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ABSTRACT

High resolution SDS slab gel electrophoresis has been used to examine the
distribution of nonhistone proteins (NHP) in the saline-EDTA, Tris, and 0.35 M
NaCl washes of isolated mouse liver nuclei. These studies led to the following
conclusions: (a) all the prominent NHP which remain bound to DNA are also
present in somewhat similar proportions in the saline-EDTA, Tris, and 0.35 M
NaCl washes of nuclei; (b) a protein comigrating with actin is prominent in the
first saline-EDTA wash of nuclei, but present as only a minor band in the
subsequent washes and on washed chromatin; (c) the presence of nuclear matrix
proteins in all the nuclear washes and cytosol indicates that these proteins are
distributed throughout the cell; (d) a histone-binding protein (J2) analogous to the
HMG1 protein of K. V. Shooter, G. H. Goodwin, and E. W. Johns (Eur J.
Biochem. 47:263-270) is a prominent nucleoplasmic protein; (e) quantitation of
the major NHP indicates that they are present in a range of 2.2 x 105-5.2 x 108
copies per diploid nucleus. Most of the electrophoretically visible NHP are
probably structural rather than regulatory proteins; (f) actin, myosin, tubulin, and
tropomyosin, if present at all, constitute a very minor fraction of the nuclear NHP.
Contractile proteins constitute a major portion of the NHP only when the
chromatin is prepared from crude cell lysates instead of from purified nuclei.
These studies support the conclusion that there are no clear differences between
many nucleoplasmic and chromatin-bound nonhistone proteins. Except for the
histones, many of the intranuclear proteins appear to be in equilibrium between
DNA, HnRNA, and the nucleoplasm.

Most studies of nonhistone proteins begin with ine whether the proteins removed by the nuclear
chromatin purified by repeated washing in dilute  washes represent a unique set of proteins or
buffers. The washes are usually discarded. Since  whether they are essentially identical to the non-
the development of high-resolution SDS gel elec-  histone proteins that remain bound to DNA. Us-
trophoresis there have been few studies to exam-  ing a relatively low resolution SDS gel electropho-
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resis technique, Comings and Tack (13) showed
that in mouse liver nuclei the nuclear sap and
nonhistone proteins exhibited many similar bands,
suggesting that they were not distinct entities. The
nuclei appeared to possess several classes of non-
histone proteins, some of which were more tightly
bound to DNA than others; but even the most
tightly binding proteins could be removed with
low ionic strength washes. Proteins removed in a
0.4 M salt wash were essentially identical to those
remaining on the chromatin. Using high resolution
Laemmli-type (29) slab gel electrophoresis, Com-
ings and Harris (10) showed that the proteins
removed by a 0.35 M wash of nuclei previously
washed with 0.15 M NaCl were virtually identical
to the nonhistone proteins remaining on the chro-
matin. Similar conclusions on the relationship of
“loosely bound” 0.35 M NaCl wash proteins to
nonhistone chromosomal proteins have been
reached by others (23, 24, 28, 37).

A common procedure in the isolation of chro-
matin is to wash nuclei (or whole cell homoge-
nates) twice in saline-EDTA (S-E) (0.075 M
NaCl, 0.025 M EDTA) followed by several
washes in dilute Tris (or water) (6, 14, 20, 34, 41,
53). With the use of high resolution slab gel elec-
trophoresis, the following questions were investi-
gated. (a) What percentage of the total of nuclear
proteins is removed by these nuclear washes and
how do these proteins compare electrophoretically
to the nonhistone proteins on well-washed chro-
matin? (b) Are there any proteins which are signif-
icantly enriched in the nuclear sap when compared
to the chromosomal nonhistone proteins? (c) How
many of the major nonhistone proteins are present
per genome when the whole nucleus is examined
as opposed to well-washed chromatin?

We have also examined the nonhistone proteins
of chromatin prepared from whole liver lysates.
This frequently used technique for isolating chro-
matin involves successively washing a lysate of
frozen whole tissue with saline-EDTA and dilute
Tris (6, 18, 20, 21, 34, 53). The crude chromatin
pellet is then centrifuged through 1.7 M sucrose,
dialyzed against dilute Tris, sheared, and centri-
fuged to remove unsheared material. A potential
problem with this technique is that the chromatin
is exposed to cytoplasmic proteins during the ini-
tial homogenization. Although this results in a
chromatin preparation which is adequate for many
studies, the tendency for some types of cytoplas-
mic protein to bind to DNA (5, 9, 13, 39, 43-45,
51) suggests that the nonhistone proteins of such
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chromatin may be different from those isolated
from purified nuclei. To examine this, we have
isolated chromatin by both techniques and com-
pared the nonhistone proteins by slab gel electro-
phoresis.

