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The interaction of nucleoproteins with 
DNA has been suggested as a possible 
mechanism for the control of gene expres- 
sion. Biochemical modifications of these 
proteins can be expected to exert a pro- 
found effect on such interaction (1-4). For 
example, modifications resulting from acy- 
lation and phosphorylation decrease the net 
positive charge of histones and are associ- 
ated with the diffuse state of chromatin and 
increased transcription (1-4). On the other 
hand, reactions which increase the net posi- 
tive charge of histones, such as methylation, 
or those leading to dimerization or aggrega- 
tion, such as oxidation of thiol groups, are 
correlated with the condensed form of chro- 
matin and decreased RNA synthesis. The 
variety, extent and rapidity of reactions that 
modify histones’ structure have been stud- 
ied extensively under various conditions and 
in several tissues (1-4). 

The present report describes, for the first 
time, the use of isoelectric focusing in poly- 
acrylamide gels for analysis of histones ob- 
tained from pure viable nuclei and the high 
degree of resolution achieved with regard to 
charge distinctions within the various his- 
tone fractions during pancreas develop- 
ment. 

Materials and methods. Acrylamide (elec- 
t rop ho re si s grade ) , N ,  N ,  N ’, N ’ -tetra met h y 1 - 
enediamine (TEMED), and N,”-methyl- 
enebisacrylamide (BIS) were obtained from 
Eastman Organic Chemicals, Eastman Ko- 
dak Co., Rochester, N. Y. BIS was further 
recrystallized from acetone as described by 
Loening (5). Ampholines 40% pH 3-10, 
pH 7-9, and 20% pH 9-11 (w/v), were 
purchased from LKB , Inc. , Hicksville , N . Y. 
All other reagents were of the purified 
grade. 
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Animals and their treatment. All rats 
(CFN) were obtained from the Charles 
River Breeding Laboratories, Wilmington, 
Mass. Postnatal rats were obtained from 
pregnant rats received at midterm. The rats 
were fed a diet of Purina Laboratory Chow 
and water ad libitum. 

Purification of nuclei. Rats were killed by 
decapitation and the pancreas removed. 
Portions, 0.1 to 1.0 g, were placed in a 
stainless steel hand-operated mincer with a 
screw-driven plunger and were forced 
through a perforated plate, 1.5 cm in diame- 
ter, containing 50 equidistant holes, 1 mm in 
diameter. This provided for the removal of 
connective tissue and the uniform disruption 
of cells. The minced tissue was homogenized 
in a glass homogenizer with a stainless steel 
hand-operated pestle (clearance 10/1000 
in.) in a medium that consisted of 0.25 M 
sucrose, 5 mM Tris-HC1, pH 7.5, 0.2 mM 
CaCl,, 2 mM MgCl,, and 0.1 mM phenyl- 
methyl sulfonyl fluoride (PMSF). The re- 
sulting homogenate was resuspended in a 
glass homogenizer with a stainless steel 
hand-operated pestle (clearance 2/ 1000 in.) 
and was filtered through three layers of ny- 
lon cloth to remove clumps of material con- 
sisting mainly of residual connective tissue, 
disrupted cells, and some amorphous masses 
of deformed nuclei as determined by light 
microscopy. The filtrate was centrifuged at 
1 lOOg x 10 min in a Sorvall RC2-B centri- 
fuge and the sedimented material was sus- 
pended in a medium, twice its volume, that 
contained 0.25 M sucrose, 5 mM Tris-HC1, 
pH 7.5, 0.2 mM CaCl,, 2 mM MgCl,, 140 
mM NaCl, and 0.1 mM PMSF, and was spun 
at 1100g x 10 min. The resulting pellet was 
layered over 1.7 M sucrose, 5 mM MgCl,, 
0.2 mM CaCl,, 5 mM Tris-HC1, pH 7.5, 0.1 
mM PMSF, and was spun at 82,500g X 60 
min in a SW 27 rotor. The sediment was 
washed with 10 mM Tris-HC1, pH 7.0, 5 
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mM MgCl,, 0.1 mM PMSF, spun at 11OOg 
X 10 min, followed by an additional wash 
with 1 mM HCl. The pure nuclei were col- 
lected by centrifugation at 11 OOg X 10 min, 
and were resuspended for future experi- 
ments. All purification procedures were car- 
ried out at 4". 

