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INTRODUCTION 
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The basic protein, histone, was first dis- 

covered in goose erythrocyte nuclei by Kossel in 

1884. Shortly thereafter histone was found in 

the thymus gland (Lilianfield, 1894) and in fowl 

erythrocyte nuclei. More recently histones hav 

been shown to occur in a wide variety of cell 

types and it is accepted that they occur in the 

somatic nuclei of all vertebrates (Mirsky & 

Pollister, 1942; Stedman & Stedman, 1944, 1947; 

Mirsky & Osawa, 1961; Phillips, 1962). 

Stedman & Stedman (1951) pioneered 

fractionation studies on histones when they 

effected a separation whilst attempting extensiv 

purification by repeated ethanol precipitation. 

Since then many workers have demonstrated the 

heterogeneity of histone and partial separations 

have been achieved generally into two fractions 

One, a lysine -rich protein, in which lysine 

accounted for 40% of the nitrogen and arginine 

for 5%, was more soluble and more readily 

extracted. The other, an arginine -rich protein 

in which arginine accounted for 28% of the 

nitrogen and lysine for 16%, was more readily 

precipitated (Stedman & Stedman, 1951; Davison 

& Butler, 1954; Daly & Mirsky, 1955). 

A variety of fractionation procedures have 
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been employed; fractional precipitation with 

ethanol (Stedman & Stedman, 1951; Gregoire & Lim'zin, 

1954; Ui, 1957; Bijvoet, 1957; Cruft, P.Tauritze: 

& Stedman, 1957); isoelectric precipitation 

(Davison, James, Shooter & Butler, 1954; Daly & 

Mirsky, 1955; Davison & Shooter, 1956; Cruft, 

Mauritzen & Stedman, 1958a,ó); chromatographic 

fractionation (Crampton, Moore & Stein, 1955, 

1957; Davison & Shooter, 1956; Luck, Cooke, 

Eldredge, Haley, Kupka & Rasmussen, 1956; 

Davison, 1957a,b; Hindley, 1957; Luck, Rasmusse 

Satake & Tsvetekov, 1958; Neelin & Butler, 1959; 

Davis & Busch, 1959; Phillips & Johns, 1959; 

Johns, Phillips, Simson & Butler, 1960; Rasmussen. 

Murray & Luck, 1962); fractional extraction 

(Davison & Butler, 1954; Ui, 1956, 1957; 

1959; Johns, Phillips, Simson & Butler, 1961; 

Johns & Butler, 1962). 

In 1953 Cruft presented electrophoretic 

evidence for the occurrence of three components 

in the histones from a variety of tissues and 

later Cruft, Ilauritzen & Stedman (1957) confirmed 

and extended these observations with ultra - 

centrifugal studies. They identified and 

prepared by controlled chemical fractionation six 
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components in calf thymus histone and carried 

out amino acid analyses on the fractions. Thus 

three a- histones comprising the fastest fraction 

on free electrophoresis were rich in lysine; the 

3- component had a high arginine content; and 

the slowest Y- component was composed of two 

proteins, separable by ultracentrifugation, in 

which lysine slightly predominated over arginine 

(Cruft, Hindley, ?vlauritzen & Stedman, 1957). 

Confirmation of the complexity of histones 

extracted from isolated nuclei from many tissues 

and different animal species came from the starcr 

gel electrophoretic experiments of Neelin & 

Connell (1959), Neelin & Neelin (1960) and 

Neelin & Butler (1961). At pH values below 

5.0 and at values up to pH 8.7 in the presence 

of 4M urea, Neelin & Neelin (1960) concluded 

that 16 zones were native histone components of 

calf thymus histone, while 22 zones were dis- 

tinguished overall. Further, Wolfe & R?cIlwain 

(1960, 1961) found that brain histones gave 11 

bands at pH 5, and starch gel electrophoresis at 

pH 2.3 in dilute hydrochloric acid (Johns et al., 

1960, 1961) separated calf thymus histone into a 

pattern of 10 bands. 
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Ion exchange chromatography was first 

applied to the fractionation of histones by 

Crampton, Moore & Stein in 1955. Using the 

carboxyl resin, l mberlite, IRC -50, with a 

gradient of barium acetate at pH 6.7, they 

eluted two peaks, A and B, but were unable to 

achieve a recovery greater than 75%. These 

observations were confirmed by Hindley (1957). 

Fraction A was a 13sine -rich component, but 

fraction B, which was slightly lysine -rich, was 

shown later (Crampton et al., 1957) to be hetero- 

geneous. Murray Luck and his associates (Luck 

et al., 1956, 1958) achieved a quantitative 

recovery of histone from the sodium form of the 

resin using a gradient of guanidinium chloride 

to 40% at pH 6.8. The first peak to be eluted 

was a double one due to lysine -rich proteins. 

The second peak was composite and was composed 

of slightly lysine -rich proteins while the last 

double peak contained arginine -rich histones. 

Neelin & Butler (1959) recovered 80% of the 

histone from sodium IRC -50 in a lysine -rich and 

three arginine -rich fractions using a stepwise 

gradient of sodium chloride up to 3 molar. 

Davison & Shooter (1956) and Davison (1957a) 
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employed carboxymethyl- cellulose (CM- cellulose) 

in the pH range 3 to 6.5. With a gradient of 

sodium chloride to 0.9 Molar Davison obtained a 

quantitative elution of histone separating two 

main fractions, the first being a lysine -rich 

component. 

CM- cellulose was used by Davis & Busch (1959) 

in the pH range 2.6 to 1.7 with a gradient of 

formic acid, 1N to 8N, 5 to 6 fractions being 

resolved. Phillips & Johns (1959) working in 

the same pH range similarly obtained a quanti- 

tative recovery of histone with two levels of 

hydrochloric acid, 0.O1N and 0.02N. Later 

(Johns et al., 1960), they improved the 

fractionation by a preliminary elution with 

sodium chloride at pH 4.2, when a double peak 

of lysine -rich histone was separated. Hydro- 

chloric acid then eluted a complex of slightly 

lysine -rich histones at 0.OlN and arginine -rich 

histones at 0.02N concentration. 

Hindley (1957) and Phillips (1957) investi- 

gated alumina chromatography for histone 

fractionation without success. 
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Butler, Davison, James & Shooter (1954) 

suspected that the intranuclear cathepsins of 

Mayer et al. (1952) contributed to the hetero- 

geneity of histone extracted from nucleoprotein. 

Crampton et al. (1957) and Davison (1957) also 

gave evidence of the presence of proteolytic 

activity in their histone preparations and 

Phillips & Johns (1959) demonstrated a chymo- 

trypsin -like activity in the histone of Davison 

et al. (1954). All these workers used histone 

separated from deoxyribonucleoprotein which had 

been extracted in 1M sodium chloride at neutral 

pH from whole tissue homogenates or from isolate 

nuclei known to be contaminated with cytoplasmic 

material. The proteolytic activity observed by 

Phillips & Johns was completely suppressed by 

diisopropylfluorophosphate and by lowering the 

pH to 3. Phillips (1962) was unable to demon- 

strate the chymotryptic activity in acid - 

extracted histone and in histone prepared from 

isolated calf thymus nuclei. 

Cruft et al. (1958a), who have consistently 

worked with histones extracted from nuclei 

which had been isolated at pH 3.5, have not 

observed any evidence of proteolytic activity 

in their preparations, while Neelin & Neelin 



8. 

(1960) found that histone extracted from thymus 

gland with dilute acid was comparable in hetero- 

geneity, as analysed by starch gel electro- 

phoresis, to a preparation obtained by acid 

extraction of washed nuclei. 

A variety of methods have been employed for 

the preparation of histones from tissues. In 

some, using whole minced tissue, histone is 

extracted in dilute acid or nucleoprotein in 

water or salt solutions. These Tnethods must 

be severely criticized in that cytoplasmic 

contamination can hardly be avoided and basic 

proteins are known to occur in miciiosomal 

ribonucleoprotein (Butler, Cohn & Simson, 1960). 

Further, cytoplasmic proteolytic enzymes may be 

extracted in neutral solutions. 

With the extraction of nucleohistone either 

from isolated nuclei or from tissue brei the 

assumption is implied that no histone is 

unassociated with nucleic acid. If dissoci- 

ation of the components is subsequently achieved 

by concentrated salt, 10_ or 15;, sodium chloride, 

histone aggregation will undoubtedly be promoted 

(Cruft et al., 1958a) with some attendant loss 

of protein. 

Isolation of nuclei in acid media was based 
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on the observation by Lewis (1918) that the cell 

nucleus became granular and the nuclear membrane 

more distinct when the pH is lowered to between 

3.8 and 4.6, the process being repeatedly 

reversible on washing with water. Crossman 

(1937) subsequently found that 5;", citric acid 

caused the lÿsis of the cell with expulsion of 

the nucleus. Monty & Dounce (1959) have 

continued to use citric acid, but Stedman & 

Stedman (1950) have successfully employed acetic 

acid as the lysing agent. 

The use of other media for the isolation of 

nuclei, sucrose (Dounce, 1955; Allfrey, TTirsky 

Stern, 1955) and ethyleneglycol (Luck et al., 

1956) required vigorous homogenization techniques 

and difficulty was found in obtaining nuclei 

completely free of cytoplasmic contaminants. 

The criticism that aqueous solvents will have 

extracted some intranuclear material (Stern & 

1Virsky, 1953) has been fully met in the case of 

acetic acid by the controlled studies of Stedman 

& Steiman (1951) . 

. 
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On the basis of the occurrence of protamine 

in the sperm heads of certain fishes in contrast 

to histones in somatic nuclei (Stedman & Stedman 

1944) and on composition differences in exten- 

sively purified p- histones,Stedman & Stedman 

(1951) advanced the hypothesis that histones wer: 

cell specific. Cruft, Mauritzen & Stedman 

(1957) established a small but significant 

difference in the electrophoretic mobilities of 

the 3- histones from the thymocytes and liver 

cells of the ox, a difference confirmed by amino 

acid analyses and extended to the (3- histones 

from a variety of other bovine and chicken tissu=s 

(Mauritzen & Stedman, 1959, 1960) . 

The sensitive analytical technique of zone 

electrophoresis in starch gel has been used by 

Neelin & Butler (1961) to compare the histones 

from several chicken tissues. Spleen and liver 

showed complex patterns differing only in the 

relative proportions of certain zones and 

erythrocyte histone revealed a characteristic 

zone while lacking a group present in spleen and 

liver histones. Testis histone had a less 

complex pattern differing from the other three. 

Crampton, Moore & Stein (1957) found that 
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two chromatographic fractions of histones from a 

number of calf tissues and from guinea pig testes 

were nearly identical in amino acid composition 

and in the chromatographic patterns of tryptic 

digests. However, the authors acknowledged the 

heterogeneity of one of their fractions. Vendrely 

and his colleagues (Vendrely, Knobloch & Matsu - 

daira, 1958) obtained similar amino acid patterns 

on chromatography of hydrolysates of deoxyribo- 

nucleoproteins from the erythrocytes of many 

species. 

Evidence for the tissue specificity theory 

is contended by Butler and his associates on the 

basis of the constant amino acid compositions of 

their fractionally extracted components (Johns 

et al., 1961; Hnilica, Johns & Butler, 1962). 

These workers extracted from a variety of ox and 

rat tissues three main groups, a lysine -rich 

fraction, a slightly lysine -rich fraction and a 

fraction in which arginine predominated over 

lysine. However, all these fractions were shown 

to be composite on starch gel electrophoresis 

and the extraction procedure was found not to be 

applicable to all the tissues examined. On the 

other hand Stedman and his colleagues used a 

completely reproducible extraction and fraction- 

ation routine, that was routinely applied in all 
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preparations. 

Certainly gross differences in amino acid 

compositions were not apparent in these group 

analyses but until pure components are obtained 

the small differences claimed by Mauritzen & 

Stedman cannot be substantiated or disproved. 

All the chromatographic fractionations 

previously reported resolved fractions containin 

a multiplicity of components. The formic acid 

gradient eluted poorly separated protein peaks 

and the sodium chloride - hydrochloric acid pro- 

cedure could not be repeated by other workers 

in the same laboratory (Hnilica et al., 1962). 

The fractions resolved by guanidinium chloride 

have been shown to be heterogeneous (Rasmussen 

et al., 1962) and the proportions of the 

terminally eluted peaks were increased when 

aggregation was promoted. 

The phenomenon of histone aggregation is 

well documented (Cruft et al., 1954; Cruft, 

Mauritzen & Stedman, 1957; Ui, 1956, 1957; 

Bijvoet, 1957) and has been extensively studied 

in the p- and y- histones, the arginine -rich and 

slightly lysine -rich histones,respectively, by 

Cruft, Mauritzen & Stedman (1958a, b) . Thus 
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p- histone aggregation is promoted by increases 

in pH, ionic strength, anion valency, concen- 

tration and temperature, while ionic strength 

increases suppressed the aggregation of Y- 

histone. Many of the chromatographic procedure 

therefore, would have promoted aggregation, high 

pH and ionic strengths, while even at low pH 

values of the formic acid gradient high concen- 

trations were required to approach pH 1.6. 

The aggregation of j3 histones is strongly 

inhibited by the other histones and by the 

trivalent cations, aluminium and lanthanum 

(Cruft et al., 1958a,b). If the aggregations 

of the various components were prevented, the 

three groups of histones, lysine -rich, relativel 

lysine -rich and arginine -rich (Cruft et al., 

1957; Johns et al., 1960) would be expected to 

exhibit different degrees of adsorption with 

ion exchange chromatography. 

The following investigations were undertaken 

to apply chromatographic techniques to the 

fractionation of histones under conditions in 

which histone aggregations and interactions were 

suppressed. 
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EXPERIMENTAL METHODS 
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I. EXTRACTION OF HISTONES 

i. Isolation of Nuclei 

Nuclei were isolated in acetic acid by the 

method of Stedman & Stedman (1951) with the 

modification of Cruft, Mauritzen & Stedman (1957), 

whereby all operations were carried out in the 

cold. 

Tissues were worked up within a few hours 

of extirpation. All operations were carried 

out using chilled reagents in a cold room at 2 °C. 

and in a refrigerated centrifuge. The tissues 

were cleaned of fat and connective tissue and 

passed through a coarse mincer followed by a fine 

extrusion mincer. The pulp was suspended in two 

volumes of 4% acetic acid and stirred with a 

powerful stirrer which removed much fibrous tissue 

adhering to the blades. 

The mixture was strained through four 

layers of butter muslin and centrifuged at 1000 x 

g for 15 min. The supernatant was discarded and 

the sediment of nuclei suspended in six volumes of 

1% acetic acid. The nuclei were repeatedly 

washed with acetic acid until they were observed 

to be free of whole cells and cytoplasmic 

contamination by microscopic examination of the 
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sediment stained with methylene blue. Eight to 

ten washes were required to give clean thymus 

nuclei. 

The nuclei were defatted and dried by three 

washes each of absolute alcohol and ether. The 

nuclei were stored in the air dried form. 

ii. Extraction of Histones 

The dry nuclei in 2 gm. batches were 

moistened with ethanol and suspended uniformly 

in distilled water. The water was removed by 

sedimenting the nuclei at 3000 x g for 10 min. 

and then the nuclei were suspended in 20 ml. 

0.1 N- hydrochloric acid per 2 gm. batch. The 

extraction was carried out at room temperature 

for 1 hr., the mixture being stirred repeatedly 

throughout. The nuclei were packed by centri- 

fugation and the supernatant decanted into 

seven volumes of acetone to precipitate histone 

chlorides. The extraction of the residue was 

repeated until no precipitate was obtained with 

acetone, usually on the fourth treatment, then 

the acetone precipitates were pooled and 

collected by centrifugation at 3000 x g for 

10 min. 