MATERIALS AND METHODS

Isolation of Nuclei and Preparation
of Nuclear Washes

Swiss mice were used. In all experiments the mice
were killed by cervical dislocation immediately before
use. The livers were removed and cut into small pieces in
ice-cold TCMB buffer consisting of 1072 M Tris, 107 M
cadmium sulfate, 3 X 10~ M magnesium chloride, 107
M sodium bisulfite, pH 7.0, 1 ug/ml soybean trypsin
inhibitor. The cadmium sulfate, sodium bisulfite, soy-
bean trypsin inhibitor, and pH 7 (instead of 8) were used
to inhibit proteolysis. The lysate was then mixed with 1.2
vol of 2.4 M sucrose buffer and the nuclei were isolated
as described previously (10).

The white nuclear pellet was resuspended in 0.075 M
sodium chloride, 0.025 M EDTA, 0.01 M Tris, pH 7.0
(S-E wash), by vortexing and, after 5 min, centrifuged at
500 g for 10 min. In all experiments 10 ml of wash were
used per five mice. The supernate was removed and
brought to 107* M phenylmethylsulfonyl fluoride
(PMSF) by adding 0.01 vol 102 M PMSF in ethanol.
This was then dialyzed for 24-48 h against two changes
of 0.002 M EDTA and two changes of distilled water,
then lyophilized (15). The second S-E wash and two or
three subsequent Tris washes (0.01 M Tris, pH 7) were
obtained the same way, except that the second and third
Tris washes were centrifuged at 1,000 g for 10 min. The
nuclei were finally washed once in 0.35 M NaCl, 10 mM
Tris, pH 7.0. Aliquots of whole, unwashed, S-E-washed,
Tris-washed, and 0.35 M NaCl-washed nuclei were re-
moved for biochemical analysis, dialyzed, and lyophi-
lized for electrophoresis. In some experiments, the
washes were centrifuged at 100,000 g for 1 h and the
supernates and pellets dialyzed and electrophoresed. To
obtain total liver and cytoplasmic protein (Figs. 3 and 4)
an aliquot of the liver lysate in TCMB buffer was taken
before adding the 2.4 M sucrose. This served as total
liver (Fig. 4). Part of this aliquot was centrifuged at
100,000 g for 1 h to give a pellet and supernate (cyto-
sol).

Isolation of Chromatin from Whole-
Cell Lysates

The procedure of Bonner (6, 20, 21) was used to
isolate chromatin from frozen rat liver. The livers of five
rats were frozen on dry ice. 10-20 g were broken into
small pieces, placed frozen into a Waring Blender with
200 ml of saline-EDTA (0.075 M NaCl, 0.025 M
EDTA, pH 8), and blended at 80 V for 1 min and at 45
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V for 3 min. The lysate was strained through a double
layer of Miracloth (Chicopee Mills, Inc., New York) to
remove fibrous tissue and the filtrate centrifuged at
1,500 g for 10 min. The pellet was resuspended in 40 ml
of saline-EDTA and centrifuged at 1,500 g for 10 min.
This pellet was resuspended in 10 mM Tris, pH 8, and
centrifuged at 4,000 g for 10 min. The pellet was again
resuspended in 10 mM Tris, pH 8, and centrifuged at
12,000 g for 10 min. These Tris washes were repeated
two more times. The final pellet was termed crude chro-
matin. This was resuspended in Tris buffer, stirred for 1
h, and then centrifuged through 1.7 M sucrose, 10 mM
Tris, pH 8, at 50,000 g for 4 h. After this centrifugation,
there was usually a small layer of opalescent material at
the Tris-sucrose interface. The pellet was termed su-
crose-washed chromatin. It was dialyzed against 10 mM
Tris, pH 8, overnight, sheared in a Virtis homogenizer at
30 V for 90 s, and then centrifuged at 12,000 g for 30
min. The supernate was termed sheared chromatin and
the pellet unsheared chromatin. The OD at 320 mm was
0.08 or less of the OD at 260 mm.

