0.1 mM PMSF to inhibit proteolysis. Nuclei
were swollen in 1 mM Na2EDTA and further swollen and lysed in glass-distilled water.

This crude chromatin was made 10 mM in Tris-HCI (pH 7.4), 10 mM in dithio-

threitol (DTT), and 0.1 mM PMSF. Solid NaCI was added slowly with thorough mixing

to a final concentration of 2 M, and the material was extracted for 6-24 hr. DNA was

removed from this extract by centrifugation in a Beckman Ti-50 rotor at 48,000 rpm for

12 hr at 4°C. The supernatant was collected and concentrated by vacuum dialysis. The
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concentrated NaCI extract (A278 :6.5) was layered on 5-20% sucrose gradients con-

taining 2 M NaCI, 10 mM Tris-HCI, 0.1 mM DTT (pH 7.2) and centrifuged for 44 hr at

50,000 rpm in an SW 50.1 rotor at 4°C. The 5-mi gradients were fractionated by use

of an ISCO Density Gradient Collector (Model 640) equipped with an ISCO UV-5

Absorbance Monitor. The rapidly sedimenting peak (Fig. IA), containing the inner

histones, and the slowly sedimenting peak, containing H5 and Hi, were separately

pooled; dialyzed against 2.0 M NaCI, 10 mM Tris HCI, 0.1 mM DTT, 0.1 mM PMSF

(pH 7.4); concentrated to 10 mg/ml; and stored frozen at -200C.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (11 ) of the two pools

is shown in Fig. B. Scans of the stained gel reveal that H3, H2B, H2A, and H4 are

present in equimolar quantities (± 10%) in the inner histone pool and that no other protein

band contributes more than 1% to the total mass. Furthermore, inner histones isolated in

this fashion contain no proteolytic fragments, nor does there appear to be any appreciable

contamination with DNA or nucleotides [as shown by negative diphenylamine assay and

the following spectral ratios for the inner histones in 2 M NaCI, 10 mM Tris-HCI,

0.1 mM DTT (pH 7.4): A278/A260 = 2.35 ± 0.05; A230/ 278 9.5± 0.1).

Analytical Ultracentrifugation

Samples of inner histones were prepared for ultracentrifugation by dialysis versus

several changes of 10 mM Tris-HCI, 0.1 mM DTT (pH 7.4) containing the desired concen-

tration of NaCl. After extensive dialysis, protein concentration was adjusted to the

appropriate value by dilution with dialysis buffer.

All ultracentrifugation experiments were conducted with a Beckman Model E

ultracentrifuge equipped with UV absorbance optics and scanner.

For equilibrium centrifugation, standard double-sector cells containing a sample

column of -3 mm were used. The meniscus depletion method (12) was chosen because

the distribution of protein at sedimentation equilibrium spans a broad range of concentra-

tions and is thus particularly suitable for analysis of associating systems. Measurements

of the partial specific volume (v) were made in 2 M and 4 M NaCI using the method of

Edelstein and Schachman (13). Histones were dialyzed exhaustively against buffers pre-

pared with either H20 or D203 and the distributions of protein in the two samples at

sedimentation equilibrium were compared.

For sedimentation velocity experiments, the dialyzed inner histone samples were

made 0.5% in sucrose by addition of 20% sucrose (in 2 M NaCI), then were loaded into
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synthetic boundary cells. Centrifugation was at 40,000 rpm. The results were treated

by conventional log rb versus t plots, where rb is the midpoint of the observed boundOry.

Corrections for solvent density and viscosity were bcsed on tabulated data (14) to obtain

s20,w .

RESULTS AND DISCUSSION

In Fig. 2, we show representative data from equilibrium ultracentrifugation runs

in 2, 3, and 4 M NaCI. At 2 and 3 M NaCI the curves of tn Y (Y is relotive displace-

ment of the scanner trace and is proportional to protein concentration) versus r2 are non-

linear, indicating molecular weight heterogeneity. At 4 M NaCI the data fall sensibly

on a single straight line as expected for a single homogeneous species.

Determination of molecular weight from the data in Fig. 2 is complicated by the

considerable uncertainty in the partial specific volume, v. The rather wide range of

published v values and estimated experimental errors are shown in Table 1 The range of

v values presently available translates into a molecular weight range of 36,500 daltons,

clearly an unacceptable level of uncertainty for the determination of absolute molecular

weights. The disagreement in v measurements may be due in part to evaporation of the

solutions with high salt concentrations or to uncertainty in the histone concentrations.