17. 

Histone chlorides were isolated in the air - 

dried form after washing with acetone and with 

ether. 

When nuclei were extracted with 0.1 N- 

sulphuric acid, histone sulphates were precipitat 

by seven volumes of ethanol and air dried after 

ethanol and ether washes. 

For chromatography experiments histone 

sulphate was dialysed against distilled water 

and lyophilized. 

d 
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II. METHOD OF STARCH GEL ELECTROPHORESIS 

The method of Smithies (1955) for zone 

electrophoresis in starch gel was used, and acid 

hydrolysed starch was prepared as described by 

the author, using potato starch grains (B.D.H.). 

With buffers, with or without urea, 16% 

starch was used according to the adaptation of 

Neelin & Neelin (1960). Buffer (100 ml.) of 

ionic strength 0.02, with or without 4M urea, or 

100 ml. dilute hydrochloric acid was added to 

the starch in a 500 ml. conical flask and the 

mixture heated with constant and vigorous 

swirling till the grains ruptured and a viscous 

homogeneous solution was obtained. The vessel 

was then evacuated on a water pump for 4 to 5 

sec. and the mixture swirled to effect the 

removal of air bubbles. The liquid gel was 

poured into a perspex tray of dimensions 25 cm. 

x 4 cm. x 0.6 cm. 

The gel was allowed to set exposed to the 

atmosphere and was used within one and one and 

a half hours of pouring. Protein solutions, 

6 mg. /ml. for whole histone and 2 -3 mg. /ml. 

for fractions, in the appropriate solvents, were 

applied to the gel on glass filter paper strips, 
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1.3 cm. x 0.6 cm., approximately 90 ul. of 

solution being contained per strip. The gel 

was cut across its full width with a razor 

blade and compressed away from the direction of 

protein migration. Three strips were applied 

to the undisplaced cut surface and the gel 

replaced by gentle pressure. 

The gel was covered by a strip of paraffin - 

coated plastic and placed on a metal plate 

between the electrode vessels. Cooling was 

effected by a water soaked wick laid across the 

plate and gel and bridges were formed by six 

layers of Whatman 3 mm. filter paper soaked in 

the solvents alone. Platinum electrodes were 

used with reservoirs of 600 ml. capacity and the 

solvents were renewed for each run. 

Electrophoresis was carried out at a constan 

voltage gradient, 3.5 v. /cm. for 5 hr. with 

buffers and 2.4 v. /cm. for 5 hr. with dilute 

hydrochloric acid. The gel ran 3 -4 °C. above 

room temperature under these conditions. With 

a gradient of 0.8 v. /cm. for 15 hr. in dilute 

hydrochloric acid the gel temperature did not 

rise above room temperature and the positions 

and relative mobilities of the bands were 
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unchanged, but diffusion in the faster migrating 

bands lowered the resolution. 

The gel pH was determined by immersing the 

meter electrodes directly into a sample of gel. 

At the completion of the run the gel was 

sliced and one face stained with Amido Schwarz 

10B, excess stain being removed by washes of 

the solvent, methanol:glacial acetic acid :water 

(5 :1 :5 by volume.) 

Glass filter paper strips showed no protein 

staining. 
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III. METHOD OF ION EXCHANGE CHROMATOGRAPHY 

Carboxymethyl- cellulose (CM- cellulose) was 

prepared by the method of Peterson & Sober (1956) 

using Whatman cellulose powder, 325 mesh. 

Titration indicated a capacity of 0.69 m.eq. 

ionizing groups /gm. of CM-cellulose and a pK of 

3.5. Titration data are given in Appendix II. 

CM- cellulose was prepared when it was found that 

commercially available material possessed poor 

packing qualities due to the course nature of the 

cellulose fibres. The fine grade cellulose 

powder yielded a product that was vastly superior 

in this respect. 

A suspension of CM-cellulose in water was 

graded to remove very fine and very coarse 

particles and a slurry poured into 1.2 cm. 

diameter tubes fitted with sintered glass discs. 

The cellulose was packed with a pored plunger so 

that a flow rate of 20 ml. /hr. was obtained with 

a 30 cm. column under a pressure load of 50 cm. 

The bed volume was determined and the 

linearity of the solvent front checked by the 

passage of a small volume of potassium chromate 

solution through the column. The columns were 
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cycled through 0.1 N-hydrochloric acid, water 

and the initial solvent by passing through five 

bed volumes of each prior to the application of 

the protein solution. Chromatography was 

carried out at room temperature. 

Preliminary experiments to determine the 

limits of eluant concentration for protein 

elution were carried out on a short, 12 cm., 

column containing 2 gm. CM- cellulose and with 

a loading of 10 to 15 mg. whole histone. Change 

in the concentration of the solvent were step- 

wise. Analytical experiments were performed 

with a 30 cm. column prepared with 5 gm. CM- 

cellulose. Loads of 50 mg. histone were 

applied throughout and the change in eluant 

concentration was continuous. 

Continuous concentration gradients of 

eluants were obtained with a magnetic stirring 

device. Concentrated solvent was allowed to 

flow into the mixing chamber containing a fixed 

volume of initial solvent,thus displacing an 

equal volume of the solution into the top of 

the column. This method gave a logarithmic 

gradient which could be mathematically predicted 

by the equation derived in Appendix III. The 
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gradient approached a linear form as the ratio 

of the mixing volume to the effluent volume was 

increased. 

Flow rates were determined by varying the 

pressure head of the reservoir and were maintaine 

between 20 and 25 ml. /hr. Fractions of effluent 

were collected automatically with 5 ml. or 10 ml. 

siphon delivery units and each was analysed for 

protein, 0.5 ml. or 1.0 ml. samples,by the 

modified ninhydrin reagent of Moore & Stein 

(1954). The method is described in Appendix I. 

Hindley (1957) established that a linear relation 

ship held between ninhydrin colour development 

and whole histone between 0 and 200 )ig. 

The recovery of protein from the column was 

determined in terms of ninhydrin extinction 

units,by comparing the sum of the products of 

the extinction and the volume for all fractions, 

with the product of the extinction of a sample 

of the protein solution applied to the column 

and the volume applied. 

Protein was isolated from the effluents by 

dialysis of the appropriately pooled fractions 

against water, by adsorption to a 2 cm. column 
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of CM- cellulose and elution in a small volume 

of 0.1 N- hydrochloric acid. _sistone chloride 

was precipitated by seven volumes of acetone, 

washed and dried from ether. 
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EXP- RIMENTAL SECTIONS 
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T. ZONE ELECTROPHORESIS 

i. STARCH GEL ELECTROPHORESIS 

(a) Introduction 

In 1959, Neelin & Connell reported the 

resolution of sixteen zones on the electrophoresi 

of chicken erythrocyte histone in starch gel. 

Neelin & Neelin (1960) extended the observation 

to calf thymus histone and a number of its 

chromatographic fractions. They concluded that 

sixteen zones were due to native histone compon- 

ents although in all conditions studied twenty - 

two zones were observed. Above pH 5 aggregation 

effects interfered with resolutions unless 4T,H 

urea was present, although urea did not affect 

the patterns below this pH value. The stability 

of the resolutions was established by submitting 

sections of the gel to a second electrophoresis, 

when expected relative mobilities and patterns 

were obtained. 

The Neelins characterized chromatographic 

fractions of Neelin & Butler (1959) by electro- 

phoresis in a gel of pH 5.3, in which unfraction- 

ated histone gave a pattern of 12 major zones 

moving in three groups. The lysine -rich 

chromatographic component gave the group of zones 
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of intermediate mobility, while the two arginine 

rich fractions together revealed the complement 

of zones in the faster moving groups. In 

addition they contained various amounts of com- 

ponents associated with the lysine -rich group. 

None of the chromatographic fractions gave a 

zone comparable with that in the whole histone 

pattern situated right at the protein source. 

However, recovery of histone on the chromatograp' 

was not quantitative so this slow moving band wa 

perhaps associated with protein uneluted from th 

ion- exchange column. 

The identities of the lysine -rich and 

arginine -rich groups of zones were substantiated 

by ultraviolet scanning of a clear L11\ urea gel. 

Thus the intermediate zones were found to have a 

low absorption, a characteristic of the lysine- 

rich histones (Luck et al., 1956; Cruft et al., 

1957) while the fast groups had high ultraviolet 

absorptions. However, the Neelins dismissed th 

zone of strong absorption near the protein 

source as non- histone material rich in aromatic 

amino acids. Yet in all conditions of electro- 

phoresis the authors showed the presence of a 

protein zone in substantial amounts at the 

origin. 



Fiq.1. Starch Gel Electrophoresis of 
Calf Thymus Histone and the 
Fractions of Cruft et 01. 1958 b. 

O.02M Acetate Buffer 4M Urea 
Gel pH 6.8 

a. Unfractionated Histone 
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Zone electrophoresis in starch gel presented 

sensitive method for identifying histone 

fractions, so experiments were performed to 

duplicate the results of Neelin ? Neelin (1960) . 

(b) experimental 

At pH 3.9, formate buffer, and pH 4.9, acetate 

buffer, eight major bands were identified on 

starch gel electrophoresis of calf thymus 

histone. These bands exhibited similar 

mobilities and staining characteristics to the 

Major zones obtained by the Neelins. The most 

satisfactory separation was achieved with acetate 

buffer, pH 4.9, containing 4I!'ß urea, gel pH 6.8. 

Under these conditions whole histone gave 

the pattern of ten bands shown in rig. 1. The 

diagram is included to indicate the detail in 

the gel, much of which was lost in the photo- 

graphic reproduction. Occasionally band 9 was 

resolved into a double band and the surface of 

the sample slot showed intense staining due to 

protein that had not penetrated the gel. The 

fastest electrophoretic group, bands 2 and 3, 

stained turquoise with amido black in comparison 

with the blue -black of the other bands, a 

characteristic reported by Neelin Neelin. 
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In identifying their multiple zones the 

Neelins distinguished zones of different staining 

intensities. As these workers noted, mobilities 

became dependent upon protein concentration 

below an ionic strength of 0.03, thus migrating 

protein bands would be expected to tail slightly 

prohibiting the distinction of such a region as 

a separate zone. Therefore in these investi- 

gations separate bands of amido black staining 

were interpreted as electrophoretic entities. 

To establish more completely; the identity of 

these bands the most fully characterized histone 

fractions in the literature, those of Stedman and 

his colleagues (Cruft, Mauritzen & Stedman, 1957; 

1958a,b) were prepared according to the authors 

and submitted to electrophoresis in the urea gel, 

pH 6.8. The patterns obtained are included in 

Fig. 1. 

Lysine -rich a- histone was known to be 

composed of four fractions distinguishable by 

starch block electrophoresis (Hindley, 1957; 

Cruft et al., 1957). In starch gel two major 

bands were apparent, 8 and 9, with a trace of 

band 10 penetrating the gel. On doubling the 

loading of the a- histone trace amounts of a 

number of bands appeared at the faster positions 
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and three very fast minor bands were observed 

beyond band _1 . 3- Histone, arginine -rich, 

showed an intense coloration on the protein 

slot surface while 10 was the major band on the 

sliced gel surface. A new band not apparent 

in the crude histone pattern, appeared next to 

band 10. Bands 2 and 3 were obvious in the 

histone pattern while 5 and 7 were minor 

contaminants. 

Slightly lysine -rich Y- histone was composed 

mainly of the bands 2 and 3 and 4 to 7. However, 

relatively large amounts of bands 8 and 9 were 

present. When histone fractions were mixed 

and submitted to electrophoretic separation the 

expected patterns were obtained and no extra 

bands were formed. 

The identities of the zones determined by 

Neelin 8c Neelin (1960) were thus confirmed, and 

allowed a convenient designation of the electro- 

phoretic bands: Bands 1 to 7 as y- histones, 

8 and 9 as a- histones and band 10 and the 

material on the slot surface, p- histones. 

The contribution of p- components to the 

whole histone pattern could not be properly 

adjudged with protein, presumably aggregated 
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r histone (Cruft, Mauritzen & Stedman, 1958a) 

on the surface of the sample slot. These author 

discovered that the polyvalent cations, aluminium 

and lanthanum, were effective in suppressing the 
(Gruft et el., 1958a) 

aggregation of histone, thus electrophoretic 

experiments were carried out with the incorpor- 

ation of these cations. Lanthanum acetate 

buffer gave gels too brittle for manipulation 

as were gels of sodium acetate containing 

aluminium or lanthanum above a concentration of 

5 x 10 -3 Molar. Down to one tenth of this 

concentration of polyvalent cation in sodium 

acetate gels crude histone gave simply a double 

band migrating well beyond the normal position 

of the fastest Y- histone. A small amount of 

material staining with amido black was neverthe- 

less still present on the slot surface. Purified 

histone also showed this protein on the origin 

under the same conditions, indicating that 

complete disaggregation could not be conveniently 

achieved in the starch gels. 

With the specific aim of avoiding unknown 

aggregation effects at high pH values Johns et 

al. (1961) carried out electrophoresis in starch 

gels prepared with 0.01 N-hydrochloric acid, gel 
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pH 2.3. Calf thymus histone was resolved into 

a pattern of at least ten bands falling into 

three main groups El, E2 and E3 in order of 

descending mobility. The authors correlated 

the bands with the chromatographic fractions of 

Phillips & Johns (1960) and with the fractions 

of Cruft et al. (1957). Further they extracted 

proteins from the gel direct for amino acid 

analysis. Electrophoretic group El, composed 

of 5 bands contained slightly lysine -rich 

histones which were related tentatively to the 

y histories of Cruft et al. Group E2 was given 

by the lysine -rich chromatographic fraction and 

consisted of three bands considered to be related 

to the three ¢ histories of Cruft et al. E3 

comprised two bands barely penetrating the gel 

and gave arginine -rich histones by amino acid 

analysis, thus correlating with the histone of 

Cruft and his colleagues. 

In addition to avoiding aggregation effects, 

the electrophoretic conditions resolved the high 

lysine group into three bands and improved the 

resolution of other slow moving components. The 

results of Johns et al. (1961) were duplicated 
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with one difference. Amido black staining 

material was observed on the protein slot surface 

Then the hydrochloric acid concentration was 

increased to 0.014N, the total migration was only 

slightly increased without alteration of the 

relative positions o.f the bands except that a 

faster band was resolved from those at the origin 

This band migrated behind the a- histones and was 

designated the fast p -band. 

Routine starch gel electrophoretic examin- 

ation of histone fractions was carried out in 

0.014 N- hydrochloric acid. The pattern given 

by calf thymus histone is presented in Fig. 2 

along with those of the histone fractions 

previously analysed. The most significant 

bands in the a- fraction corresponded to the 

intermediate electrophoretic group of three 

bands. Traces of faster and slower components 

contaminated the fraction, but two very fast 

bands beyond the migration of crude histone were 

obviously major constituents of the fraction. 

These bands stained. turquoise and were rather 

diffuse in contrast to the well defined slower 

i)a nds. 1- Histone exhibited a heavy coloration 

on the slot surface and two dense bands of 
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negligible mobility. Two fast bands, 2 and 3, 

were present in the (3 histone pattern. 

y- Histone fraction revealed the fast electro- 

phoretic group of three bands as the major com- 

ponents and the starch gel pattern also showed 

a fairly heavy contamination of the fraction with 

material of low mobility. All the bands in the 

whole histone pattern stained blue -black with 

Aanido Schwarz 10B in the acid gel. 