SDS Gel Electrophoresis

The method of electrophoresis was a modification of
the Laemmli Tris-glycine SDS slab gel technique (2, 15,
29). Lyophilized samples were solubilized in 1% SDS, 5
x 107 M Tris, 2 x 10 M EDTA, 4 x 10° M
dithiothreitol, 10% glycerol, pH 6.8, and centrifuged at
1,500 g for 10 min and the protein concentration of the
supernate was determined by a TCA precipitation tech-
nique (12). 20-25 ug of protein were loaded in each well
in 50 ul or less. 10-11% acrylamide gels were used for
high resolution of the nonhistone proteins. The gels were
electrophoresed with an Ortec pulsed DC power supply
at 25 mA, 170 pulses/s, for approximately 3 h and the
gels removed when the ion front had migrated to the end
of the gel. The gels were stained in 0.05% Coomassie
blue, 10% glacial acetic acid, and 25% 2-propanol over-
night, then destained in several changes of 10% glacial
acetic acid. The gels were photographed with Kodak
Contrast Process Ortho (CPO) film (Eastman Kodak
Corp., Rochester, N. Y.) through a yellow filter and
printed on Kodak F2 paper. For densitometry scans the
photographs were scanned with a Joyce-Loebl microden-
sitometer (Joyce, Loebl & Co., Burlington, Mass.). To
obtain an estimate of the nonhistone protein:histone
ratio, the area under histone and nonhistone proteins on
the scans from 14% gels was cut out and weighed. Since
the histone to DNA ratio is approximately 1.0, this also
allowed an estimate of the total protein to DNA ratio.
Examination of nuclei from which the histones had been
removed by extraction with 0.2 HCI indicated that very
few of the nonhistone proteins were being masked by the
histone bands. To obtain an estimate of the relative
amount of some of the nonhistone proteins, the areas
under individual peaks were cut out and weighed and
compared to the sum of the areas under all the other
nonhistone proteins.
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To determine whether the intensity of Coomassie blue
staining of histone and nonhistone proteins was similar, a
mixture of equal parts by weight of whole calf thymus
histone and bovine serum albumin (BSA) was electro-
phoresed, stained, photographed, and scanned, and the
area under the BSA and histones was cut out and
weighed. By this procedure, when care was taken not to
overload the gel, the BSA:histone ratio was 1:1. Urea
gel electrophoresis was carried out by the technique of
Orrick et al. (36) and Yeoman et al. (50).

Biochemical Analysis

The protein and DNA content of the washes and
nuclei were determined by the Lowry (32) and diphenyl-
amine techniques (7).

Contractile Proteins

Mouse myofibrils were isolated by the technique of
Etlinger and Fischman (22). «- and g-tropomyosin (16,
17) were isolated by modifications (35, 49) of the tech-
nique of Bailey (3). Pig a-actinin, for use as an electro-
phoretic marker, was kindly donated by Dr. Goll.

RESULTS

The nomenclature and molecular weight of the
mouse liver nonhistone nuclear proteins, as ob-
served by Tris-glycine SDS gel electrophoresis,
have been reported in the first paper in this series
(10). The proteins were divided into groups A-J
and the proteins within each group assigned a
number from 1 to 10. The major nonhistone pro-
teins, A10, B10, C10, etc., serve to separate each
group. Fig. 1 shows a comparison of the proteins
in the two (S-E) washes, two Tris washes, one
0.35 M NaCl wash, and final chromatin. The
major proteins, A3, 4, 10, B4-5, 10, C10, D4,
D10, E10, G10', H5, 10, 12, and 14, are common
to all washes and final chromatin. The most strik-
ing difference between the first S-E wash and
other washes was the presence of proteins in the
E10 to F3 region which are cytoplasmic proteins
(see Fig. 3). The nonhistone proteins in the Tris
washes, 0.35 M NaCl wash, and final chromatin
are virtually identical, differing only in the relative
intensity of some of the bands (see also Fig. 4). A
few micrograms of mouse myofibril were electro-
phoresed in one slot to show that myosin migrates
in the region of protein A4 or 5. Actin comigrates
with G10, which is especially prominent in the
first S-E wash and present to a lesser degree in the
other washes and on chromatin.

' In Fig. 1, G10 did not show up well in the Tris and 0.35
M NaCl wash. This is seen better in Fig. 4.
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Ficure 1 SDS slab gel electrophoresis in 11% acryl-

amide of the proteins of the saline-EDTA, Tris, and
0.35 M NaCl washes of mouse liver nuclei, compared to
the washed chromatin (0.35 M chromatin), mouse my-
ofibrils, and a- and S-tropomyosin. C10 and D4 are the
major nuclear matrix proteins.

a- and B-Tropomyosin (16, 17) consistently
comigrated with the bands H10 and HS, respec-
tively. Preliminary studies (see below) suggest that
these are HnRNP proteins rather than a- and -
tropomyosin. Bands C10, D1, and D4, which
occur in both the washes and are prominent on
washed nuclei, have been identified as nuclear
matrix proteins (1, 4, 38) and are discussed in
detail in a subsequent paper.? J2 is prominent in
the S-E washes and will also be discussed later.