Nuclei viability was determined by 
[3H]ATP incorporation into the acid-insolu- 
ble precipitate as a function of time and 
nuclei concentration at 30". The assay sys- 
tem consisted of 0.15 M KCl, 25 mM Tris- 
HCl, pH 7.8, 5 mM Mg(Ac),, 1 mM MnCl,, 
2.5 mM dithiothreitol, 300 pM ribonucleo- 
side triphosphates, and 150 p M  of [3H]ATP 
in a total volume of 0.25 ml. The reaction 
was terminated, and the activity was deter- 
mined as described by Marzluff et al. (6). 

Isolation of the histone fractions. The pur- 
ified nuclei were extracted successively for 
1,  3, and 12 hr in 0.25 N HCl with constant 
stirring. These were centrifuged at 6000g X 
15 min, and the supernatant containing the 
proteins soluble in 0.25 N HCl (PSH) was 
dialyzed twice, 3 hr each, against 100 vol of 
0.4 M NaCl, 0.01 M Tris-HC1, pH 7.0. 
Biorex-70 (Bio-Rad Labs, Calif.) was pre- 
swollen overnight in 0.4 M NaCl, 0.01 M 
Tris-HC1, pH 7.0, and was packed into a 
column (0.5 X 1.5 cm) which was then pre- 
equilibrated with 100 vol of the same buffer. 
The PSH extract was applied to the column 
(1 mg PSH/lOO mg Biorex-70), and 1-ml 
fractions were collected until the absorb- 
ance at 280 nm reached baseline levels. 
These fractions were pooled and considered 
collectively as nonhistone-containing frac- 
tions (NHF). The column was then eluted 
with 2.0 M NaCl, 0.01 M Tris-HC1, pH 7.0, 
and the fractions were pooled (Fig. 1). 
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FIG. 1 .  Separation of histone and nonhistone frac- 
tions soluble in 0.25 N HCI by Biorex-70. 

These were filtered through a column of 
Sephadex G-75 (Pharmacia) and were re- 
garded collectively as the pure histone frac- 
tions. The H1 histone fraction was selec- 
tively purified essentially as described by 
Johns and Butler (7 ) ,  and the H1 and H l "  
by removal from acrylamide gels according 
to Panyim and Chalkley (8). Both the NHF 
and the histone fractions were dialyzed ex- 
tensively against 0.9 N acetic acid, concen- 
trated by lyophilization and analyzed by 
means of isoelectric focusing on acrylamide 
gels and continuous acrylamide gel electro- 
phoresis. Protein was determined according 
to Lowry et al. (9). 

Preparation of acrylarnide gels for electro- 
focusing. Pyrex gel tubes (length, 15.0 cm; 
o.d., 0.8 cm; i.d., 0.6 cm) were presoaked in 
sulfuric acid-dichromate cleaning solution, 
rinsed with distilled water, and coated with 
column coat (Canalco, Rockville, Md.). 
Each tube was tightly fitted with a rubber 
cap over one end and placed in a test tube 
rack in an upright position. A polymer solu- 
tion, yielding gels whose compositions were 
5% acrylmide, 0.16% BIS, 1.1 % ampho- 
lytes in 6.25 M urea each, was prepared by 
mixing the following proportions of ingredi- 
ents in order of addition: 4.0 ml of acrylam- 
ide-BIS monomer (25% and 0.8%, respec- 
tively, w/v), 0.08 ml of TEMED (stock), 
10.0 ml of urea (12.5 M ) ,  0.1 ml of ampho- 
line (pH 3-10), 0.9 ml of ampholine (pH 9- 
l l ) ,  and 4.59 ml of water. This mixture was 
degassed for 2 min under vacuum, and 0.33 
ml of 2% ammonium persulfate was added 
with mixing. The solution was introduced 
immediately into the stoppered gel tubes, 
and the gel solution in each tube was over- 
laid with a layer of water to give a flat gel 
surface and provide for uniform polymeriza- 
tion (10). The gels were allowed to poly- 
merize for about 30 min at room tempera- 
ture and were "cured" overnight at 4". The 
above volume of polymer solution was suffi- 
cient for casting four gels, each 14.5 cm 
long (4 ml/gel). 

Preparation of electrolyte solutions. Since 
the histones were applied in their cationic 
form, the anolyte, 500 ml of 25 mM phos- 
phoric acid, was used as the upper electro- 
lyte, and the catholyte, 500 ml of 50 mM 
sodium hydroxide, as the lower electrolyte. 
The anodal solution was placed in its com- 
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partment after gel tubes were properly ori- 
ented. Electrolyte solutions were kept at 4" 
prior to use. 