(c) Discussion 

Starch gel electrophoresis gave a very 

sensitive resolution of unfractionated histone 

but the pattern obtained was not comparable to 

that with free electrophoresis where the 

descending order of mobility was a -, á- and y- 

histones (Cruft, 1953; Cruft, T.Tauritzen & 

Stedman, 1957). Perhaps a reversible adsorption 

of the basic proteins, the electro- chromatography 

of Svensson (1956), is involved in the separation 

Interaction between the histones and the starch 

gel is suggested by the fact that mobilities 

were dependent upon protein concentration. Also, 

in a gel containing 0.02 N-hydrochloric acid, at 

which pH carboxyl dissociation would be fully 

suppressed, whole histone gave simply two bands 
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of very high mobility (Johns et al., 1961). 

The low mobility of the a- histone component 

was unexpected as they were of low molecular 

weight. This was presumably an electro- 

chromatographic retardation due to their very 

high content of cationic groups (Cruft et al., 

1957). Thus they exhibited a markedly lower 

mobility at pH 6.8 than at pH 2 where the starch 

carboxyls were largely suppressed. The very 

fast bands in the a- fraction were presumably due 

to very low molecular weight components as is 

suggested by the diffuse nature of the bands. 

Comparable fast bands were not observed in the 

whole histone pattern, so these obviously 

represented trace amounts of low molecular 

weight basic polypeptides concentrated into the 

fraction. 

The negligible migration of the major 

constituents of the histone fraction was no 

doubt due to aggregation effects. Smithies 

(1959) reported that mobilities in starch gel 

were inversely related to molecular weight with 

proteins of similar mobilities on paper electro- 

phoresis. The e- fraction aggregated readily 



36. 

even under mild conditions, and Cruft, Lauritzen 

& Stedman (1957) demonstrated high molecular 

weight components at pH 2 and ionic strength 

0.1. The material on the protein slot was 

obviously of too high a particle size to penetrat 

the gel and was immobile in a gel containing 

aluminium ions when all other components migrated 

rapidly. The use of higher concentrations of 

polyvalent ions in the protein solutions to 

suppress aggregations resulted in distorted 

starch gel patterns due to conductance effects. 

Under all the conditions of electrophoresis 

examined Neelin & Neelin (1960) indicated a band 

of zero migration, a band that was not given by 

the fractions obtained on salt elution of whole 

histone from the ion exchange resin, IRC -50. 

Crampton et al. (1955) found that arginine -rich 

proteins were bound irreversibly to IRC -50 and 

that recoveries of histones fell from 75% to 

50¡ or less after treatments allowing protein 

aggregations. The Neelins found that this and 

two other minor zones of negligible mobility 

were increased when aggregation was enhanced. 

Johns et al. (1961) did not indicate a band of 

zero migration in the whole histone pattern, 
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reflecting presumably their different extraction 

procedure whereby histone was dissociated with 

acid from a nucleoprotein preparation from a 

whole tissue homogenate. 

The very fast bands of the p- pattern were 

either true unaggregated p, histones or were 

contaminating 1'- histone components. Johns & 

Butler (1962) established that the fastest band 

of the electrophoretic group, E3, in dilute acid . 

had a lysine :arginine ratio of 1.1. This was 

identical with the ratio for the slow arginine- 

rich material in the group, E3, but this value 

of 1.1 for E3 was thought to be high due to some 

loss of arginine on acid hydrolysis of protein 

in the presence of starch (Johns et al., 1961). 

However, the proportion of the fastest bands 

in the r- histone pattern to the main slow band 

was almost identical to that in the whole 

histone so the comparable F- histone bands 

represented only a small proportion of the 

proteins in these electrophoretic bands. The 

occurrence of more than one component here was 

quite conceivable as the 1'- histone group 

exhibited seven bands in the urea gel while 

only four were present in the dilute acid gals. 
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These bands were therefore described simply by 

their electrophoretic mobility as fast 'i- bands. 

(d) Sum-nary 

Starch gel electrophoresis in 0.014 ?- 

hydrochloric acid resolved whole histone into a 

pattern of ten bands. By correlation with the 

electrophoretic behaviour of known histone 

fractions the three groups of bands were 

designated ^-histone for the fast group of four 

bands, 1 to 4; a- histone for the triplet of 

bands of intermediate mobility, 5, 6 and 7; and 

histone for the components of zero and low 

migration, 8 to 10,(Fig. 2). 

The a- fraction exhibited a number of very 

fast bands which were presumably very low 

molecular weight components. The whole histone 

pattern did not reveal these bands indicating 

their occurrence in trace amounts. 

There appeared to be some evidence for the 

presence of more than one protein in the faster 

bands of the 1`- group. The bands were present 

in the starch gel pattern of the histone 

fraction and represented unaggregated p- histone 

or y- material coaggregated with the p- histones 

during their precipitation at high pH and 
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ionic strength. 

The 3-histone fraction contained a high 

proportion of high molecular weight components 

that barely penetrate the starch gel. 
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li. PAPER ELECTR0PH0RESIS 

(a) Introduction 

Zone electrophoresis with filter paper as 

the supporting medium was examined as a method 

of identifying histone fractions prior to the 

experiments on starch gel electrophoresis. The 

reports in the literature showed little success 

in the resolution of whole histone on paper 

electrophoresis, the strong binding of the basic 

proteins to filter paper causing heave streaking 

Gregoire & Liraozin (1954) examined this techniqu 

without success while Luck et al. (1956) obtaine 

the separation of a single fast moving component 

from the heavily. tailed histone spot. On con - 

tinuous electrophoresis on a paper curtain the 

separation of five fractions was indicated 

despite intense adsorption. 

Hnilica & Hupka (1956, quoted. in Phillips, 

1962) separated two bands at pH values between 

4.2 and 4.8 and observed that the weak trailing 

increased with the pH. When 6 to 8 M urea 

was added to suppress aggregation, whole histone 

revealed five bands at pH 4.8 (Hnilica,Gregusova 



41. 

Thurzo, 1960, quoted in Phillips, 1962). 

Other supporting media have been used for 

zone electrophoresis. Luck et al. (1956) 

identified electrophoretic separations on a 

column of ethylated cellulose powder but complet: 

resolution of the peaks required a migration pat 

that was impracticably long. Hindley (1957) 

and Cruft et al. (1957) resolved a lysine -rich . 

histone fraction into four components on electro 

phoresis in a starch block. With whole histone 

further components migrating between the two 

slower fractions would be included. 

The following investigations were based on 

the observation from paper chromatography 

studies to be described in the following section, 

that solvents containing 35% glacial acetic acid 

reversed the strong adsorption of histones to 

filter paper. It was considered that histone 

aggregation was perhaps a complicating factor in 

the tailing of protein spots and that the incor- 

poration of the polyvalent lanthanium ion to 

suppress aggregation might allow useful separ- 

ations to be obtained. 



42. 

(b) Experimental 

Solvents for paper chromatography composed 

of butanol, glacial acetic acid and water and 

containing 35% acetic acid dissociated histones 

completely from filter paper. The use of such 

a highly volatile component as acetic acid for 

paper electrophoresis required a fully enclosed 

system with a minimum of air -space, so filter 

paper strips were placed between silicone - 

treated glass plates. The lower plate butted 

squarely to the reservoirs while the upper one 

covered over these vessels making close contact 

with the ground edges. 

Four strips of Whatman No.1 filter paper, 

20 x 4 cm., were placed between four larger 

sheets of filter paper and the wad moistened 

with 20 ml. of solvent. The wad was pressed 

between four more filter paper strips for 30 

sec. and then the electrophoretic strips were 

placed rapidly in position. The space between 

the plates was sealed at the edges with narrow 

paper strips and the plates held together with 

clamps. After an equilibration period of 1 hr. 

histone solutions were applied to the papers 
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through small holes in the top plate, which were 

then sealed with glass rods. The electrode 

vessels were of 500 ml. capacity with wide 

platinum wire electrodes and the solvent was 

renewed for each run. A potential difference 

of 200 v. was applied between the electrodes for 

3 hr. to obtain a migration of about 8 cm. with 

the fastest component, the migration path for 

exploratory runs being 10 cm. 

At the end of the run the filter paper strips 

were dried rapidly, in a 90 00. oven, in the 

horizontal position to reduce diffusion of the 

proteins with the evaporating solvent. Protein 

spots were identified by a ninhydrin spray 

technique. 0.2 (w /v) Reagent grade ninhydrin 

in butanol:acetone (50 :50, v, /v) solution was 

sprayed on to the papers and the colour developed 

by placing the strips in a 90 °C. oven for 5 min. 

The apparatus was shown to function satis- 

factorily by resolving serum into five components 

(albumin, al -, a2- globulin, p- and 1- globulin) 

with a veronal buffer, pH 8.6, of ionic strength 

0.05. When histones were submitted to electro- 

phoresis in this buffer the a- and T- fractions 

gave broad streaking bands throughout the length 
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of migration, while p- histone could not be 

obtained in solution. Similar heavy streaking 

occurred with 0.02M sodium acetate buffer, pH 

4.9, containing 4M urea (Neel.i n & Neelin, 1960) 

in which p- histone was soluble and exhibited a 

low mobility,(Fig. 2a,i) 

Butanol containing solvents were of very 

low conductances so the butanol was discarded . 

and the solvent of the following composition 

examined: glacial acetic acid; water; 40 :60 

(v/v). In this solvent of low ionic strength 

the ionic contribution of the protein was so 

great that the migrating spot was distorted, 

having a sharp rear boundary clear to the origin 

and a broad streaking in front. 0.041 sodium 

chloride added to the solvent gave uniform 

protein spots but p- histone showed excessively 

heavy streaking throughout its migration path.(Fig. 2a,ii) 

This suggested that histone aggregation was 

responsible for tailing; therefore 0.025M 

lanthanum acetate was incorporated in the solvent 

in place of sodium chloride. Rather than 

suppress the streaking of the p- component, 

lanthanum acetate obviously increased it and it 

became heavy in the other fractions in which 
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tailing had previously been very light. 

Apparently the polyvalent lanthanum ion provided 

a coordinate linkage bridge between the histones 

and the paper,which also resulted in an altered 

colour reaction of the histories to ninhydrin, 

from the normal purple to a strong red. colour. 

With 0.04M sodium acetate to increase the 

ionic strength of the solvent, acetic acid :water, 

40:60, and 4M urea to suppress aggregation, the 

three histone fractions migrated, with wide over- 

lapping, in the same order as on free electro- 

phoresis, that is, a -, ß- and Y histone in 
(Fig. 2a, iii 

) 

descending order of mobility., In addition, the 

a- fraction showed a rough separation into three 

components, so a migratory path of 20 cm: was 

employed in an attempt to achieve a complete 

resolution in this fraction. 

The longer migration gave correspondingly 

longer spots without a greatly improved resolutio 

of the a- histones and without reducing the over- 

lapping of the various fractions. Whole histone (^ig. 2b) 

showed a single zone spreading from the a.- 

region to the Y- region almost without differen- 

tiation, suggesting that protein -protein and 

protein -paper interactions were still involved. 
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(e) Summary 

These studies suggested that a resolution 

of unfractionated histone could be achieved by 

paper electrophoresis under conditions which 

reversed the strong binding of the basic 

proteins by filter paper and suppressed histone 

aggregation. However, there was no indication 

of a resolution comparable to that obtained by 

Neelin & Connell (1959) with starch gel electro- 

phoresis, so these experiments were discontinued. 
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II. CHROMATOGRAPHY 

1. PAPER CHROMATOGRAPHY 

(a) Introduction 

No studies have been reported in the 

literature on the application of paper 

chromatography to the separation of histones, 

a reflection no doubt of a lack of success due 

to the strong binding of these basic proteins 

to paper. It was thought important at the 

outset of these investigations to study this 

technique for the analytical resolution of 

histone components, from which conditions 

yielding a separation could be extended to 

preparative column chromatography (Stein & 

Moore, 1948; Peterson & Reinecke, 1949). 

It was anticipated that on suppression of 

the binding of histones by paper, conditions 

could be found where the three groups of histone 

lysine -rich, arginine-rich and slightly lysine- 

rich proteins (a -, p- and y histories, respective 

would exhibit different partition coefficients 

allowing their separation. Further, the 

phenomenon of histone aggregation was expected 

to mask resolutions and the influence of specifi 

inhibitors of aggregations on the paper 
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chromatography should be studied. Lanthanum 

ions in the developing solvent would be expected 

to play a dual role, in the suppression of 

aggregation and in ion- exchange elution of the 

proteins. 

Glacial acetic acid was chosen for study 

being a relatively strong acid, a monovalent 

anion being required to avoid bridge functioning 

in protein -protein or protein -paper interactions. 

(b) Experimental 

A large number of developer solvents were 

studied by the micro paper chromatography 

method of Rockland & Dunn (1949). Solutions 

of whole histone and the fractions of Cruft et 

al. (1958b) were applied to Whatman No.1 filter 

paper strips, 15 x 2 cm., at a point 4 cm. from 

one end, which was slightly tapered. Each 

strip was hung on a wire hook, which pierced a 

cork and then placed in a test tube, 20 x 3 cm., 

containing 10 ml. of the solvent. After an 

equilibration period of 30 min. the paper was 

lowered on the hook into contact with the 

solvent. 

The chromatogram developed in 2 to 21 hr. 

with a movement of the solvent front of 12 cm. 
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The papers were removed, dried and sprayed with 

an 0.2% solution of ninhydrin in butanol :acetone 

(60:40, v/v). The colour developed in 5 min. 

in a 90 °C. oven. 

The tubes were held in a closed cupboard 

for the duration of the experiment to avoid 

excessive temperature fluctuations. The 

temperature was virtually constant throughout 

the experiment but from day to day varied 

between 15 °C. and 20 °C. Solvents were allowed 

to equilibrate in the cupboard for 1 hr. before 

being decanted into the tubes. 

For large scale paper chromatography Whatman 

No.1 filter paper sheets, 57 x 46 cm., were used 

with the method of descending chromatography. 

Solvent (250 ml.) was placed in the tank to 

saturate the atmosphere 12 hr. before the run 

commenced. The chromatogram developed in 18 

hr., when the sheet was dried and the protein 

spots identified by the ninhydrin spray 

technique. 

Solvent mixtures of butan- l- ol:glacial 

acetic acid:water were investigated by the micro 

technique. With a constant acetic acid content 

of at least 15% movement of the proteins 
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increased with the water content above 15;I:. A 

separation was achieved when a- histone remained 

at the origin and the 3- and y- histones moved 

with an Rf of 0.5. Further increases of water 

caused the a- component to become mobile, when 

all the components moved at the same rate with 

higher Rf values, until the solvent separated 

into two phases. Then a histone remained at 

zero and the other fractions exhibited a movemen 

of Rf 0.5. Tailing decreased with increasing 

water, but mobile spots became more distended. Fig. 2c) 

When the proportion of acetic acid was 

increased the above water effects occurred at 

decreasing levels. The Rf values of protein 

movements increased and tailing was markedly 

reduced with increases in acetic acid content 

until at a proportion of 35 all histones moved 

with the solvent front, Rf 1,0, without any sign 

of tailing. 

Butan -2 -ol gave precisely similar results 

and formic acid in place of acetic acid did not 

improve separations or lower streaking. (Formic 

acid solvents were heated at 90 °C. for 10 min. 

to hasten the equilibrium of ester formation.) 

When lanthanum acetate was added to the developin 

solvents tailing was markedly increased and the 
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ninhydrin colour reaction gave a red colour 

instead of the usual purple,(Fig._2c) 

Although it appeared from these small scale 

results that once the histone -paper reaction 

was broken, the distribution coefficients of the 

histone fractions were not sufficiently different 

to provide a separation, a number of large scale 

experiments were conducted'. With a solvent 

giving a separation based on the irím obility of 

a- histone, large scale chromatography showed a 

much heavier streaking of the 3- and 1 histones 

with a much reduced movement of these components. 