The proteins in these washes were also exam-
ined by urea gel electrophoresis (Fig. 2). Here,
the major bands are again very similar for the
different washes and in the washed chromatin.

2 Comings, D. E., and T. A. Okado. 1976. Nuclear
proteins. III. The fibrillar nature of the nuclear matrix.
Exp. Cell Res. In press.

CoMINGs AND Harris Nonhistone Proteins in Nuclear Sap and Chromatin

Mouse myofibril was placed on the outer slots. In
this system actin stains well and provides a clear
demonstration of the fact that it is abundant in the
first S-E wash, as a cytoplasmic contaminant, but
is rapidly washed out and not visible by this tech-
nique in the second Tris wash and 0.35 M NaCl
wash or washed chromatin. The band between
myosin and actin in the myofibril is a-actinin.
The percentage of protein removed in the dif-
ferent washes in five experiments was determined
by Lowry assay (Table 1). Of the total protein
removed by washing, on the average 50% came
out in the first S-E wash, 13% in the second, for

63% in the combined S-E washes. The Tris
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FiGUrRe 2 Urea gel electrophoresis of the saline-
EDTA, Tris, and 0.35 M NaCl washes compared to the
washed chromatin and mouse myofibrils. Actin is a
prominent band in the first S-E wash. The band between
myosin and actin in the myofibril is a-actinin.
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TaBLE |
Distribution of Proteins in Nuclear Washes*

Percentage of Pro-

Nuclear wash tein
mean = SD
First saline-EDTA wash 50 + 14
Second saline-EDTA wash 13+ 2
First Tris wash 14+ 9
Second Tris wash 11+ 4
Third Tris wash 4+ 03
0.35 M NaCl wash 8+ 5

* Results of five experiments.

washes removed another 29% and the 0.35 M
NaCl washes removed approximately 8%. The
proteins recovered by washing constituted 35-
45% of the total nuclear protein, or approxi-
mately 50% of the total nonhistone nuclear pro-
teins.

An alternative method of examining whether
the proteins that are easily washed out of the
nucleus are significantly different from the chro-
mosomal nonhistone proteins is to compare the
electrophoretic profiles of the unwashed nuclei
and those washed successively with saline-EDTA,
Tris, and 0.35 M NaCl. These are shown in Fig. 3.
Except for a few unique bands in the whole un-
washed nuclei, the electrophoretic profiles of
these different sets of nuclei are essentially identi-
cal. Coelectrophoresis with the supernate of cyto-
plasm centrifuged at 100,000 g for 1 h shows the
presence of bands comigrating with nuclear matrix
proteins C10, D1, and D4. Bands HS and H10,
presumptive ribonucleoproteins (see below), are
totally absent from the cytosol. Proteins E10 and
F3 (between D4 and G10) are very prominent in
the cytosol and are the major proteins unique to
the saline-EDTA washes of nuclei (Fig. 1). These
are presumably cytoplasmic contaminants.

An estimate of the nonhistone protein:histone
ratio of these nuclei was obtained by densitometric
tracing (see Materials and Methods). This was felt
to be more accurate than the separation of his-
tones by acid extraction, since significant amounts
of nonhistone proteins are also removed by acid
(13). Since the histone:DNA ratio is approxi-
mately 1.0, the total protein:DNA ratio was ob-
tained by adding 1.0 to the nonhistone pro-
tein:histone ratio. These protein:DNA ratios are
shown in Table II and agree with biochemical
analyses which indicate that the protein:DNA ra-
tios generally range from 2.3 to 5.0 for whole liver
nuclei (8, 26, 46-48, 52). In one experiment bio-
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chemical determination of the protein:DNA ratios
gave 2.6, 2.2, 1.8, and 1.6 for the unwashed and
S-E-, Tris-, and 0.35 M NaCl-washed nuclei, re-
spectively.

0.35M NaCl Washed Nuclei

Tris Washed Nuclei
Cytoplasm

Cytoplasm
S-E Washed Nuclei

: ‘- Unwashed Nuclei

A 3-

10-

Actin,G 10-

H 5-
H10-

-
Histone I( - ““ -

FiGure 3 SDS gel electrophoresis in 11% acrylamide
of a 100,000-g supernate of cytoplasm, unwashed nuclei,
and nuclei successively washed in saline-EDTA, Tris,
and 0.35 M NaCl. Bands comigrating with the nuclear
matrix proteins C10 and D4 are also present in the
cytosol. Bands H5 and H10, presumptive RNP particle
proteins, are totally absent in the cytosol.