The relative molecular weights given by the least-square lines in Fig. 2 will be

unaffected by the absolute value of v provided the quantity remains constant over the salt

range considered here. On purely physical grounds, we would expect this to be approx-

imately true. In order to demonstrate that v remains constant throughout the salt range

studied, v was determined in 2 M and 4 M NaCI solutions by analytical centrifugation

(13). The results (Table 1 ) show no salt dependence. However, the relatively large

errors inherent in this method (-5-6%) prevent the use of v determined in this way for the

calculation of accurate molecular weights. The absence of salt effects on v has been

verified by others (8).

When the upper limit to the range of v values (-v = 0.767) is used, our equilibrium

data from Fig. 2 lead to an apparent weight average molecular weight (Mw) in 2 M NaCI

of 54,000, approximately the molecular weight of an inner histone tetramer. However

the curvature of the tn Y vs. r plot in Fig. 2 clearly indicates a range of molecular

weights from about 20,000 daltons to greater than 80,000. At 3 M NaCI the average
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Figure 2. Equilibrium centrifugation patterns of inner histones as a function of salt
concentration. T = 18°C; 32,000 rpm; buffer = 10 mM Tris-HCI (pH 7.4), 0.1 mM
DTT, and (A) 2 M, (B) 3 M, or (C) 4 M NaCI.

Mw is about 85,000, but again a mixture of histone oligomers is definitely present. At

4 M NaCI, however the protein is essentially monodisperse, with an Mw of 102,000.

The ratios of these molecular weights would, therefore, reflect a conversion from tetramer

to octamer (with possible contributions from hexamer) as the salt concentration is

increased from 2 to 4 M. The margin of error in the data at 2 M NaCI is too large to

permit a sensible distinction between homotypic and heterotypic tetramers. These molec-

ular weights have not been corrected for the Donnan effect. The appropriate correction

is given by equation 37 of reference 15 and requires a knowledge of the macromolecular

charge. If we estimate the maximum expected charge on the inner histones at pH 7 as
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Z 85, this equation predicts an increase of the molecular weights reported here by less

than -40o% (in 2 M NaCI) or -20/o (in 4 M NaCI). The ratios of the molecular weights

would remain essentially uneffected.

Lower limit values for the molecular weights in 4 M NaCI corresponding to v =

0.730 are also shown in Table 1 for comparison. These range from 40,000 (data not

shown) to 65,000 daltons in 2 and 4 M salt, respectively, and do not correspond closely

to any known histone oligomer. A molecular weight of 40,000 in 2 M salt would require

a mixture of four different histone trimers in order to account for the stoichiometry ob-

served on polyacrylamide gels (Fig. 1 B). We conclude, therefore, that the partial

specific volume of the core histone complex must be at the upper end of the reported

experimental range.

The apparent concentration dependencies which we observe from the distributions

of molecular weights across the equilibrium ultracentrifuge cell are shown at 2 M and 4 M

NaCI in Fig. 3. These curves were obtained by a floating seven-point linear least-

squares analysis of the data given in Fig. 2. At 2 M NaCI, the molecular weight distri-

bution is large, implying a mass action equilibrium among at least three predominant

species. At 4 M NaCI, however, the concentration dependence is small above 0.2

mg/ml inner histones. The scatter in the data at low concentrations is so large as to pre-

100 *

cs ~~ 050 *,^ ^

E 0
*1 A

0 0.25 0.5 0.75
CONCN. (mg/ml)

Figure 3. Apparent weight-average molecular weight (Mw,r) versus protein concentra-
tion of inner histones in 2 M (A) and 4 M NaCI (O), IO mM Tris-HCI, 0.1I mM DTT
(pH 7.4). Values of Mw r, corresponding to histone concentration c(r), were evaluated
for each radial posit'ion r 6y linear least-squares regression of seven data points on the
plot of tn c(r) versus r2 . T = 1 8°C, 32,000 rpm, 48-60 hr.
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clude the determination of solution nonideality effects, but the data nevertheless suggest

the presence of a single predominant species.

Sedimentation coefficients as a function of NaCI are shown in Fig. 4. Here the

sedimentation coefficients are given for a protein concentration of 1 mg//ml, but indepen-

dent experiments have demonstrated negligible concentration dependence. S20 is

remarkably constant over the salt range 2 to 4 M compared with the relative increase

found in Mw over the same range. The most probable explanation of this phenomenon is

that inner histone oligomers are in rapid chemical equilibrium so that the observed value

of S20,w represents a weighted average of the various species (16). Thus the slight up-

ward trend seen near 4 M NaCI would represent a greater contribution by the octamer.