In a series of three runs with the solvent of 

composition butan -1 -ol :glacial acetic acid :water, 

40 :30 :30 (v /v ),which gave a movement of all 

histones to _,f 0.8, an excess of 10,; water and 

5, 10;1: and 15; acetic acid was added to the 

250 ml. of solvent saturating the chromatography 

tank to allow for loss by differential evaporatio 

(Bate -Smith Westall, 1950). Three different 

results were obtained. 711th the 15 excess of 

acetic acid in the tank solvent all histone 

fractions moved with an Rf of 0.8 with no 

streaking but with the lower excesses of acetic 

acid tailing occurred, especially with the 17.- 

and (- histones, without any suggestion of the 

resolution of components.(Fig. 2d) 
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(c) Discussion 

The large scale chromatography results 

agreed with those of the small scale experiments 

showing that histone resolution could not be 

obtained by partition alone and that when paper 

adsorption effects were allowed to participate 

heavy streaking marred the movement of these 

proteins. 

The increased tailing and altered ninhydrin 

colour reaction of the histones in the presence 

of lanthanum ions was presumably due to a strong 

protein-paper-metal ion coordinate complex. 

The a- histones exhibited a different 

behaviour in remaining at the source under 

conditions of low acetic acid and low water 

contents although the other components were 

mobile. Obviously a charge effect due to the 

high basicity of the a- material was largely 

responsible for this behaviour, for when the 

binding of the protein by paper was fully over- 

come by excess acetic acid these components 

assumed the same mobility as the other fractions. 
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ii. ION EXCHANGE CHROMATOGRAPHY 

(a) Introduction 

Ion exchange resins have been applied by a 

number of workers to the fractionation of histone 

?Following th.e success which attended the use of 

the cation exchanger, Amberlite IRC -50, in the 

purification of such mildly basic proteins as 

ribonuclease (Hirs, Moore & Stein, 1953), 

lysozyme (Tallan & Stein, 1953) and chyrnotrypsin 

(Hirs, 1953), Crampton, !oore & Stein (Crampton 

et al., 1955; 1957) attempted histone fraction- 

ation with this resin. Histone was bound 

irreversibly to the sodium form of the resin and 

the recovery from barium IRC -50 was generally 

low, at best 75;. Hindley (1957) confirmed 

these observations. Neelin & Butler (1959) 

eluted histone from sodium IRC -50 using a gradien 

of sodium chloride to 3 molar but achieved only 

80' recovery, while Luck and his associates 

(J. Murray Luck et al., 1956; 1958) recovered 

histone quantitatively with a gradient of 

guanid.inium chloride up to 205. However, their 

elution patterns were complicated by aggregation 

effects. 

Basic alumina was used by Scanes & Tozer 



(1956) for the fractionation of the protarnines, 

clupeine and salmine. However, in the hands of 

Phillips (1957) this medium yielded only low 

recoveries of whole histone with little resol- 

ution. Similarly, Hindley (1957) recovered 

mixed fractions from basic alumina with a 

partially purified lysine -rich histone fraction. 

Histones were recovered essentially completel 

from carboxymethyl cellulose (CM- cellulose) by a. 

number of workers; by a salt gradient to 1 Molar 

below pH 6.6 (Davison, 1957), by dilute hydro- 

chloric acid in Lwo steps, O.O1N and 0.02IN 

(Phillips & Johns, 1959) and by a gradient of 

formic acid to 8N in the pH range 2.6 to 1.7 

(Davis & Busch, 1959). Despite the excellent 

recoveries of histone from CM- cellulose, most 

fractions were found to be complex, while the 

formic acid elution yielded five to six peaks 

with only low resolution. 

Johns et al. (1960) incorporated a salt 

elution at pH 4.2 into the hydrochloric acid 

chromatography of Phillips & Johns, but the 

separations were not duplicated in other hands 

(Hnilica et al., 1962). Perhaps the lack of 

duplication was due to the artificially high 
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gradients obtained in stepwise chromatography, 

gradients which were not strictly reproducible 

and did not allow true ion exchange equilibria 

to be established. 

The use of salt and concentrated acid for 

chromatography would be expected to favour 

histone aggregations (Craft et al., 1958a,b; 

Davison arc Shooter, 1956) adding complications to 

the fractional elution of histones from CM- 

cellulose. Therefore ion exchange chromatograph 

was examined at low ionic strengths and low pH 

values with continuous changes in eluant 

conditions; and the polyvalent cations, 

aluminium and lanthanum, which were known to 

suppress histone aggregations ( Cruft et al., 

1958a,b) were used as eluants as suggested by 

these authors. The weak cation exchanger, 

MIT-cellulose, was used throughout. 

(b) Experimental and Discussion 

The description of histone elution by the 

ninhydrin colour reaction and the relating of 

the proportions of protein fractions on this 

basis was found to be inaccurate, in the sense 

that the different histone fractions exhibited 
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different colour values with ninhydrin, an 

observation first reported by Daly & Mirsky 

(1955). a- Histone (Cruft et al., 1958b) gave the highest 

ninhydrin extinction, the - and Y- fractions under similar 

conditions giving values 415 and 585, respectively, of the a- fraction 
1 

(Appendix Ia). The high ninhydrin colour yield of the 

a- fraction was undoubtedly due to the low 

molecular weight of the component proteins and 

to the contribution of the (-amino groups of 

their many lysine residues. Slobodian, 

7echanic & Levy (1962) demonstrated that the L- 

amino group of lysine gave about 675 of the 

ninhydrin colour yield of an a- amino group except 

in free or N- terminal lysine, when the contributi 

was 7 to 105. Further, the Y histone yielded a 

precipitate during the ninhydrin reaction that 

was not sedimented by centrifugation at 3000 x g. 

This precipitate was also given by whole histone 

but it did not interfere with the estimation of 

recoveries. 

i. Chromatography at low pH values. 

Hydrochloric acid was first examined for 

fractional elution of histones from CM- cellulose, 

as ion exchange was complete at low concentrations 

and the use of monovalent ions would preclude its 
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participation in complexity reactions between 

protein and protein and protein and ion exchanger 

Hydrochloric acid was estimated by a con- 

ductivity bridge, a linear relationship holding 

over the acid concentrations used. 

Preliminary experiments showed that histone 

was completely eluted from CY- cellulose between 

0.007ÁI and 0.018ÁI- hydrochloric acid. This 

concentration gradient was examined over eluting 

volumes of 1000 ml. and 1500 ml. In both cases 

90 of the ninhydrin positive material was eluted 

in a single peak, which was poorly resolved into 

two parts with further complexity indicated 

within each part. The elution diagram with 

the 1500 ml. gradient is reproduced in Fig. 3. 

Less than 0.1;_ of the ninhydrin extinction units 

was unretarded by the CM- cellulose and 6% of the 

protein was eluted as broad minor peaks after the 

major fraction. 

Recoveries of 92, 98 and 99 were obtained 

in three runs. 

The advanced and trailing parts of the major 

peak were examined by starch gel electrophoresis. 

The Y- histones, the fast electrophoretic group 

of bands, were found to comprise the forward 

part of the peak with some p- histone of 
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negligible mobility apparent in the pattern. 

The trailing edge material was larrTTely the 

intermediate a- components and the slow 15 histone, 

but the starch gel pattern indicated some con- 

tamination with y- histones from the preceding 

peak. 

Protein solutions applied to the column were 

of freeze -dried whole histone in 0.007 N-hydro- 

chloric acid, pH 4.0. That ion exchange 

occurred in the system was shown by a pulse of 

high conductivity in the effluent at one column 

volume after the addition of the protein solution. 

When the protein was equilibrated with the 0.007 

Normal acid by extensive dialysis the elution 

diagram was unchanged, but the loading capacity 

of the CM- cellulose fell to 50 mg. of histone 

for the 5 gm. in the column, (Fig. 3a) 

Elution of unfractionated histone from CM- 

cellulose with a continuous gradient of hydro- 

chloric acid yielded a poor resolution of two 

major components. The histones exhibited a 

very narrow range of adsorption affinities with 

hydrochloric acid, indicating that the use of 

stepwise changes in the concentration would not 

achieve the elution of characteristic groups of 

histones. 



A gradient of Aluminium chloride would be 

expected to play a dual role in histone 

chromatography, in the ion- exchange elution of 

protein and in the suppression of any histone 

aggregations. Mutions with this polyvalent 

cation were examined in 0.003 N- hydrochloric 

acid to maintain a low pH of 2.5. 

Aluminium chloride depressed the ninhydrin 

colour reaction uniformly some 5 between 0.002 

and 0.02 Molar. Above this concentration 

insoluble aluminium hydroxide produced by the 

strongly buffered ninhydrin reagent interfered 

with colour development. As it was found that 

the bulk of protein elution was complete below 

0.02M aluminium chloride,elution diagrams were 

plotted on the ninhydrin colour and recoveries 

based on extinction units were 93% and 95% in 

two experiments. 

Aluminium chloride was determined by titratio 

with sodium hydroxide using phenolphthalein 

indicator. 

The protein solution was equilibrated against 

0.003 N- hydrochloric acid before addition to the 

column and a continuous gradient rising to 0.025M 

aluminium chloride in 1000 ml. was applied. The 

delineated effluent diagram is shown in pig. 4. 
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The first peak comprised nearly 705 of the 

eluted ninhydrin positive material and was shown 

by starch gel electrophoresis to contain mainly 

the slow Y- histone in its advanced half. In the 

trailing half all histone bands were present in 

the starch gel pattern with the Y -bands somewhat 

reduced in intensity. The following peak con- 

tained the fast Y- histone, but was slightly 

contamina ted with the slow Y- component and with 

histone material. A. few minor peaks of 

ninhydrin positive material were observed prior 

to and after the major elutions,but these were 

in too low a yield for recovery and character- 

ization. 

The separate elution of the fast Y- component 

was notable and the occurrence of this band in 

the rear of the main peak was obviously due to 

overlapping. The chromatography system was 

later applied to a Y- fraction showing the full 

complement of Y -bands on starch gel electro- 

phoresis. The resolution of two peaks was 

incomplete and the recovered proteins were 

contaminated with the neighbouring components. 

Further ion exchange experiments on whole histone 

with an aluminium chloride gradient at low pH 
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were not undertaken in view of the low 

resolution obtained. 

Ion exchange elutions at low pH values were, 

however, examined further, a gradient of 

guanidinium chloride, which is related to the 

terminal guanidino radical of arginine, being 

expected to specify between proteins with 

differing contents of this amino acid. Luck 

et al. (1956) found that guanidinium chloride 

dissociated histones to low molecular weight 

forms at pH 4.1, although at pH 6.7 aggregation 

complexes were present in 14% guanidinium 

chloride. 

Guanidinium chloride in 0.003 N- hydrochloric 

acid increased the ninhydrin blank values in a 

non -linear fashion up to 2% concentration, so 

that recoveries based on ninhydrin extinction 

units were not accurate, but the distribution 

of protein in the effluent could nevertheless 

be plotted on the ninhydrin colour with 

confidence. 

Guanidine was estimated by the alkaline 

nitroprusside- ferricyanide reagent of Weber 

(1927). Effluent samples, protein -free, were 

diluted to give a concentration between 0.01 
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Molar and 0.025 Molar (calculated as guanidine 

dihydrochloride), where, on addition of an equal 

volume of reagent, a nearly linear relationship 

held between the concentration and transmission 

as read in an Bel colorimeter with the blue 

filter 013.2. 

A solution of histone in water was added 

to the column, which was then washed with 

0.0051.2 guanidinium chloride in 0.003 N- hydro- 

chloric acid, pH 2.5, before the gradient was 

applied. Preliminary- experiments demonstrated 

that histone was completely eluted from CY- 

cellulose by 2 guanidinium chloride (0.15 Molar, 

calculated as guanidine dihydrochloride). 

With a continuous gradient from 0.005 Molar 

to 0.1 molar in 1000 ml. protein elution was in 

close duplication of the aluminium chloride 

chromatogram. The first peak to emerge 

comprised more than 60r of the eluted material 

and contained the slow Y- histone as the major 

component in the advanced half. All the 

histone bands were evident in the starch gel 

pattern of the protein from the trailing part 

of the peak. The second peak, 30' of the 

protein, was largely the fast y- histone with 

contaminating slow y- and ç- proteins.(ÿig. 4a) 
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The similarity of these two elutions was 

probably due to the low pH of the solvents, 

which approached the complete suppression of 

carboxyl group dissociation, preventing the 

extensive operation of ion exchange affinities 

and specificities. It must be assumed that 

disaggregation by the polyvalent cations was 

functioning, as Cruft et al. (1958a) observed 

the inhibition of ;t- histone aggregation by 

0.017M aluminium chloride at pH 3. 

The gradient of hydrochloric acid yielded a 

poor separation of histone fractions, but the 

pattern of elution did not resemble that obtained 

by Davis & Busch (1959) with a gradient of formic 

acid down to 8 Normal. Calf thymus histone gave 

five protein peaks though with relatively low 

resolution. zither the concentration effect of 

the formic acid or the nature of the counter ion, 

particularly in being identical to the column 

anion, was responsible for this effect. The 

examination of a concentration gradient of a 

monocarboxylic acid was therefore indicated. 

Acetic acid was chosen in preference to formic 

acid, being a slightly weaker acid and to avoid 

the possible contamination in formic acid of 
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trace amounts of formaldehyde, which masks amino 

groups. 

Concentrated Acetic acid depressed the 

ninhydrin colour reaction,but as the significant 

protein elution occurred between concentrations 

of 3M and 4M acetic acid, where the colour yield 

was suppressed between 25; and 30, the effluent 

diagram was plotted on the ninhydrin colour 

values. Acetic acid concentrations were 

determined by pH measurements. Protein was 

added to the CM- cellulose in distilled water and 

the column washed with 1M acetic acid, before the 

continuous gradient was applied. 

A gradient of acetic acid from 1 Molar to 

4.5 Molar in 1000 ml. was examined, pH range 

2.2 to 1.5. 6% of the added ninhydrin extinction 

units emerged with the 17 acetic acid, then the 

continuous gradient eluted two well separated 

peaks. The effluent diagram is shown in Fig.5. 

The first of these major peaks comprised. 48% 

of the eluted ninhydrin positive material and 

showed a complexity of secondary peaks. Protein 

recovered from the centre of the fraction revealed 

the starch gel pattern of the Y- histone complex 

with a trace of contaminating histone of zero 

mobility. The later peak, 36% in proportion, 
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was asymmetrical and was shown to be composed of 

the a- and f- histone components by starch gel 

electrophoresis. 

0.1 N-hydrochloric acid su'bseqùently eluted 

a. s,nall peak of 2' of the ninhydrin extinction 

units. The proteins of this peak and the initia: 

peak were not recovered. 

The recovery of all the starch gel bands of 

whole histone in the proteins of the two major 

fractions confirmed that no hydrolysis had 

occurred in these concentrated acid solutions. 

The proportions of the major peaks were similar 

to those with the hydrochloric acid gradient, 

eluted in the pH range 2.05 to 1.85, while acetic 

acid afforded a virtually complete separation of 

the Y- fraction from the a. -? -peak, the elutions 

occurring in the pH range 1.85 to 1.60. The 

elution of the a- and f.- histones in a single 

nearly uniform peak suggested that they occurred 

in a complex at low pH values. 

Although the acetic acid gradient defined a 

greater complexity in the Y- histone peak, it was 

considered unlikely that lowering the slope of 

the concentration gradient by increasing the 

elution volume would have allowed the resolution 

of further components. These experiments with 
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the acetic acid elution were therefore not 

continued. 