Sample application and electro focusing. 
Gels were prerun for 30 min at 1 mA/gel, 
and a sample of 150 to 200 pg of histones in 
a volume of 200 pl that contained 6.25 M 
urea was carefully layered through the anol- 
yte solution onto the gel top. After sample 
application had been completed, current 
was readjusted to 1 mA/gel (four gels per 
each run). As the ampholytes and proteins 
approached their isoelectric point, conduc- 
tivity in the gels decreased with a concomi- 
tant rise in voltage. When the voltage 
reached 400 V (27.6 V/cm), it was main- 
tained at this level for 4 hr at which time the 
current had fallen to a low, but a constant 
level of 1.5 mA, and the proteins were fo- 
cused at their isoelectric point. Total elec- 
trofocusing time was 7.5 to 8 hr at 4". 

Staining for proteins. Gels were removed 
by rimming with water and stained essen- 
tially as described by Spencer and King 
(11). In our hands, better visualization of 
the bands was obtained by increasing the 
Coomassie blue concentration to 0.05% (w/ 
v). Gels were destained in acetic acid/H,O/ 
methanol (5:70:25, by vol) for a period of 
48 hr. The intensity of the bands can be 
accentuated by repeating the staining proce- 
dure. 

Determination of pH.  The pH gradient of 
each gel was determined by the method of 
Finlayson and Chrambach (12). Gels were 
sectioned into 0.2 cm slices, each immersed 
in 0.5 ml of 0.01 M KCl for 1 hr and the pH 
determined. 

Continuous acrylamide gel electrophore- 
sis. Electrophoresis was conducted in 0.9 N 
acetic acid-6.25 M urea as described by 
Panyim and Chalkley (8). Prior to sample 
application, gel tubes (length, 20 cm; o.d., 
0.8 cm; i.d., 0.6 cm) were pre-electropho- 
resed for 3 hr at 5 mA/gel. Following sam- 
ple application, the current was readjusted 
to 0.67 mA/gel; total electrophoresis time 
was 18 hr. Staining was accomplished with 
0.2% amido black-0.1 % Coomassie blue 
(w/v) in acetic acid/ethanol/H,O (1 : 10: 10, 
by vol) for 4 hr, followed by a destaining 
period of 24 hr in 5% acetic acid. 

Iodination of the histone H2B fraction. 

Iodination of purified H2B fraction was car- 
ried out in the presence of 0.025 mM 1251- 
labeled sodium iodide (1.8 mCi/pmole) and 
0.25 mM chloramine-T in 0.1 M citrate 
buffer, pH 6.0, for 10 min at 4". The reac- 
tion was terminated with 0.125 mM 
Na2S205, and the mixture was passed 
through an AG 11 A8 Ion Retardation 
Resin (Bio-Rad, Calif.) column (0.7 x 10 
cm) and eluted with 0.01 M citrate buffer. 
The iodinated histone fraction was col- 
lected, dialyzed twice against 1000 ml of 
0.25 N HCl for 3 hr, and kept lyophilized 
until ready for use. 

Results and discussion. From the data pre- 
sented herein, a number of points regarding 
the use of isoelectric focusing for the separa- 
tion of histones became evident. Of particu- 
lar importance was the inclusion of 6.25 M 
urea in the gel composition since histones 
may undergo extensive aggregation at the 
neutral and alkaline ranges of the pH. For 
similar reasons, sample application was best 
achieved in the presence of 6.25 M urea as a 
carrier for histones. The procedure of pre- 
running gels prior to sample application dis- 
charged excessive persulfate and provided 
for partial formation of the pH gradient 
(10). Removal of excess persulfate was es- 
sential as it could have oxidized the carrier 
ampholytes and so alter the pH gradient. In 
addition, a portion of the ampholytes occu- 
pied the space on top of the gel and acted as 
an initial buffer zone for the proteins during 
sample application. 