TasLE II

Nonbhistone Protein:Histone Ratio and Protein: DNA
Ratio of Nuclei Based On Densitometry*

Nuclei NHP:Histone Protein:DNAZ
mean * SD
Whole unwashed nuclei 1.91 £ 0.21 291
Saline-EDTA-washed nuclei 1.44 = 0.36 2.44
Tris-washed nuclei 1.32 £ 0.33 2.32
0.35 M NaCl-washed nuclei 1.15 £ 0.29 2.15

* See Materials and Methods. Based on three experiments.
1 Based on a histone:DNA ratio of 1.0.
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One of the implications of Fig. 3 is that many of
the prominent nonhistone proteins are present in
greater numbers per nucleus than would be esti-
mated on the basis of just examining purified
chromatin. By determining the relative area under
some of these more prominent proteins and know-
ing the molecular weight (10), the number of
proteins per diploid nucleus (6 x 107!2 g DNA)
could be determined. These are given in Table III.
The values range from 220,000 copies of A3 to
5,200,000 copies of H10.

The protein in the washes could be: (a) free; (b)
bound to RNA; or (¢) bound to DNA released
during the washing procedure. The last could be
ruled out as a significant factor by the fact that

biochemical analysis showed little DNA in the
washes. To determine whether the nuclear wash
proteins were free or bound to RNP particles, the
washes were centrifuged at 100,000 g for 1 h and
both the pellet and the supernate electrophoresed.
In the same set of experiments a mouse liver was
perfused and homogenized in TCMB buffer (see
Materials and Methods). An aliquot of this ho-
mogenate was electrophoresed to represent total
cell protein. This homogenate was also centri-
fuged to give a 100,000-g supernate and pellet.
Biochemical analyses indicated that 80% or more
of the nuclear wash proteins were in the 100,000 g
supernates. The electrophoretic results are shown
in Fig. 4. This verifies that the protein in the

TasLe 111
Estimation of the Number of Molecules of Major Nonhistone Proteins (NHP) per Mouse Liver
Diploid Nucleus
Protein Molecular weight (10) Moles:Nucleus Molecules:Nucleus % of total NHP
x x 10~ x x 108
X x=

A3 252,000 0.33 0.22 0.80
A4 237,000 0.44 0.28 0.95
A9 182,750 0.42 0.25 0.67
Al0Q 173,250 0.74 0.45 i1
B4,5 145,000 1.31 0.80 1.7
B10 109,000 1.25 0.76 1.2
C10 68,000 5.0 31 3.0
D1 67,000 3.6 22 2.0
D4 65,000 2.4 1.5 1.5
D7 63,250 37 2.3 2.1
D10 58,000 34 2.1 1.7
E10 53,700 4.0 2.4 1.9
F3 52,500 4.9 3.0 2.2
G3 47,800 3.0 1.8 1.2
G10 42,000 4.7 29 1.7
H2 40,800 4.9 35 1.7
HS 37,000 5.4 3.3 1.7
H10 33,000 8.6 5.2 2.5
12 32,500 6.7 4.1 1.9
14 30,500 7.9 4.9 2.1
16 29,500 7.2 4.4 1.8
18 29,000 8.3 5.1 2.1

Based on a NHP:histone ratio of 1.91 and a total protein:DNA ratio of 2.91 for whole unwashed
nuclei, assuming a diploid DNA content of 6 x 107" g and a nonhistone protein content of 11.5 X

10712 g,

CoMmiNGs AND Harris Nonhistone Proteins in Nuclear Sap and Chromatin

445



7

™ Unwashed Nuclei

Total Liver
Pell.

Sup.

Fell

S-E Wosh 2nd
Sup.

Tris Wash 15!

Pell

T S-E Washed Nuclei

- -
-
- -

= %
25 S
® 2z 2
-
o bS] @
= 25 G
] gz 8
2 s =
“5 28328 8§38
m o -0 g Y oa z

HHE S A3

{ 410

',J_ -B 4,5

i 810

-C 10

-0 4

D10

—

. -89

S

ws -HI10

@ Histone

-

- -J2

FiGure 4 SDS slab gel electrophoresis in 11% acrylamide of whole liver homogenate, saline-EDTA,
Tris, and 0.35 M NaCl washes and their 100,000 g X 1 h supernates and pellets.

washes and the protein in the 100,000-g super-
nates were very similar.

This does not answer the question of whether
the supernatant proteins are free or bound to
RNA which does not pellet at 100,000 g for 1 h.
This will be examined in detail in a subsequent
paper.