A feature of ion exchange chromatography 

experiments at pH values greater than 4.0 was 

the elution at low salt concentrations of a lysn 

rich fraction. The incorporation of such a pre 

lilninary fractionation was thus suggested to 

separate the a- and p- cor_ponents and when follow® 

by an acetic acid elution,a separation may be 

achieved of at least three fractions of group 

purity. This was the basis of the improved 

hydrochloric acid chromatography of Johns et al. 

(1960), but the proposed procedure offered the 

functioning of true ion exchange fractionations 

with a continuous gradient elution. 

The sodium chloride elution of Johns et al. 

(1960) was applied as the initial treatment. 

Protein was added to the column which had been 

equilibrated with pH 4.2 acetate buffer, 0.' 

7Tolar with respect to acetic acid and 0.03 --la a 

with respect to sodium hydroxide. After 

in the protein the buffered salt solution 

applied directly to the column in a ste=r' 

change of eluant. The salt solution was 

composed of 0.17!,ß acetic acid, ? T' sodium 

hydroxide and 0.42M sodium ch_.: e, pH 4.2. 
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Later the column was washed. with 2M ,T acetic acid 

and a continuous gradient to 5 Molar in 1000 ml. 

applied. 

Sodium chloride eluted 40, of the added 

ninhydrin extinction units in a single fraction, 

which showed on starch gel electrophoresis the 

intermediate a- histones to be the major com- 

ponents with fairly heavy contamination with p- 

histones. The acetic acid gradient yielded a 

complex series of peaks without any useful 

separations, while 0.1 N hydrochloric acid 

finally eluted a small amount of the arginine- 

rich histone material of negligible migration 

in starch gel.(Fig. 5à) 

In view of the poor resolution obtained with 

this procedure, the chromatographic method of 

J-ohns et al. (1960) was repeated exactly as 

published. The salt elution was followed by 

two steps of 0.O1N and 0.02 ICI- hydrochloric acid. 

All three fractions, which were eluted in 

very sharp peaks, were contaminated with proteins 

from neighbouring peaks. The first protein to 

emerge was largely a- histone with traces of r- 

material. The y- histones of the second peak 

were similarly contaminated with p- histone, while 

the final fraction revealed the starch gel 
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patterns of the p- and 1- histones with the 13- 

components predominating.(Fig 5154 

Finally, a continuous gradient of sodium 

chloride to 0.42 Molar in sodium acetate buffer, 

pH 4.2, was applied to the a -p- fraction from 

the acetic acid. elution. The a histones were 

eluted in a poorly resolved double peak, but 

still exhibited bands of p- histone mobility in 

the starch gel pattern. 

Ion -exchange chromatography at low pH values 

failed to resolve the three groups of histones 

owing to the interactions between the {3- histone 

and the other components, in particular the 

a- histones, and to the low range of affinities 

exhibited by the histones with the gradients of 

hydrogen ions and aluminium and guanidinium 

chlorides. 

The capacity of the histones for interaction 

and aggregation may be explained by their very 

high charge densities and dipole moments 

( Allgen, 1950). At pH values above 3.5 the 

ionization of the histone carboxyl groups would 

be notably increased, so increasing the dipole 

function of the proteins. Sodium chloride at 

pH 4.2 achieved a substantial though incomplete 
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reversal of the complex of the a- and histones, 

but apparently promoted an interaction between 

the p- and ^r- components, for Davison (1957a) 

eluted only one further peak with the sodium 

chloride gradient in a quantitative recovery. 

However, the polyvalent cations, aluminium and 

lanthanum, which suppressed histone aggregation 

may be effective in dissociating both the 

heterogeneous and homogeneous histone inter- 

actions at pH values above 3.5. 

ii. Chromatography at pH 4.0. 

Experiments with lanthanum acetate buffers 

were restricted to the maximum pH of 4.0, for 

at the concentrations of buffer achieving final 

elution of histone from CM- cellulose the 

formation of a turbidity became troublesome. 

The concentration of the lanthanum acetate 

buffer was determined by a conductivity bridge. 

Lanthanum acetate buffer, pH 4.0, was found 

in preliminary stepwise experiments to elute 

histone quantitatively from CM-cellulose between 

0.1 Molar and 1.5 Molar concentrations. A 

water solution of histone was added to the 

column which was then washed with 0.1 Molar 

buffer and a gradient rising to 1.5 molar in 

500 ml. was applied. The initial buffer wash 
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eluted 105 of the added ninhydrin extinction 

units, while with the continuous gradient three 

further protein peaks emerged. The chromato- 

graphy was therefore repeated at a loading of 

protein of 100 mg. with the gradient of 

lanthanum acetate buffer, pH 4.0, 0.1 Molar to 

1.5 Molar, spread over 2000 m^ (Fig. 601 Preliminary 

washing with dilute buffer was carried out in 

two steps of 0.05 Molar and 0.1 Molar concen- 

trations in order to promote any potential 

fractionation in the first component to be 

eluted. 

There was no significant displacement of 

ninhydrin positive material by the buffer to 

0.1 Molar, but the continuous gradient eluted 

. f the added ninhydrin units in a three peak 

pattern, which closely duplicated that of the 

first experiment. The effluent diagram is 

presented in rig. 6 and the starch gel patterns 

of the various fractions are reproduced in 

Fig. 6a. 

The advanced part of Peak 1 revealed on 

starch gel electrophoresis the slow Y- histone 

and the full complement of the a- bands, while 

the trailing half contained the slow y- histone 
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with trace amounts of a faster y -band. The 

second peak to be eluted was composed almost 

exclusively of the fast Y histone. The major 

component of Peak 3 was the histone of low 

mobility, with the fast p -band and the fast ^- 

histories also present in high proportion. 

The column was washed with 0.1 N- hydro- 

chloric acid after the buffer gradient had 

reached a concentration of 1.2 i;iolar, but no 

further protein was eluted. 

The failure of the initial two -step washing 

with dilute buffer to elute a protein fraction 

in contrast to the single step to 0.1 Molar 

buffer was presumably due to the establishment 

of true ion exchange equilibria in the former, 

where the rate of change of the concentration 

gradient was lower. The nature of the histone 

eluted in this fraction in the first run was not 

determined, as the low protein load rendered its 

recovery impracticable. However, it can be 

inferred by analogy to the salt elutions at pH 

values above 4, that it was a- histone material. 

Further, the first peak eluted by the continuous 

gradient was recovered and its electrophoretic 

pattern revealed reduced amounts of the a -bands 
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by comparison with the pattern of Peak 1 from 

the second run. The starch pattern also showed 

a number of very fast bands, similar in mobility 

to the fast bands of the a- fraction of Cruft et 

_l . (1957) . 

Peak 2 constituted 16 of the recovered 

protein in terms of the ninhydrin extinction 

units. By contrast, the fast -peak eluted with 

the aluminium and guanidinium chlorides at low 

pH was 30%, but under these conditions histone 

aggregations were suppressed. The presence of 

the Yanaterial in Peak 3 was undoubtedly due to 

aggregation, presumably because of the very high 

ionic strengths. Aggregation is suggested by 

the low recovery, amino groups being sterically 

inaccessible to the ninhydrin, and by the 

similarity of the starch gel patterns of the 

Peak 3 protein and the p- histone of Cruft et al. 

(1958a). Notably, however, no very high 

molecular weight material occurred on the protein 

slot surface, so perhaps the fast Y- histones 

terminated the aggregation of the p- histones. 

That proportion of the fast Y- histones not 

involved in this complex was eluted in the 

separate Peak 2. 
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Chromatography with a concentration gradient 

of lanthanum acetate buffer, pH 4.0, provided a 

useful separation of whole histone into three 

fractions. The displacement of an a- histone 

fraction from the material in the first peak 

could probably be achieved by a gradient of 

sodium chloride in the dilute buffer of 0.05 

?Tolar or 0.1 ".Tolar concentration. However, it 

is unlikely that the separation would be complete 

under these conditions and a more satisfactory 

fractionation of the a- and slow Y- components 

would be achieved by submitting the first peak 

to chromatography with a gradient of acetic acid, 

Similarly, a further useful fractionation could 

be performed on the protein of the terminally 

eluted peak with a gradient of aluminium 

chloride. 

Further work with the lanthanum acetate 

gradient was not, however, undertaken, for a 

new fractionation technique, yielding more 

extensive separations in a single operation 

under very mild conditions, became available 

for study. This work is described in the 

following section. 
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( c ) Summary 

Ion exchange chromatography at pH values 

below 2.5 did not yield a useful fractionation 

of whole histone owing to the narrow range of 

affinities exhibited by the various components 

and to the complexing interaction of the a- and 

Ç- histones. Preliminary salt elutions at higher 

pH values to dissociate this complex were not 

completely successful and the later fractionatio 

was complicated by interaction of the histones 

with Y- proteins. 

Chromatography at pH 4.0 with lanthanum 

acetate buffer improved the resolution of whole 

histone components, but the concurrent elution 

of the a- and slow Y- histones and the aggre- 

gation of the f- and Y- components at the highest 

ionic strengths of elution complicated the 

separation of characteristic groups. However, 

the fast y- histone was obtained in a high degree 

of purity and secondary chromatography of the 

first peak at low pH would allow the separation 

of the slow Y- histone from the a- group. When 

the a- histones were partially separated from 

the slow y- material in the first run, the slow 
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-peak exhibited small amounts of some very 

fast bands. Further resolution of the final 

fraction would be achieved by ion exchange 

chromatography with aluminium chloride at low 

pH. 
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III. D7,XTRAN GAL FILTRATION 
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(a) Introduction 

In view of the failure of chromatographic 

procedures to effect a complete fractionation of 

whole histone, a new separation technique was 

investigated. The method of gel filtration in 

columns packed with grains of the insoluble 

dextran material, Sephadex, was introduced by 

Porath & Flodin in 1959. Group separation was 

based on molecular size, a principle that had 

previously been extensively studied with columns 

of starch by Lathe & Ruthven (1956). However, 

Sephadex proved to be a more satisfactory medium, 

as it was of a chemically defined composition an . 

was extremely stable. 

Sephadex is described by Porath & Flodin as 

an insoluble hydrophilic cross- linked dextran 

polymer, which swells considerably in water. Th- 

degree of swelling and the porosity of the 

granules is determined by the degree of cross - 

linking. I? iacromolecules which are excluded 

from the granules migrate without retention, 

while solutes of low and intermediate molecular 

weight penetrate to an extent determined by 

their molecular dimensions and by the pore size 

of the gel. The polar nature of the dextran 

material is due almost exclusively to hydroxyl 



78. 

groups, although a few carboxyls are known to 

occur (Gelotte, 1960). 

Gel filtration with Sephadex G -75 (low 

degree of crosslinking so that solutes above a 

molecular weight of 40,000 to 50,000 are 

excluded from the gel granules) has been studied . 

for the fractionation of artificial protein 

mixtures (Porath, 1960) and milk proteins 

( Préaux & Lontie, 1961). Gruft (1961) applied 

the technique to the separation of calf thymus 

bistones and four fractions were identified in 

the eluant from a column of Sephadex G -75 in 

dilute hydrochloric acid. The proteins were 

identified by starch gel electrophoresis and the 

stability of the fractionation established by re- 

running a number of the components. 

This fractionation of whole histone was 

effected under very mild conditions and was 

obviously the most comprehensive single step 

separation in the literature. Nevertheless 

it could probably be improved by the dissociation 

of the a- and p- histones, which were eluted in 

the first, high molecular weight peak. A 

complex of these components would be expected in 

acid solvents, but this interaction is largely 
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dissociated in solvents of high ionic strength. 

TJnder such conditions the a- histones would be 

expected to behave as low molecular weight 

materials (Gruft et al., 1957). 

It was considered important that other 

solvent media for filtration should be examined 

with Sephadex G -75 for a possible improvement in 

the resolution of calf thymus histone obtained 

by Gruft (1961) with 0.02 N-hydrochloric acid. 
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(b) Method of Sephadex Gel Filtration 

Sephadex G -75 (Pharmacia, Uppsala, Sweden) 

of medium. grade (approximately 100 -250 mesh) 

with a water regain of 7.6 gm. /gm. of dry materia 

was allowed to swell in 0.05M sodium chloride. 

Salt prevented clumping of the granules. The 

wet Sephadex was washed with five volumes of salt 

solution at least eight times and the few fine 

particles left in suspension after settling for 

30 min. were discarded each time. The material 

was then washed with water and finally with the 

solvent under study. 

Columns of dimensions 125 cm. x 2.8 cm. 

diameter and 150 cm. x 3.0 cm. diameter were 

packed by the technique of Flodin ,e Kupke (1956) 

with the following modification. The rate of 

settling of Sephadex was slowed by a pored disc, 2.5 cm. diameter,. 
0.2 cm. holes :placed in the neck of the Sephadex reservoir 
instead of by rapid stirring, which was found to 

fragment larger granules producing much fine 

material. Sephadex was allowed to settle from 

the reservoir on top of the column tube, which was 

filled with the required solvent. When a bed 

of 10 cm. had packed, e. constant flow of 30 ml./ 

hr. lias begun. The gel surface rose in the 

tube with an even front. Washing was continued 

until the gel had packed to a constant height, 

generally within 48 hr. 
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The void or exclusion volume of the gel 

column was not checked, as no well characterized 

high molecular weight basic solute, stable in 

acid conditions, was available. Determination 

of the void volume in neutral solutions with 

Indian ink or haemoglobin could not be related 

accurately to the void volume in acid solution, 

as the degree of swelling is influenced by the 

solvent conditions. á change of solvent in the 

gel column is usually accompanied by a change 

of void volume and often by a change in the 

packed volume. Thus changes 

generally made outside the column, with extensive 

washing with water before the new solvent was 

introduced. The evenness of the packing was 

checked by passing a small volume of malachite 

green solution through the column. 

A number of exploratory experiments were 

carried out with the shorter column, 60 mg. 

whole histone being applied to the gel in 2; 

(w /v) solution in the appropriate solvent. With 

the longer column 200 mg. histone in 6, (w /v) 

solution were analysed. Protein solutions were 

applied directly to the gel surface, great care 

being taken to avoid disturbing the grains. 

After filtering into the gel the protein was 
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washed in with 20 ml. solvent before the 

continuous supply was attached. Filtration 

was carried out at room temperature. 

A flow rate of 10 -12 ml. /hr. was maintained 

when possible, as the spread of the peaks 

increased markedly with flow rates below 7 ml. /hr 

The effluent was collected in fractions of 

4.5 ml. delivered by a siphon unit. Each 

fraction was analysed by the quantitative 

ninhydrin method. of Moore & Stein (1954) 

(Appendix I), with 0.5 ml. samples, and for 

ultraviolet absorption at 276 my.. (light path 

1 cm. and slit width 0.2 mm.) in a Unicam 

spectrophotometer, SP.500. Recoveries were 

calculated in terms of ninhydrin extinction units 

and ultraviolet absorption units in the manner 

described for ion exchange chromatography. 

Protein was isolated from the effluents by 

pooling the required fractions and dialyzing, if 

necessary, against 0.02 N-hydrochloric acid to 

remove salts. The histone chlorides were then 

dialyzed against seven volumes of acetone and the 

precipitated proteins were collected, washed with . 

acetone and ether and air-dried. 
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(c) Experimental and Discussion 

The filtration experiment of Cruft (1961) 

was first repeated in 0.02 Nhydrochloric acid 

and a close duplication of the author's results 

was obtained with a slightly improved separation 

of the second peak. The effluent diagram is 

reproduced in Fig. 7, 

Peak 1, comprising 305 of the ninhydrin 

extinction units, exhibited a low ultraviolet 

absorption. The recovered protein revealed on 

electrophoresis the presence of aggregated p- 

histone of zero mobility along with the a -histone 

identified by Cruft in this fraction. The major 

electrophoretic band of Peak 2, 115, was the fast 

p -band, but much contamination by proteins of the 

neighbouring peaks was obvious in the starch gel 

pattern. Peak 3, the major fraction, con- 

stituted 45; of the recovered ninhydrin positive 

material. The protein showed predominantly 

the slow Y histone band on the starch gel with 

traces of the faster components. The final 

peak 4, 9;_', had a high ultraviolet absorption 

and was composed of the two faster y- histones. 