The pH gradient generated during the 
electrofocusing procedure linearly spanned 
the range of pH 7.5-10.5. This linear gra- 
dient was observed in our reference gels that 
contained 20 pg of cytochrome c as a 
marker and in gels that contained the his- 
tone fractions in amounts up to 200 pg. 
Reproducibility of pH gradients was optimal 
at a concentration of 1.1 % ampholytes that 
consisted of a mixture of pH 3-10 and pH 
9-1 1 (1 :9, by vol). An ampholyte mixture of 
pH 7-9 and pH 9-11 (1:9, by vol) was 
found inferior to that described above. The 
electrolytes' concentration, current-voltage, 
and time specifications provided an equilib- 
rium pattern of the proteins and the proper 
pH gradient. Any change in these parame- 
ters effected an amDholvte drift which re- 
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sulted in disfiguration of the pH gradient 
and band diffusion. The factors involved in 
maintaining an adequate pH gradient have 
been discussed by Miles et al. (1 3). 

Nuclei isolation was carried out at rela- 
tively mild conditions of cell breakage, in 
the absence of detergent, which minimized 
rupture of nuclei and provided for the re- 
moval of cytoplasmic tags as seen by light 
and phasecontrast microscopy. The use of 
Triton X-100 removes the outer membrane 
of the nucleus (14) and thus may alter con- 
siderably structural and metabolic parame- 
ters of this organelle. The isolated nuclei 
used in the present report have retained the 
double membrane configuration (Fig. 2) 
and were, therefore, found suitable for stud- 

FIG. 2. Phase-contrast microscopy of purified rat 
pancreas nuclei. 
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FIG. 3. [3H]ATP incorporation into the acid-insolu- 
ble precipitate by intact nuclei preparation of rat pan- 
creas. (A) As a function of time at a nuclei concentra- 
tion of 0.3 AZG0; (B) as a function of nuclei concentra- 
tion for 30 min. 

ies of structure and function. [3H]ATP in- 
corporation into the acid-insoluble precipi- 
tate by the intact nuclei preparation was 
linear with nuclei concentration and time at 
30" (Figs. 3A and 3B). This nuclei prepara- 
tion would appear to be useful in studying 
the control of gene expression by nucleo- 
proteins (6). 

The quality of isolation of histones was 
determined by the use of a 1251-labeled H2B 
fraction. The iodinated fraction was carried 
through the entire purification procedure of 
histones from pancreas of adult rats. The 
isolated histones that contained the 1251-la- 
beled H2B fraction were compared with an 
untreated 1251-labeled H2B fraction by isoe- 
lectric focusing. Figure 4 shows that the 
peaks of radioactivity of the two samples 
were identical and coincided exactly with 
that of a stained, purified H2B fraction, in- 
dicating the lack of proteolytic activity un- 
der our experimental conditions. This is of 
particular importance in the analysis of seg- 
regated histone fractions by isoelectric fo- 
cusing. 

Table I shows the amount of proteins re- 
covered from the Biorex-70 column follow- 
ing application of the PSH extract. Of the 
total protein recovered, the NHF consti- 
tuted about 44 and 7.5% for newborns and 
adult pancreas, respectively. These were 
present in significant amounts in the embry- 
onic pancreas as well (unpublished observa- 
tions). Thus, a correlation appears to exist 
between pancreas differentiation and the 
proportion of nonhistones to histones that 
exist in the 0.25 N HCl extract. This sug- 
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FIG. 4. Segregation of '251-labeled H2B fraction by 
isoelectric focusing. Solid line, treated fraction. Dashed 
line, untreated fraction. Arrow shows location of the 
stained purified fraction on gel. 
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Newborn 
pancreas 

Adult pan- 
creas 

TABLE I .  SEPARATION OF PSF FROM NEWBORN AND 
ADULT PANCREATIC NUCLEI ON BIOREX-70" 

155 pg (44.4%) 195 pg (55.6%) 

172 pg (7.5%) 2140 pg (92.5%) 

State of de- 
velopment I NHP I Histone fractions 

Column recovery was 85% and 91% for the new- 
born and adult, respectively. Numbers in parentheses 
denote fraction as percentage of total protein added. 

gests that proteins of the nonhistone-type 
soluble in 0.25 N HCl may play an impor- 
tant role in pancreas development and pos- 
sibly in other organs as well. 