In the first and second S-E-wash supernates,
there was a prominent band at position J2. In
11% gels, this comigrates with, but is distinct from
the most rapidly migrating of the three histone 1
proteins.? Since J2 is present in only trace amounts
in the cytoplasm, this protein appears to be truly
enriched in the nucleoplasm. This is a histone-
binding protein® and appears to be identical to the
HMG1 protein of Shooter et al. (42).

To examine the relationship between the pro-
teins of the total cell lysate and the proteins of the
final sheared chromatin, aliquots were taken at
each step in the preparation of chromatin and

# Connor, B. J., and D. E. Comings. 1976. Nuclear
proteins. IV. Histone bining proteins. Manuscript in
preparation.
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compared by SDS slab gel electrophoresis. Fig. 5
shows a typical experiment for the isolation of
chromatin from rat liver. The saline-EDTA super-
nate (S-E sup) represents the protein of the super-
nate of the total cell lysate after homogenization in
a Waring Blendor. This represents primarily cyto-
plasmic proteins. The next four slots show aliquots
of the Tris washes. The crude chromatin is the
pellet before centrifugation through sucrose. After
centrifugation through 1.7 M sucrose the chroma-
tin was dialyzed, sheared, and centrifuged at
12,000 g for 30 min to produce a supernate of
sheared chromatin and a pellet of unsheared chro-
matin. The sheared chromatin was most enriched
in histone, and the OD 320 mm/260 mm was
0.08. Most of the major nonhistone protein bands
of the sheared chromatin were also present in the
other washes, including the first saline-EDTA
wash. The 220,000 molecular weight component
comigrated with myosin, and the 42,000 molecu-
lar weight band comigrated with actin. The latter
band is relatively large in the Tris washes and
chromatin, and may represent the tendency for
actin to bind to many different structures (19). By

, 1976
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Ficure 5 SDS slab gel electrophoresis of the proteins of the saline-EDTA and four Tris washes of
chromatin prepared from whole cell lysates of rat liver chromatin. Ch = chromatin. Similar washes of a
kidney lysate are shown on the right. See text for details. 10% acrylamide gel.

binding to the crude chromatin pellet, it may have
become enriched over its concentration in the cy-
toplasm. Washes of a kidney preparation were
included to show the many similarities in proteins
of the kidney and liver (12). Fig. 6 shows the
washes obtained during preparation of chromatin
from the rat brain and kidney. Again, the bands
present in the chromatin were also present in the
washes including the saline-EDTA whole cell su-
pernate. The proteins at 220,000, 52,000, and
42,000 daltons were especially prominent chro-
matin nonhistone proteins.

These results strongly suggest that when chro-
matin is prepared by homogenizing cells, the ex-
posure of the chromatin to cytoplasmic proteins
allows many of them to bind to the chromatin,
with the result that the final chromatin is severely
contaminated with polypeptides that are not natu-
rally present to this degree in the intranuclear
chromatin. If this is the case, the electrophoretic
profile of the chromatin prepared from whole cell

CoMINGs AND Harris Nonhistone Proteins in Nuclear Sap and Chromatin

lysates should be different from that prepared
from isolated nuclei. To examine this, the experi-
ment shown in Fig. 7 was carried out. Nuclei were
isolated from rat liver and then washed in the
same manner as the whole cell lysates, once in
saline-EDTA, and three times in dilute Tris, to
produce a crude chromatin preparation. This
preparation was then centrifuged through 1.7 M
sucrose, and the pellet termed ‘‘sucrose-washed
chromatin.” This pellet was sheared and centri-
fuged at 12,000 g for 30 min to give “‘sheared
chromatin” in the supernate and a pellet of
“sheared pellet chromatin.” These preparations
were coelectrophoresed with the chromatin pre-
pared from whole cell lysates and with a mouse
myofibril preparation. As shown in Fig. 7, the
nonhistone proteins in the chromatin preparation
from whole cells (whole cell sheared chromatin)
showed a profile significantly different from those
in the chromatin from whole nuclei. In the whole
cell chromatin the myosin and actin bands are very
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FiGure 6 Electrophoresis of the proteins of saline-
EDTA and Tris washes of brain and kidney chromatin
prepared from whole cell lysates. Molecular weights are
shown on the right. 10% acrylamide.

prominent. Also prominent are bands at 52,750
daltons corresponding to the prominent saline-
EDTA wash proteins, and a band migrating just
before actin. In the chromatin from whole nuclei,
a triplet of proteins of 65,000-68,000 daltons,
representing nuclear matrix proteins,” and a triplet
of H2, HS, and H10 proteins is prominent. Pre-
liminary results suggest that H5 and H10 are not
a- and B-tropomyosin.