The peak showed signs of splitting at its 

trailing edge. A minor peak was eluted later 

as the ninhydrin curve fell slowly to zero, but 
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this material was not recovered. 

The ultraviolet absorption curve gave no 

indication of nucleic acid in the front of the 

first peak, although Cruft (1961) recovered 

material with an absorption maximum of 265 my. 

in this position. 

Recoveries of 96% of the ninhydrin extinction 

units and 86= of the ultraviolet absorption units 

were obtained. 

The a- histone fraction emerged from the 

column at a volume equal to 25; of the total 

packed gel volume,in agreement with the results 

of Cruft. Porath (1959) reported that the void 

volume of a Sephadex G -75 column was 23' of the 

total gel volume. The occurrence of the a- 

histones in a high molecular weight form in the 

acid solvent was expected from the results of 

chromatography with acid eluants, when a- histones 

were eluted in a complex with the e- fraction. 

The contribution of the p- material, however, 

appeared to be small from the low ultraviolet 

absorption of the peak. 

The identification of the fast p histone in 

Peak 2 confirmed Cruft's analysis, the lower 

molecular weight in comparison with the p- 

component of Peak 1 being reflected in its later 
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elution from the Sephadex and its higher 

mobility in starch gel. Contamination with 

proteins from neighbouring fractions was fairly 

heavy. 

Peak 3 was asymmetrical indicating hetero- 

geneity with respect to molecular weight. Either 

the main slow y- histone is composed of a number 

of different molecular weight components or the 

trace of the faster y- histones revealed in the 

starch gel pattern was eluted in the forward 

part of the peak. It seemed more likely that 

these faster bands were contaminants from Peak 4, 

although no protein was eluted in this position 

when the Peak 3 protein was re -run through the 

same column. The re -run peak emerged at the 

expected position and described the same shaped 

ninhydrin curve.(Fig. 7, Trace) 

Cruft (1961) identified Peak 4 protein as 

unaggregated p- histone on its capacity to 

aggregate readily. The electrophoretic bands 

of this peak were present in the pattern of the 

p- histone of Cruft et al. (1958a) and in the 

aggregated peak of the lanthanum acetate 

chromatography. Johns & Butler (1962) 

demonstrated a close correlation of the faster 

bands of the fast electrophoretic group, El, 
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with the arginine -rich histones of very low 

starch mobility, group E3, by their lysine: 

arginine ratios. However, the ratio for the 

arginine -rich histones was thought to be high 

due to the loss of arginine on protein hydrolysis 

in the presence of starch. The ratio for 

fractionally extracted arginine -rich proteins 

was 0.8 and for the two fastest proteins 1.1 

(Johns et al., 1961). Phillips (l 62) defined 

the slightly lysine -rich proteins as having a 

lsine:arginine ratio between 1.0 and 4.0. The 

fast y- histone should therefore be classified 

as a readily aggregating y- histone. 

The recovery of 95 for the fast Y- protein 

peak was low by comparison with the proportion 

of this fraction in the aluminium chloride 

chromatography. Presumably some of this 

material was in a complex with other components 

under the prevailing solvent conditions. 

The very slow fall in the ninhydrin curve to 

zero after the main protein elution was due 

either to low molecular weight materials, or to 

a retardation of the elution of protein by some 

ionization of the few carboxyl groups present in 

the Sephadex. Gelotte (1960) estimated the 
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carboxyl capacity of Sephadex to be 10 )zequiv./ 

gm. of dry material. Such a retardation of 

protein would have caused contamination in the 

later peaks of the elution. 

Afiltration experiment at a slightly lower 

pH value than 0.02 N- hydrochloric acid, pH 1.75, 

was therefore examined, under solvent conditions 

ensuring complete suppression of any carboxyl 

dissociation. 

With 0.05 N- hydrochloric acid, pH 1.3, a 

three peak ninhydrin diagram was delineated.(Fig. 7a). The 

previous peak 2 had moved into peak 1, now 40 

in proportion, giving it an asymmetrical appear- 

ance, but the low ultraviolet absorption in the 

advanced part of the peak revealed the position 

of the a- histones. The trailing portion of the 

peak was largely composed of the ß histones and 

exhibited a high absorption at 276 m1. The y- 

peaks were of the same proportions and exhibited 

the same starch gel patterns as in the previous 

run, but the centre of the main peak was slightly 

in advance of its position in 0.02 N- hydrochloric 

acid. 

The recoveries were 100 ; on the ninhydrin 
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basis and 81% by the ultraviolet absorption. 

The ninhydrin curve again fell slowly to 

zero, indicating the elution of low molecular 

weight material. 

The merging of peaks 1 and 2 and the slight 

forward movement of the major r -peak suggested 

that some aggregation had occurred with the 

increase in ionic strength, despite the lowered 

pH. A ten -fold increase in hydrochloric acid 

concentration over the initial solvent was 

therefore investigated. 

The solvent 0.2 N hydrochloric acid, pH 

0.85, yielded_ the fractionation of whole histone 

shown in the elution diagram in Fig. 8. Peak 1, 

comprising 605 of the ninhydrin extinction units 

gave the starch gel pattern of whole histone 

but with a marked depletion of the slow °l -band. 

Peak 2, 36, was symmetrical and showed merely 

the Y- histone pattern on electrophoresis with 

the faster bands much reduced in intensity. 

The recovery of ninhydrin units fell to 

89' while that of the ultraviolet absorption 

units was 83;x. 

Histone aggregation obviously had occurred 
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Fig. 8a. FILTRATION DIAGRAM OF CALF THYMUS 
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with the increased ionic strength of the hydro- 

chloric acid, in agreement with the observations 

of Davison cc Shooter (1956). In particular, 

the protein of virtually the entire fast ;- 

peak was involved in aggregation. Apparently 

the material in the î- histone peak underwent 

some complexing interactions, for it was eluted 

in front of its position in 0.02 N-hydrochloric 

acid and the peak was symmetrical. 

Obviously histone dissociation would be most 

nearly approached in distilled water, a possi- 

bility strongly suggested in the publications of 

Gruft, Mauritzen & Stedman (1957, 1958a). A 

filtration experiment was therefore carried out 

in water despite the presence of dissociated 

carboxyl groups. 

Whole histone was eluted from Sephadex G -75 

in distilled water in a single trailing peak 

after twice the volume of the previous runs,(Fig. 8a) 

The packed volume of the gel was unchanged by 

the water environment, so presumably the column 

carboxyls, which are confined to the interior 

of the granules (Gelotte, 1960), were weakly 

effective in retarding the migration of the 

histone through the gel. The shape of the 
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elution peak was commensurate with a column of 

weak binding capacity. 

Protein recovery on the ninhydrin basis was 

To avoid this carboxyl effect filtration was 

carried out with the anion exchange Sephadex, 

diethylaminoethyl- Sephadex (DBAE- Sephadex). 

DEAF- Sephadex was introduced by Porath & Lindner 

in 1961 and has been used with success in the 

fractionation of peptide mixtures by Carnegie 

(1961). 

D3M- Sephadex A -50 (porosity comparable to 

Sephadex G -75) of medium grade and with a capacit! 

of 3 m.eq. /gni. was prepared into columns as 

described for G -75. 

Histone was entirely voided by the DEAE- 

Sephadex at neutral and acid pH values, undoubted y 

because of charge repulsion, and a single 

symmetrical protein peak was eluted. At pH 8.4, 

0.027 sodium bicarbonate, approximately 8¡ of the 

ninhydrin extinction units were eluted later.(Fig. 8b) 

This material was probably derived from a- 

histones, as the corresponding bands were slightl 

depleted in the starch gel pattern of the main 

peak. However, this fractionation was not 

examined further in the light of the better 
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resolution with Sephadex G -75 and no further 

experiments with the DEAR-Sephadex were 

conducted. 

A resolution of the a -á- complex from 

Sephadex G -75 in 0.02 N-hydrochloric acid should 

be obtained with solvents of high ionic strength, 

which above pH 4.2 were known to resolve the a- 

histones on ion exchange chromatography (Davison, 

1957a). To avoid the concomitant interaction 

between the 13- and Y- histones at high pH, the 

increased ionic strength was first examined in 

dilute acid. 

The first peak to emerge in the solvent, 

0.02 N- hydrochloric acid 1.0 Molar with respect 

to sodium chloride, comprised 83° of the added 

protein. The peak showed evidence of splitting 

and the advanced part with a high ultraviolet 

absorption contained the Ç- and fast y-histones. 

The trailing portion revealed the a- histones and 

the slow y-- material on electrophoretic analysis. 

The second peak contained 1- histones and com- 

prised 16;% of the recovered ninhydrin extinction 

units.(Fig. 8c) 

The ninhydrin recovery was 92 while the 

recovery of the ultraviolet absorption units Was 
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Aggregations obviously involved all the 

Y- histones to a considerable extent. Cruft et 

a1. (1958b) reported that Y- histone aggregations 

were suppressed at high pH values by high ionic 

strengths. Under such conditions slightly 

lysine -rich histones exhibited a molecular weight 

around 31,000 and lysine -rich histones a molec- 

ular weight of 10,000 (Trautman & Crampton,1959). 

Although the (3- histones aggregated readily under 

these conditions (Cruft et al., 1958a) their 

precipitation out of solution would, in fact, 

effect a useful fractionation, as this material 

could be later eluted from Sephadex in dilute 

acid. 

Filtration through Sephadex G -75 with an 

0.1T, sodium acetate buffer, pH 5.3 1.0 ?.Tolar 

with respect to sodium chloride resolved whole 

histone into three fractions. The elution 

diagram is given in Fig. 9. Peak 1, 15, of 

high ultraviolet absorption, was composed of the 

p- histones with traces of the Y-complex present. 

Peak 2, 39, showed the a- histones as the major 

electrophoretic components, but both p- and y- 

bands were also evident. Peak 3, 38, gave the 

starch gel pattern of the Y- histones with the 

faster bands slightly reduced in intensity. 
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Recoveries were 88' for the ninhydrin 

colour and 945 for the ultraviolet absorption. 

The run was also carried out with sodium 

acetate buffer at pH 6.05 and a precisely similar 

result was obtained.(Fig. 9, Trace) 

In the high pH and concentrated salt 

conditions histone aggregated to a soluble 

high molecular weight form, but the associated 

aggregation of the Y- histones marred the 

resolution. Further, the a- histones were not 

dissociated to low molecular weight components. 

Peak 3 closely resembled the y- histone peak in 

0.2 N- hydrochloric acid, in proportion, ni n- 

hydrin:ultraviolet ratio, starch gel pattern and 

in the symmetrical nature of the curve. The 

fraction obviously contained proteins of uniform 

molecular weights. 

The low ninhydrin recoveries in the 

filtrations with 0.2 il hydrochloric acid and 

pH 5.3 buffer of high ionic strength indicated 

that in the aggregations amino groups became 

sterically inaccessible to the ninhydrin. 

A solvent of lanthanum acetate for 

filtration was not examined. In consideration 

of the interaction of the a- and Y- components 

and the aggregation of the p- and fast Y- 
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histones on the chromatography of whole histone 

with the lanthanum buffer, er, i t was thought 

unlikely that gel filtration in this buffer 

would achieve an improvement on the resolution 

with 0.02 N- hydrochloric acid. 

Attention was returned to the fractionation 

of histones on Sephadex G -75 in 0.02 N h ;dro- 
chloric acid and the further experiments were 

carried out with the larger column with the aim 

of increasing both the resolution and the proteix 

loading. 

With a column of Sephadex G -75, 145 x 3.0 

cm. diameter, the filtration in 0.02 TT- hydro- 

chloric acid with 3 ml, of a 25 (w /v) solution 

of unfractionated histone was repeated. The 

elution diagram was the same as with the shorter 

column, although the peaks were more widespread 

and the separations not so well defined. The 

starch gel pattern of Peak 2 was exceptional in 

showing heavy contamination with neighbouring 

proteins and in the migration of its main band 

a little in front of the fast histone position. 

This increased mobility was attributed to a 

concentration effect. 

The run was repeated with 200 mg. of whole 

histone in a 6 w /v) solution. The elution 



Table. I. PROPORTIONS AND NINHYDRIN:ULTRA- VIOLET ABSORPTION 

RATIOS OF PEAKS FROM FILTRATION OF CALF THYMUS 

HISTONE ON SEPHADEX G -75 IN 0.02 N HYDROCHLORIC ACID. 

Column 

Length 

cm. 

Histone 

Con cn 

lwti 

PEAK I PEAK 2 PEAK 3 PEAK 4 PEAK 5 

Propn 

4. °b 

Nin:UV Propn 

°l 

NircUV Propn 

°lo 

Nin:UV Propn 

°L 

Nin:UV Pro 

°la 

Nin:UV 

I 125 2 30 19.3 II 4.8 45 4.2 9 2.8 - - 
2 150 2 20 10 15 5.6 45 4.8 14 3 2 - - 
3 150 6 20 8.9 16 4.5 39 4.3 12 25 6 4.1 

4 150 6 22 24.7 16 4.4 41 4.3 10 2.6 3 72 

5 150 6 22 22.3 13 4.2 45 4.0 14 3.0 3 4.0 

* PROPORTIONS ARE BASED ON RECOVERED NINHYDRIN EXTINCTION 

UIN TS. 



Table. I. PROPORTIONS AND NINHYDRIN:ULTRA- VIOLET ABSORPTION 

RATIOS OF PEAKS FROM FILTRATION OF CALF THYMUS 

HISTONE ON SEPHADEX G -75 IN 0.02 N HYDROCHLORIC ACID. 

Column 

Length 

cm. 

Histone 

Concfl 

°lwly. 

PEAK I PEAK 2 PEAK 3 PEAK 4 PEAK 5 

Propfl 

it- 1 
Nin:UV Propn Nir UV Propfl 

'I. 

Nin:UV PropP 

°I, 

Nin:UV Pro? 
°I. 

Nin:UV 

I 125 2 30 19.3 II 4.8 45 4.2 9 2.8 - - 
2 150 2 20 10 15 5.6 45 4.8 14 32 - - 
3 150 6 20 8.9 16 4.5 39 4.3 12 2.5 6 4.1 

4 150 6 22 24.7 16 4.4 41 4.3 10 2.6 3 7.2 

5 150 6 22 22.3 13 4.2 45 4.0 14 3.0 3 4.0 

* PROPORTIONS ARE BASED ON RECOVERED NINHYDRIN EXTINCTION 
UIN TS. 



15 

3 

, /.... 
, ,' `. r''---.. , . . , , --- ,, , , . 

4 5 6 

300 400 500 
EFFLUENT VOLUME ml. 

600 

Fig.10. FILTRATION DIAGRAM OF CALF THYMUS HISTONE ON SEPHADEX -G -75 IN 
0.02N HYDROCHLORIC ACID. SOLID LINE, NINHYDRIN COLOUR. DOTTED LINE, ULTRA- 
VIOLET ABSORPTION. FRACTION VOLUME, 4.5 ml. 

mnuuu 
11111111111 

1/111111 unn111 NM IIIIIIIIII III111101 mum 
mum 

PRIM 
Ó 

a 

il1111111ii 

T- - 
R11111111 

+ - 111111111 

111111111 

PEAK.I PEAK.2 PEAK.3 WHOLE PEAK.4 PEAK.5 PEAK.6 
HISTONE 

Fig.IOa. STARCH GEL ELECTROPHORETIC PATTERNS OF THE UNFRACTIONATED 
HISTONE AND OF THE SEPHADEX FRACTIONS DESCRIBED BY FIG 10. 