The histone pattern obtained by electro- 
phoretic separation and that obtained by 
electrofocusing are shown in Figs. 5 and 6. 
The number of bands by the latter method 
was considerably larger than that by the 
former procedure, indicating the high de- 
gree of microheterogeneity that exists 
within the histone fractions. In an applied 
sense, the technique of electrofocusing re- 
vealed substantial differences in the banding 
pattern of histones extracted from rat pan- 
creas at Day 6 postpartum as compared with 
that at Day 3 postweaned (Fig. 6). No such 
differences were discernible by gel electro- 
phoresis (Fig. 5). The banding pattern of 
histones that focused at the pH values of 
about 9.6 to 9.9 (Fig. 6) was found through- 
out pancreas development and constituted 
the major fraction of total histone's protein 
on the gels (unpublished observations). The 
significance of these results is currently un- 
der investigation. The increase in the num- 
ber of bands and the changes in the focusing 
pattern that became noticeable during pan- 
creas development may be due, in part, to 
the appearance of an H1" fraction (Fig. 5; 
refs. 15-17). We found that this fraction was 
missing during the earlier stages of pancreas 
development (embryonal and postnatal) 
and could be first discerned on about Day 9 
postpartum (Fig. 5). It is of interest, how- 
ever, that the number of bands focused was 
maximal in histone extracts isolated from 
pancreas of a 15-day embryo (unpublished 
observation). This was followed by a decline 
in the number of bands found at birth and a 
gradual increase thereafter. Selective re- 

moval of the H1 fraction from the histone 
extracts of a 6-day postpartum and of adult 
pancreas indicated that this fraction was re- 
sponsible, in large measure, for the protein 
species at the acidic range of the isofocusing 
gels (Fig. 7A and 7B). In contrast, the H1" 
fraction isolated from adult pancreas segre- 
gated to a lesser degree than the H1 fraction 
and was largely associated with the basic 
portion of the pH profile (Fig. 7). The latter 
results may be consistent with reports on the 
possible role of the H1" fraction in organ 
development and neoplasia (15-18). 
Whether the H1 and the H1" histone frac- 
tions are transcribed sequentially off the 
same gene or are coded by two distinct 
genes remains to be established. 

Heretofore, organ development apropos 
of chromosomal proteins has been described 
principally as a function of the acidic nu- 
cleoproteins (1, 2, 18). The technique of 
isofocusing provided a sensitive measure of 
histone's modification in relation to organ 
development. The present results indicate 
that pancreatic cell differentiation and se- 
cretory activity (19) are associated with 
changes in the microheterogeneous nature 
of histones and support the concept that 
histones too, the H1 fraction in particular 
(1-4), may be involved in the regulation of 
gene expression and of pancreatic cell dif- 
ferentiation. The variety, extent, and rapid- 
ity of reactions that modify histones in rela- 
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FIG. 5. Separation of histones by continuous gel 
electrophoresis. Solid line from rat pancreas at Day 6 
postpartum. Dashed line from rat pancreas at Day 3 
postweaned. 
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FIG. 6. Segregation of histones by isoelectric focusing. (A) From rat pancreas at Day 6 postpartum; (B) from 
rat pancreas at Day 3 postweaned. Closed circles represent the PSH extract and opened circles the histones 
separated by Biorex-70. pH Profile is represented by diagonal line. 

tion to these processes remain to be eluci- 
dated. 

The extension of the high resolution sepa- 
ration technique of isoelectric focusing in 
polyacrylamide gel matrices to histone frac- 
tions represents a sensitive method comple- 
menting procedures involving gel electro- 
phoresis (1, 2, 15) or gel electrophoresis in 
anionic detergents (20, 21). While separa- 
tion of histones by electrofocusing repre- 
sents a more sensitive charge distinction 
within the various fractions, it does not nec- 
essarily demonstrate discrete species of pro- 
tein. Combination of both electrophoretic 
and electrofocusing techniques with and 
without detergent (22, 23) would enable a 

demonstration of discrete species of pro- 
teins representing subfractions within the 
various histones. We have also been able to 
adequately resolve basic ribosomal proteins 
by the method described herein. 

Summary. The present report describes 
the purification of nuclei from rat pancreas 
and the use of isaelectric focusing for the 
segregation of histone fractions, a heteroge- 
neous mixture with respect to charge. This 
procedure employs gels of 5 % polyacryl- 
amide as support matrices, in 6.25 M urea, 
and spans a pH range of 7.5-10.8. It was, 
therefore, found adequate for study of the 
microheterogeneity of histones. The band- 
ing pattern of histone fractions in pancreas 
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FIG. 7.  Segregation of the H 1 and H 1” histone frac- 
tions by isoelectric focusing. (A) From rat pancreas at 
Day 6 postpartum; (B) from rat pancreas at Day 3 
postweaned. Closed circles represent the H 1 and closed 
triangles the H 1” histone fractions. 

development using electrofocusing is pre- 
sen ted . 
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