To attempt to identify further the proteins asso-
ciated with whole cell chromatin, the sheared
whole cell chromatin was coelectrophoresed with
a preparation of mouse brain tubulin (not shown).
In Fig. 7, for the whole cell sheared chromatin
there is a set of three proteins at 52,000-54,000
daltons. The lighter two bands comigrated with
tubulin.
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DISCUSSION

The major conclusions of this study are as follows.
(a) All the prominent electrophoretically de-
tectable nonhistone proteins which remain bound
to DNA after extensive washing of nuclei in SE,
Tris, and 0.35 M NaCl are also present in some-
what similar proportions in the nuclear washes.
The first SE wash of the nuclei shows the greatest
variation in distribution of proteins and here the
most striking differences are in several cytoplasmic
proteins in the 50,000-55,000 mol wt range.

(b) After two saline-EDTA washes, the electro-
phoretic profile of the whole nuclei is very similar
to that of nuclei washed with Tris and 0.35 M
sodium chloride.

(c) G10, a protein which comigrates with actin,
is prominent in the first SE wash but present as
only a moderate-sized band in the final chromatin.
This is even more striking by urea gel electropho-
resis. Here, a band comigrating with actin is very
prominent in the first SE wash but missing in the
Tris and 0.35 M sodium chloride washes and in
the washed chromatin.

(d) Several proteins are enriched in the
100,000-g supernate of the S-E washes. These
include C10, D4, E10, F3, G10, and J2. Of these,
C10 and D4 are nuclear matrix proteins.? These
are also prominent in a 100,000-g supernate of
cytoplasm and all of the washes, suggesting that
these proteins are distributed throughout the cell
and are not restricted to the nuclear matrix. E10
and F3 are very prominent in the cytoplasm and
appear to be cytoplasmic contaminants. G10,
which comigrates with actin, is a prominent cyto-
plasmic protein and is enriched in the first S-E
wash of nuclei. It is, however, still present as a
moderate-size band even in the well-washed chro-
matin. Electrophoresis in urea gels strongly sug-
gests that this chromatin-bound G10 is no longer
actin (Fig. 2). J2, a histone-binding protein, ap-
pears to be a true nucleoplasmic protein. It is
virtually absent from the cytoplasm and is much
enriched in the 100.000-g supernate of the first
and second S-E washes of nuclei (Fig. 4). It has a
molecular weight of approximately 25,000 daltons
and appears to be identical® to the HMG1 protein
of Shooter et al. (42).

(e) To obtain a preliminary estimate of whether
some of these proteins are bound to HnRNA, the
nuclei were washed with STM (0.1 M NaCl, 0.001
M MgCl,, 0.01 M Tris) at pH 7.0, then at pH 8.0
by the technique of Samarina et al. (40). Electro-
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phoresis of the pH 8.0 wash, which is cnriched in
RNP proteins, shows that HS and H10 are very
prominent. These 33,000- and 37.000-mol wt
proteins are presumably analogous to the 34,000-
and 38.,000-mol wt proteins found associated with
the 30S RNP particles (33). The results of electro-
phoresis of purified RNP particles and a compari-
son of their proteins and the proteins of high-
speed supernates of nuclear washes will be pre-
sented in a subsequent paper.

Since many of the proteins present in well-
washed chromatin are also present in the nuclear
washes, estimates of the number of specific non-
histone proteins per nuclei based on washed chro-
matin alone will be somewhat less than the esti-
mate of their true number. For example, Garrard
et al. (25) examined the nonhistone proteins of
purified sheared rat liver chromatin and concluded
that the proteins ranged in frequency from 8.4 X
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10° to 3.4 X 108 copies per diploid nucleus. When
calculated on the basis of electrophoretic profile of
whole nuclei, the number of major nonhistone
proteins ranged from 2.2 x 10°% to 5.2 x 108
copies per nucleus. Presumably, most of these
major nonhistone proteins, visualized by electro-
phoresis, are structural rather than regulatory pro-
teins. The large number of molecules per nucleus
is consistent with this conclusion. On the basis of
analogies with bacterial systems, repressor pro-
teins are probably present in the 5 x 10*-5 x 10*
copy per nucleus range (31).