95. 

diagram is reproduced in Fig. 10. Data are 

collected in Table 1 on the proportions of the 

protein peaks and their ninhydrin ultraviolet 

absorption ratios for the three filtration 

experiments in 0.02 N- hydrochloric acid 

reported, rows 1, 2 and 3, and for two further 

runs to be described. 

This increased loading of whole histone 

allowed the demonstration of further complexity 

In the effluent pattern of the histone fraction- 

ated on a molecular weight basis. The starch 

gel patterns of the proteins recovered from the 

six peaks of Fig. 10 are reproduced in Fig. 10a. 

fifth peak was identified on the trailing edge 

of Peak 4 and electrophoresis revealed its 

composition of three fast bands beyond band 2 

of the whole histone pattern. Protein from the 

terminally eluted Peak 6 showed a single diffuse 

band of high mobility. The starch patterns of 

the other fractions were typical except with t'-Ie 

Peak 2 protein, where the main band migrated 

slightly in front of the fast p -band. 

The protein elution was spread over a larger 

volume because of the greater diffusion and 

slower flow rate in the longer column. 
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Fig.IOb. FILTRATION DIAGRAM OF CALF THYMUS HISTONE, 10.14t) SOLUTION, ON 
SEPHADEX G -75 IN 002 N HYDROCHLORIC ACID. SOLD LINE, NINHYDRIN 

COLOUR. DOTTED LINE, ULTRA -VIOLET ABSORPTION. 
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Malachite green emerged from the column at 

1000 ml. as was expected for a fully dispersed 

and unretarded material. 

A solution of whole histone, 200 mg., in 

10 (w /v) concentration was filtered through 

the gel bed and protein emerged without the 

resolution of Peak 2. This material had 

become incorporated into Peak 1, now 38;% of the 

recovered ninhydrin extinction units, obviously 

because of histone aggregation at the increased 

protein concentration (Cruft et al., 1958a).(Fig. 10b) 

The filtration run in the longer column 

required over 50 hr. for protein elution against 

24 to 30 hr. with the 125 cm. column. The 

stability of whole histone in 0.02 N- hydrochlori 

acid at room temperature was therefore investi- 

gated. The ninhydrin colour yield of un- 

fractionated histone was constant for seven 

days after an initial drop in the first eight 

hours of solution. The constant ninhydrin 

value was established after 24 hr., indicating 

the slow attainment of equilibria for histone 

interactions under the solvent conditions. 

To ensure that no such interaction changes 

were complicating the Sephadex fractionation, 

the histone solution, 6% (w /v), was held at 
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room temperature for 24 hr. before being applied 

to the column. The pattern of protein elution 

is shown in Fig. 11 and is accompanied in Fig. 

lia by the starch gel patterns of the protein 

fractions. 

The ninhydrin elution diagram was in close 

duplication of the previous run with 0.02 N- 

hydrochloric acid. The proportions of the 

peaks and their ninhydrin :ultraviolet ratios, 

Table 1, row 4, showed good agreement with the 

figures for the previous run, Table 1, row 3. 

However, the separation was vastly improved in 

the run described by Fig. 11, undoubtedly 

because of more even packing in the Sephadex 

column. 

A high molecular weight nucleic acid 

material with an absorption maximum at 265 my 

was revealed in the effluent before the emergent 

of protein by the ultraviolet absorption curve. 

This material constituted some 7 of the 

recovered ultraviolet absorption units. The 

high ninhydrin :ultraviolet ratio of protein 

Peak 1, 24.7, reflected the resolution of the 

nucleic acid material from this peak. Therefore 

the contribution of the Ç- histone to the materia 

in the high molecular weight protein in Peak 1 

was extremely low. 



 

500 600 
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Fig. II b. FILTRATION DIAGRAM OF PEAK 3 PROTEIN, FIG.II, FRACTION 400 -465 ml., ON 
SEPHADEX G -75 IN 0.02 N HYDROCHLORIC ACID. NINHYDRIN COLOUR PLOTS. 

SOLID LINE, PEAK 3 PROTEIN. DOTTED LINE, CORRESPONDING PORTION OF THE 

WHOLE HISTONE DIAGRAM FIG.II. 
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The improved resolutions of the eluted 

fractions allowed the recovery of Peak 2 protein 

with only a very slight contamination by Y- 

histone material. In the starch gel the main 

band of this fraction migrated a little in front 

of the fast p- histone. The proteins of Peaks 

4 and 5 exhibited the expected patterns on starch 

l electrophoresis. 

Peak 3, however, exhibited an anomalous 

behaviour in that the acetone precipitate 

revealed a number of very fast moving bands with 

complete absence of the expected slow Y-histone 

band. The shape of the ninhydrin peak, the 

proportion, position of elution and the ninhydrin. 

ultraviolet ratio identified this peak as the slo! 

Y- histone. Either a chance hydrolysis or 

dissociation after filtration was responsible 

for the pattern of low molecular weight component 

To establish the stability of the components the 

recovered protein of Peak 3 was submitted to a 

second filtration in the same column. 

A three peak effluent diagram was delineated. 

Taie first peak appeared in the position of Peak 4 

and exhibited the slowest of the starch bands of 

the parent protein, band 1 of whole histone. The 

Fig. 11b) 
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second peak corresponded roughly to Peak 6 and 

contained the three bands of very high migration 

The final peak was very broad and the protein 

was not precipitated by acetone. The very low 

final recoveries of protein from the fractions 

precluded recombination studies and composition 

analyses. 

Similar very fast bands accompanied the 

slow Y- histone on lanthanum acetate chroma- 

tography when much of the a- components were 

separated from this fraction. The main slow 

Y.-band was nevertheless still present. 

The low molecular weight proteins of Peak 3 

represented the products of the dissociation of 

the slow 1- histone component, presumably on 

acetore precipitation, a requirement for this 

dissociation being a high degree of separation 

of the main protein. The bands did not show a 

close correlation with the major fast bands of 

the a- histone fraction of Cruft et al. (1958b). 

However, on heavy overloading of the a- fraction 

on the starch gel a multiplicity of minor bands 

in front of and behind the major bands is 

observed. 
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Fig. Ilc. FILTRATION DIAGRAM OF CALF THYMUS HISTONE ON SEPHADEX G-75 IN 002 N 

HYDROCHLORIC ACID -0.03 M ALUMINIUM CHLORIDE. SOLID LINE, NINHYDRIN 
COLOUR. DOTTED LINE, ULTRA -VIOLET ABSORPTION. FRACTION VOLUME, 4.6 ml. 
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This fragmentation of a major histone 

component on extensive resolution from other 

histones may be enhanced by the chemical factors 

which suppressed histone aggregations. The 

influence of aluminium on on the fractionation 

of histone on Sephadex filtration was therefore 

examined. 

The addition of 0.03Á aluminium chloride to 

0.02 N- hydrochloric acid, pH 1.75 and ionic 

strength 0.2, dissociated a- histone from the 

first peak which was solely the - histone of 

zero mobility. However, a- histones were 

associated with the fast p- histone, while the 

slow Y- and fast Y -peaks were depleted. Apparentl 

interactions were promoted by the increased ionic 

strength and not surprisingly very fast component 

were not observed in any fraction,(Fig. lic) 

A ten -fold dilution in the ionic strength 

of the solvent was investigated in the gel 

filtration column. 

Sephadex G -75 in 0.002 N- hydrochloric acid 

containing 0.003Á aluminium chloride, pH 2.75 

and ionic strength 0.02, resolved whole histone 

into three fractions represented by the effluent 

diagram in Fig. 12. A small nucleic acid peak, 

5.55, was eluted first and was followed by the 
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Fig. 12. FILTRATION DIAGRAM OF CALF THYMUS HISTONE ON SEPHADEX G -75 IN 0002 N 
HYDROCHLORIC ACID - 0-003M ALUMINIUM CHLORIDE. SOLID LINE, NINHYDRIN 

COLOUR. DOTTED LINE, ULTRA -VIOLET ABSORPTION. FRACTION VOLUME, S ml. 

INSET\ STARCH GEL ELECTROPHORESIS PATTERN OF THE UNFRACTIONATED HISTONE. 
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ninhydrin Peak 1. This peak, 25, of low 

ultraviolet absorption was composed of the a- 

.t,d slow (3- histones. Peak 2 comprising 51' 

of the ninhydrin units was very broad and both 

the front and rear portions of the peak gave the 

same starch gel patterns. Slow Y- histone was 

the main comportent with traces of the faster. Y- 

bands also present, but the starch pattern 

revealed the four very fast bands of the 

anomalous Peak 3 from 0.02 N- hydrochloric acid 

(p.97) . Peak 3 in dilute aluminium chloride was 

not well separated and contained the same very 

fast components with the fast Y- histones. 

In the presence of low concentrations of 

aluminium chloride the dissociation of the slow 

Y- histone occurred, presumably on acetone pre - 

cipitation, but this was not complete. 

The Peak 2 of 0.02 A?- hydrochloric acid 

filtration was not present in the eluant from 

the aluminium chloride filtration, but this 

fraction had become associated with the slow y- 

peak, now 51; . 

In view of the lower resolution of whole 

histone with 0.003M aluminium chloride at pH 

2.75 and of the incomplete dissociation of the 

slow Y- histone in this solvent, the filtration 
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in 0.02 N- hydrochloric acid, as on p. 97, was 

repeated. Attention was also turned to the 

further fractionation of the Peak 1 and the full 

characterization of Peak 2. 

The proportions of the various peaks and 

their ninhydrin :ultraviolet ratios are presented 

in Table 1, 2. 95, in row 5. 

These data agreed well with the previous run 

and a nucleic acid peak, 7.5; -', was the first 

material to emerge from the column. However, 

the further resolution of protein peaks was not 

as complete as in the elution where protein 

Pear,. 3 gave the very fast bands and. Peak 3 in . 

this run did not dissociate into these very fast 

bands. Obviously an extensive resolution of 

the slow Y- protein was a condition for this 

dissociation. 

The further resolution of the a- and p- 

components of the first protein fraction was 

investigated. 

The ethanol precipitation procedure of Cruft 

et al. (1957b) was applied to the fraction. The 

solution of the histone chloride in water was 

neutralized with bicarbonate to a pH above 7 and 

a third of a volume of ethanol at -12 °C. was 
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Fig. 12 a. CHROMATOGRAPHY OF THE GX -,B- FRACTION ON CM- CELLULOSE USING 
A CONCENTRATION GRADIENT OF SODIUM CHLORIDE TO 0.42 MOLAR. 

SOLID LINE, NINHYDRIN COLOUR. DOTTED LINE, SODIUM CHLORIDE CONCEN- 
TRATION IN THE EFFLUENT. FRACTION VOLUME, 46 ml. 0.1N HYDROCHLORIC 
ACID WAS ADDED AT THE ARROW. 
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added slowly with stirring. A small amount of 

histone was precipitated and was collected by 

centrifugation. The a- fraction was precipitated 

by dialysis of the supernatant against ten 

volumes of ethanol at 2 °C. 

The e- fraction exhibited heavy bands of zero 

mobility and was free of a- histone, but the a- 

fraction retained considerable pmaterial, which . 

was not completely removed by two further ethanol 

precipitations. 

Chromatography with sodium chloride at pH 

4.2 was applied to the a -p- fraction and the 

continuous gradient of salt to 0.4 ?"olar displace 

a poorly resolved double peak of a- hi.stones.(Fig. 12a) 

These components were still heavily contaminated 

with p- Material, however. 

The protein of Peak 2 required better 

characterization as its starch gel band was not 

paralleled by a whole histone component of major 

proportions. 

The recovered protein emerged from the 

Sephadex column on a refiltration at the expected 

position. However, the peak was absent from the 

eluant in solvents promoting histone aggregation, 

i.e. increased ionic strengths and protein 

concentrations. 
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The protein was not precipitated by 255 

ethanol at neutrality, but the 100% ethanol 

precipitate exhibited r,- histone bands of low 

mobility on starch gel electrophoresis. On 

ion exchange chromatography at pH 4.2, a single step of 0.42 M 
- T - 

sodium chloride eluted a small fraction of protein and a subsequent 

step of 0.1 N-hydrochloric acid the main fraction. This 

main fraction exhibited slow and fast ,.histone 

bands as the main components, but the triplet 

of a -bands and the slow f -band were also present. 

In an acetate buffered starch gel containing 

urea a complex of many of the whole histone 

bands were observed in the original Peak 2 

protein. 

Obviously the Peak 2 protein was a complex 

of many histone components, a complex which was 

stable to acetone precipitation and electro- 

phoresis at low pH, but which was degraded on 

ion exchange chromatography and electrophoresis 

in a urea gel of neutral pH. 

Further filtration experiments with whole 

histone in 0.02 N- hydrochloric acid were point- 

less in view of the a -p- interaction and the 

complex nature of fraction 2. 

However, in the preparation of p histone by 

chemical fractionation (Cruft et ale, 1958a) 
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Fig.12b. FILTRATION DIAGRAM OF THE SUPERNATANT FRACTION, WHOLE HISTONE IN 3.O M 
SODIUM CHLORIDE, pH 94, ON SEPHADEX G -75 IN 002N HYDROCHLORIC ACID. 

SOLID LINE, NINHYDRIN COLOUR. DOTTED LINE, ULTRA -VIOLET ABSORPTION. FRACTION 
VOLUME, 4-6 ml. 
INSET, STARCH GEL ELECTROPHORESIS PATTERN OF WHOLE HISTONE. 
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the slow histones of the starch gel pattern and 

the very fast histones are separated from the 

whole histone. The remaining fraction then 

contained the a- histones of intermediate 

mobility and the slow 7- component. Gel 

filtration of these two fractions may afford . 

an effective separation of histone components, 

Peak 1 and 4 in the e- fraction and the slow 

Y -peak and the low molecular weight a- histones 

in the second fraction. 

Unfractionated histone chloride, 65 (w /v) 

solution, was dialysed. at 2 °C. for 24 hr. 

against 0.5M veronal buffer pH 9.4, which was 

3.0 Molar with respect to sodium chloride. The 

precipitate was collected by centrifugation at 

3,000 x g for 10 min. and the dialysis was 

repeated. Thé pooled supernatants and the 

second precipitate, dissolved in dilute hydro- 

chloric acid, were dialyzed against 0.02 N- 

hydrochloric acid and the proteins precipitated 

by acetone, washed and dried from ether. 

The supernatant fraction, 83` by weight, 

displayed a complex two peak elution diagram.(Fig. 12b) 

A small nucleic acid peak was first to emerge, 

then the protein Peak 1 containing both a- and 
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Fig. I2c. FILTRATION DIAGRAM OF THE PRECIPITATE FRACTIONS WHOLE 
HISTONE IN 3.0 M SODIUM CHLORIDE,pH 9,4, ON SEPHADEX G -75 

IN 0.02 N HYDROCHLORIC ACID. SOLID LINE, NINHYDRIN COLOUR. DOTTED 
LINE, ULTRA -VIOLET ABSORPTION. FRACTION VOLUMES 46 ml. 
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(-- histones. The complex comprising the original 

Peak 2 of the whole histone filtration was absent, 

but the trailing edge of the slow ^Y -peak was 

irregular indicating the presence of the faster 

Y-components. 

The fraction precipitated at pH 9.4 also 

exhibited a complex filtration diagram. High 

molecular weight p- histone was well separated 

in a peak that was voided b,, the gel, but a 

later peak was observed to contain slow Y- 

histones with -proteins.(Fig. 12c) 

The initial chemical fractionation appeared 

to increase the complexity of the fractions 

resolved on a molecular weight basis, presumably 

because of the generation of new complex forms. 