We note that at this histone concentration (1 mg/ml) the equilibrium ultracentrifugation

demonstrates that a considerable fraction of the protein has a molecular weight greater

than the tetramer value (Fig. 3).

The sedimentation coefficient S20w = 3.8 is in excellent agreement with other

reports (1, 7, 8, 17) which attribute this value to a "heterotypic tetramer. " Our sedi-

mentation coefficient in 4 M NaCI, S20w = 4.2, is somewhat smaller than Thomas and

Butler's (6) value of 4.8 in their 2.0 M buffer, which they attribute to an octamer; and

I II 1
43

O0 2 3 4

[NoC I] (M)

Figure 4. Dependence of inner histone sedimentation coefficient (S20 w) on salt con-
centratio'n. Samples were prepared by d'ilution of a 10 mg/ml stock sofution of histones
in 2 M NaCI to a final concentration of I mg/ml at the desired NaCI concentration.
Centrifugation was at 20.0°C and 40,000 rpm.
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our value in 2 M NaCI is smaller yet. We are unable to account for these discrepancies,

particularly in comparing our 4 M value with Thomas and Butler's 2 M value, since little

evidence for polydispersity exists in either case. We also note that this sedimentation

coefficient is higher than the value (2.54S) reported for pure H3-H4 tetramer (18), though

the latter value was determined under much different ionic conditions than any of the

other sedimentation coefficients quoted here.

The uncertainty in the size and frictional coefficient of the histone octamer, as
manifested by the range of values reported for the molecular weight and sedimentation

coefficient of the inner histones, is very likely due to the strong concentration depen-

dence (in 2 M NaCI), salt and temperature dependence (9), and pH effects (1, 9) which

have been observed for inner histone associations. Nonetheless, both our data and the

results of others (8, 9) strongly suggest that inner histones in solution are an equilibrium

mixture which under favorable conditions (e.g. 4 M NaCI) can be driven into an octa-

meric form. This octamer is presumably analogous to the "octamer" of histones (2 each

of H2A, H2B, H3 and H4) found in nucleosomes.

Thus the inner histone complex can be viewed as a reversibly dissociating octamer

although the dissociation mechanism is not fully specified by the sedimentation equilib-

rium method. Dissociation is favored by low protein concentration (Fig. 3; refs. 8 and

9) or low salt concentration (Figs. 3 and 4; refs. 9 and 19). Low temperature also shifts
the equilibrium towards the octamer (9). Acidic conditions (pH <6) tend to cause the

complex to disproportionapte into a mixture of homotypic species (?). Despite this

plasticity of subunit organization, there appears to be remarkably little alteration in

histone secondary or tertiary structure accompanying these transitions. For example, the

ca-helicity of the inner histones is constant (51 5%) between 1 M and 4.6 M NaCI (20),
despite the significant alterations in quaternary structure which occur between these salt

concentrations. Furthermore, the intensity of tyrosine fluorescence of the inner histones

is also unchanged between 0.6 M and 4 M NaCI although large changes in fluorescence

intensity occur as a result of limited unfolding (i.e., partial loss of a-helix) below pH 5

(21). These observations, plus the rapid establishment of chemical equi li brium among the

oligomeric species present in the ultracentrifuge, imply that a variety of histone-histone

interactions can occur with little or no change in the conformation of individual subunits;
thus relatively small free energy differences exist between different association states.

In fact, the free energy change calculated assuming a heterotypic tetramer + octamer
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equilibrium in 2 M NaCI is less than 6 Kcal mole 1 (8) suggesting that only 2-3 weak

interactions are involved.

The extremely delicate equilibria between these various histone oligomers suggests

that the nucleosome particle may itself be in a state of dynamic balance between a number

of conformational states. Very recently electron microscopic analysis of nucleosome

crystals (22) has led to the same conclusion. We envision changes in histone-histone

interactions (as manifested by salt, pH, and temperature effects on the subunit associa-

tions of free histones) causing subtle alterations in the shape of the nucleosome which may

in fact be necessary for gene activation or replication.

Studies of nucleosome diffusion and sedimentation coefficients as a function of

ionic strength (23) indicate the presence of highly cooperative conformational changes in

nucleosomes; similar conformational changes brought about by salt or pH have been

studied by spectroscopic methods (24). Shifts to low pH (-5), for example, may reflect

a relative strengthening of homotypic H3-H4 interactions at the expense of heterotypic

interactions, with a consequent alteration of particle shape or stability. Such a change

may mimic similar structural changes brought about in vivo by histone modification or

binding of regulatory factors to the nucleosome.
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