It seemed most unlikely that filtration in 

Sephadex would achieve a complete resolution of 

whole histone components. Filtration in dilute, 

acid could perhaps be used to advantage in 

combination with various ion exchange chroma- 

tography procedures, in particular, with those 

effecting a real separation of the a- and p- 

components. 
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(d) Summary 

Filtration of unfractionated calf thymus 

histone through a column of Sephadex G -75 in 

0.02 N- hydrochloric acid resolved a pattern of 

some six protein peaks. The first four contri- 

buted the protein bands of the starch gel 

pattern of whole histone, while the later low 

molecular weight materials of high mobility were 

in too small amount to be observed in this 

pattern. However, similar low molecular weight 

components are concentrated in the a- fraction 

precipitated at 100; ethanol (Cruft et al., 

1958b). 

The first main fraction was totally excluded 

material containing a complex of the a- histones 

and high molecular weight p- histone. This 

complex was not completely dissociated either 

in filtration solvents or on chemical fraction- 

ation of the isolated material. 

The protein of the second fraction was a 

heterogeneous complex, which was stable on re- 

filtration in 0.02 N- hydrochloric acid, acetone 

precipitation and electrophoresis in dilute acid. 

However, it was dissociated at higher pH values 

and then electrophoretic analysis revealed most 
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of the bands of whole histone. 

The third peak, which was heterogeneous with 

respect to molecular weight, was quantitatively 

the most important, both on the ninhydrin basis 

and the ultraviolet basis. When extensively 

separated from other components this fraction 

dissociated completely to low molecular weight 

high mobility materials and incompletely in 

dilute aluminium chloride. Similar very fast 

bands were given by the two final Sephadex 

fractions. 

Peak 4 contained the fastest 'Y- proteins of 

the whole histone electrophoretic pattern. 

A variety of other filtration solvents were 

examined without success. Filtration on 

Sephadex G -75 in 0.02 1 hz; drochloric acid 

achieved a comprehensive fractionation of whole 

histone but one of mixed or complexed components. 

This separation technique would be most effect- 

ively employed as a secondary procedure to 

chromatographic fractionation. 
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GENERAL DISCTJSSION 
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Starch gel electrophoresis of calf thymus 

histone at neutral and acid pH values described 

a greater heterogeneity than had been suspected 

by chemical fraction techniques and by paper and 

starch block electrophoresis. 'Tolecular weight 

effects and reversible adsorption by the starch 

gel carboxyl groups were important in effecting 

this fine resolution. Ton exchange chromatog- 

raphy failed to resolve more than a few com- 

ponents from the whole histone and these were 

generally of group purity only. This low 

resolution of the histones was due to their 

narrow range of ion exchange affinities and to 

their capacity for interaction and aggregation 

under the conditions of pH and ionic strength 

effecting their elution from CM- cellulose. A 

useful separation of the characteristic electro- 

phoretic groups and one or two single components 

can be obtained on the basis of lanthanum acetate 

chromatography at pH 4.0 with secondary chroma- 

tography of some fractions at lower pH values. 

Gel filtration of the unfractionated histone 

on Sephadex G -75 in 0.02 N-hydrochloric acid 

described an even greater complexity in the 

histone by allowing the observation of very low 



molecular weight components present in small 

amounts in the whole histone. Such small 

components were also observed in the a- histone 

fraction precipitated by 100% ethanol. host 

of the main fractions on the filtration were, 

however, of complexed or mixed histones. 

Totally excluded materials from Sephadex G -75 

have molecular weights above 40,000 to 50,000 

and in 0.02 N- hydrochloric acid this fraction 

was composed of the a- histones with an 

apparently small content of the j3- histones of 

negligible starch gel nobility. 

The lysine -rich a- histones gave on amino 

acid analysis molecular weights of about 5,000 

for al histone and around 10,000 for the a2- 

and a3- components ( Gruft et al., 1957). Trautman 

& Crampton (1959) determined the molecular weight 

of the lysine -rich fraction of Crampton et al. 

(1957) by ultracentrifugation in 4M urea and 

found a value of 10,000 ± 2,000. N- terminal 

group assay suggested a figure of 52,000 for 

these histones (Johns & Butler, 1962) but 

Phillips (1961) has provided evidence for the 

occurrence of some acetyl groups in the N- 

terminal position of these proteins. 

The high molecular weight function of the 
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a- histones in Sephadex G -75 was obviously due 

to the (3- material, with which a- histone is 

complexed at low pH values. Cruft et a1. 

(1953a) determined the molecular weight of the 

unag gregated p.- histone in the presence of 

aluminium chloride, ionic strength 0.15, at pH 

7).0, in which r- histone aggregation is suppressed 

These authors calculated a particle weight of 

57,000 from the sedimentation units, but they 

suspected the presence of trace amounts of lower 

molecular weight materials. Presumably these 

were the fast Y- histones which are observed in 

the starch pattern of the r histone . Gel 

filtration at pH 1.75 with an ionic strength of 

aluminium chloride of 0.2 gave a totally 

excllded fraction of zero starch gel mobility. 

Hnilica et el. (1962) extracted arginine -rich 

histone of low mobility and estimated the 

molecular weight to be around 16,000 by N- 

terminal group assay. 

'Folecular weight determinations of the y- 

or slightly lysine -rich histones by ultracentri- 

fugal analysis gave values between 30,000 and 

40,000 and-these fell to 10,000 to 15,000 in 

concentrated urea or guanidinium chloride 

(Orampton & Trautman, 1959; Luck et al., 1956). 
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i'ractionally extracted slow r- histone gave 

molecular weight of the order of 17,000 by IT- 

terminal croup assay (Johns .x Butler, 1962), 

while the fast y- histone gave a figure of 112,000, 

The authors referred to evidence for the presence 

of acetyl groups, presumably in the ï ?- terminal 

position, in this fast y- fraction. 

A small amount of very low molecular weight 

components was present in the whole histone. 

The small particle size is indicated by their 

behaviour on Sephad.ex G -75, by their high mobilit- 

in starch gels and the diffuse nature of these 

bands and by their concentration in the a- histone 

fraction, which is precipitated at 100; ethanol. 

On heavy overloading of the a- material in the 

starch gel and acrylamide gel ( Gruft, personal 

communications), electrophoresis separated a 

large number of these low molecular weight bands. 

At least three of these bands were major com- 

ponents of the a- fraction. It is just possible 

that these components may have been formed by 

proteoly tic activity on maceration of the thymus 

gland, but such enzymes were obviously inactivated 

by acid pH conditions. Therefore it was unlikely 

that proteolysis was responsible for the 

dissociation of the well separated slow 1- histone 
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protein from Sephadex G -75 in hydrochloric acid. 

These components were stable on refiltration 

through the column. Partial dissociations were 

observed in this fraction from lanthanum acetate 

chromatography, when a good degree of separation 

from other components was obtained and from 

Sephadex filtration in dilute aluminium chloride 

Other histone fractions from chromatography 

or Sephadex filtration did not show similar 

dissociation behaviour, but few other fractions 

have been obtained in the purity of the slow "- 

histone, when complete dissociation was observed 

One fraction then appeared to represent a group 

aggregate of low molecular weight components. 

This behaviour is quite commensurate with 

some observations of histone structure which 

suggest that the and Y- histones are composed 

of a central acid polypeptide core from which 

basic polypeptides extend.ghe acid polypeptide, 

20; -' by weight of the p- histone and 125 of the 

y-histone, was precipitated on tryptic digestion 

of these proteins and appeared homogeneous by 

electrophoresis at pH 10.6 (Cruft, unpublished 

observation). Crampton et al. (1957) observed 

a similar behaviour with their slightly lysine- 
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rich chromatographic fraction. Satake, 

Rasmussen Luck (1960) observed precipitates 

with all their chromatographic fractions except 

the lysine -rich material using a non -specific 

Str. griseus proteinase. Phillips zf Simpson 

(1962) exhibited arginine -rich and slightly 

lysine -rich histones to trypsin digestion and 

recovered acid polypeptide precipitates amounting 

to 20 -25 by weight of the former fraction and 

15;; of the latter. The polypeptide showed a 

large number of N- terminal groups and had a 

molecular weight of '), 000 to 5,000 by the N- 

terminal assay. 

The starch gel electrophoretic patterns of 

unfractionated histone at a variety of pH values 

showed good agreement with the published data 

of other investigators (Neelin : Neelin, 1960; 

.Tohns et al., 1961). The various histone 

preparations were all carried out at low pH 

values and the electrophoretic units have been 

taken to represent the functional histones 

(Phillips, 1962). However, an aggregate of 

these components was found to behave as a single 

entity on separation and electrophoresis at low 

pH and one of the major components appeared to 

he an aggregate of very low molecular weight 
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polypeptides. This may well be a wider 

phenomenon amongst the histones, a phenomenon 

that will not be completely confirmed until 

more extensive purification of the major 

components is achieved. The occurrence of 

these small materials and their probable 

association to very stable units pose new 

problems of histone fractionation. 
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APPENDIX I 

Quantitative Ninhydrin Technique 

Reagents 

Ninhydrin 

B.D.H. indane-trione hydrate (ninhydrin) was 

used without further purification. 

Hydrindantin 

Ninhydrin, 20 gm., was dissolved in 500 ml. 

water at 90°C. and a solution of 20 gm. ascorbic 

acid B.P. in 100 ml. water at 40° C. was added 

slowly with constant stirring. Crystallization 

of the hydrindantin started immediately. The 

solution was allowed to cool for 90 min., then 

the crystals were filtered off, washed with water, 

and dried over phosphorus pentoxide in a vacuum 

desiccator. Hydrindantin was stored in a dark 

glass bottle. 

4M Sodium Acetate Buffer, pH 5.5 

A.R. Sodium acetate trihydrate, 544 gm., was 

dissolved in 500 ml. water with warming. After 

cooling to room temperature 100 ml. A.R. glacial 

acetic acid were added and the solution made up to 

1 litre. 
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Reagent Solution 

Ninhydrin, 5 gn., and 0.75 gm. hydrindantin 

were dissolved in 187 ml. 2- methoxy- ethanol with 

gentle stirring to avoid air bubbles. 4 N -sodil 

acetate buffer was added to a final volume of 

250 ml. The reagent was stored in a closed 

cupboard. Sufficient reagent was prepared for 

the requirements of 24 hr. 

1 ethod 

To effluent samples, 0.5 or 1.0 ml., an 

equal volume of the ninhydrin reagent was added 

and the solution mixed by gentle swirling. The 

tubes were heated in a boiling water bath for 

15 min., then cooled in running tap water. for 

2 min. Immediately after cooling 10 ml. of 

50;: (v/v) ethanol were added to each tube and 

the solutions shaken by inversion of the tubes 

to oxidize any remaining hydrindantin. 

The tubes were read in a Unicam spectro- 

photometer SP.300 at 570 with with a 1 cm. light 

path. 
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APPENDIX la 

Ninhydrin colour reactions of the a -, 

.p- and Y histone fractions. 

Samples, 0.5 ml., of the solutions of the 

histone fractions (Cruft et al., 1958b) in 

distilled water, 0.2 mg./ml. (w /v), were develope 

with the quantitative ninhydrin reagent as 

described in Appendix I. The extinctions were 

read in a Unicam spectrophotometer, SP.300, at 

570 my with a 1 cm. light path. 

The results are presented in Table la. 

Table la. Ninhydrin extinction values of the 

a -, p- and histnns _ 

Fraction Optical 
Density 

O.D. of Historie Fraction 
0.D. of a- Histone 

a- Historie 1.170 1 

"_stone .90 0.41 

'f- Histone 0.670 0.58 
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APPMdDIIC II 

Titration of CarboximethTl- cellulose 

cellulose) 

r batch of the dry CM- cellulose powder, 

2 gm., was stirred in 50 ml. 0.5 N-hydrochloric 

acid for 10 min. and then the suspension was 

filtered on a Buchner funnel. The cellulose 

cake was washed with water until the effluent 

was neutral. 

The CM- cellulose was carefully transferred 

into 25 ml. 1.OrT sodium chloride and titrated 

with 0.1 N- sodium hydroxide. The suspension 

was stirred magnetically. pH Measurements were 

taken with a Pye pH meter standardized to an 

0.05M sodium acetate buffer, pH 4.65. 

Sodium chloride was incorporated into the 

suspending fluid to effect swelling of the 

cellulose giving the full exposure of the 

carboxyl groups. 

Titration data are collected in Table 2 and 

represented graphically in Fig. 14. 

The results indicated a capacity of 0.69 

m.ey. ionizing groups /gm. CM- cellulose and a 

pK of 3.5 in 1.0M sodium chloride. 
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Fig.I3 TITRATION CURVE OF CM- CELLULOSE 
iN NOM SODIUM CHLORIDE. 
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Table 2. Titration data of CM- cellulose, 2 gm., 
in 1.0M sodium chloride with sodium 
hydroxide (NaOH). 

NaOH ' 

m.eq./gm. 
NaOH 

m.eq./gm_ 
NaOH 
.eq./gm. 

PH 

0 2.` 0.225 0.45 

0.025 r, 0.25 3.3 0.475 4.3 

0.05 2.5 0.`?75 '.4 0.5 á.5 

0.075 2.6 0.3 3.4r, 0.525 4.7 

0.1 2.7 0.325 3.55 0 .55 5.1 

0.125 2.6 0.35 3.6.' 0.575 5.8r 

0.15 2.9 0.37_ o.Y,: 0.335 6.7 

0.175 3.0 0.4 3.0 0.6 .8 
0.2 3.1 0.425 4.0 0.625 10.0 
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APPENDIX III 

Continuous Logarithmic Concentration Gradient 

To obtain a continuous logarithmic concen- 

tration gradient concentrated solvent was 

introduced into a constant volume reservoir 

containing dilute solvent. The displaced 

solvent had been thoroughly mixed magnetically 

and exhibited a logarithmic change of solute 

concentration. 

Let the Reservoir volume be A 

the Influent solute concentration be B 

the effluent solute concentration be x 

and the effluent volume be y 

The rate of change of ,the effluent solute 

concentration, dx, with the change in effluent 

volume, dy, is given by: 

dx = B - x 
dy A 

for an effluent change 
of 1 ml. 

i.e. x - y 

-y - A dx 
-11-x 
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Now let t = B -x, then dt = -dx 

-x 

1 
dy = -dt. 

o 

-x 

dy = 44 t dt 
B 

B-x 

y = 

B 

y = (ln ( B x ) - 111,1 

or ln ( B-x ) = ln.B - A 

Using the derived formula the concentration 

gradient of hydrochloric acid for the chroma- 

tography described by Fig. 3 was determined. 

In Table 3 data on the calculated gradient and 

the observed gradient are collected. Hydro- 

chloric acid concentrations of the effluents 

were determined with a conductivity bridge, a 

linear relationship holding over the concen- 

tration range examined. 
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Table 3. Hydrochloric acid concentrations 

in the reservoir effluent for the 

calculated and observed curves of 

Pig. 3. 

Calculated conc. oserved cone. , 

Tr°luent conc.B 0.018x1 
- 

n.02.FrT 

Volume(ml.) 0 0 C, . 0070Y 0.0070N 

200 0.0017iv 0.0087N 0.0088N 

400 0.0033N 0.0103N 0.01007 

600 0.0047N 0.0117N 0.0117N 

800 0.0059N 0.0129N 0.0130N 

1000 0.0071N 0.0141N 0.0144N 

1200 0.0081N .0.0151N 0.0152N 

1400 0.0091N 0.0161N 0.0163N 
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