The study of NHP chromatin from whole cell
lysates was stimulated when we were asked to
compare electrophoretically the proteins of a sam-
ple of such chromatin and those of the chromatin
preparations we were obtaining from whole nu-
clei. The electrophoretic profiles of these two
preparations were so different that we felt that the
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two techniques required closer examination. Some
of the most prominent proteins in the chromatin
prepared from whole cells comigrate with myosin,
actin, and tubulin, proteins which are especially
prominent in the cytoplasm. Of these, actin tends
to adhere nonspecifically to many different struc-
tures (19). Our conclusions from this study are as
follows: (a) for the study of nonhistone proteins,
chromatin is best isolated from purified nuclei. For
tissues such as calf thymus, where the cells have a
minimum amount of cytoplasm, the difference be-
tween the nonhistone proteins of chromatin iso-
lated from whole cell and those from isolated
nuclei will be less than with tissues possessing large
amounts of cytoplasm, such as liver; (b) compara-
tive studies of the chromatin nonhistone proteins
from different tissues may actually examine tissue-
specific cytoplasmic proteins unless the chromatin
is isolated from purified nuclei.

The problem of cytoplasmic contamination of
chromatin prepared from whole cell lysates was
also demonstrated by studies showing that ““chro-
matin” histone protease is actually a contaminant
originating from damaged mitochondria (27). This
protease was present on chromatin isolated from
whole cells but not on chromatin isolated from
purified nuclei. It has recently been suggested that
up to 35% of the nonhistone proteins of rat liver
chromatin (isolated predominately by the whole
cell lysate technique) consist of myosin, actin,
tubulin, and tropomyosin (18). When isolated nu-
clei are used as the starting point for chromatin
isolation, as in the present experiments, myosin,
actin, and tubulin are essentially absent, and
bands HS and H10, which comigrate with 8- and
a-tropomyosin, appear to be HnRNA-associated
proteins. Thus, in our studies, myosin, actin, tubu-
lin, and tropomyosin constitute at most 2%, and
probably much less, of the nonhistone proteins of
chromatin prepared from purified nuclei. This es-
sential absence of contractile proteins in the nu-
cleus is not due to loss by proteolysis. The tech-
nique that we use for nuclear isolation and electro-
phoresis results in negligible proteolysis (15). This
conclusion is consistent with the observations of
H. Busch of Baylor College of Medicine, Hous-
ton, Texas (personal communication), using two-
dimensional gel electrophoresis, that purified con-
tractile proteins do not comigrate with rat liver
nonhistone proteins isolated from purified nuclei
and nucleoli. We had considered the possibility
that constitutive heterochromatin might be con-
densed by an actin-myosin rigor-type interaction,
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but electron microscopy of the kangaroo rat nuclei
washed with ATP provides no evidence for this
type of mechanism (11). Contractile proteins are
prominent in the nuclei of Physarum (30). How-
ever, unlike most eukaryotes, this organism has an
intranuclear mitosis, and actin, myosin, tubulin,
and tropomyosin are present as part of the intra-
nuclear spindle apparatus.

This work was supported by National Institutes of Health
grants GM-15886 and AG-00426.

Received for publication 20 January 1976, and in revised
form 19 March 1976.

REFERENCES

1. AaronsoNn, R. P., and G. BLoBEL. 1975. Isolation
of nuclear pore complexes in association with a
lamina. Proc. Natl. Acad. Sci. U. §. A. 72:1007-
1011.

2. AMEss, G. F. 1974. Resolution of bacterial proteins
by polyacrylamide gel electrophoresis on slabs. J.
Biochem. 249:634-644.

3. BaILEY, K. 1948. A new asymmetric protein com-
ponent of the muscle fibril. Biochem. J. 43:271-
279.

4. BEREZNEY, R., and D. S. Correy. 1974. Identifica-
tion of a nuclear protein matrix. Biochem. Biophys.
Res. Commun. 60:1410-1417.

5. BLaNcHARD, J. M., C. Brissac. and PH. JEaN-
TEUR. 1974. Characterization of a protein species
isolated from HelLa cell cytoplasm by affinity chro-
matography on polyadenylate-sepharose. Proc.
Natl. Acad. Sci. U. S. A. 71:1882-1886.

6. BonnNER, J., G. R. CHALKLEY, M. Danmus, D.
FramBrouGH, F. Fuimura, R. C. Huane, J.
HusBerMaN, R. JEnsen, K. MarusHiGe, H.
OHLENBUsCH, B. OLivera, and J. WipHoLM.
1968. Isolation and characterization of chromo-
somal nucleoproteins. /n Methods in Enzymology.
L. Grossman and K. Moldave, editors. Academic
Press, Inc., New York. 12B:3-65.

7. BurToN, K. 1956. A study of the conditions and
mechanism of the diphenylamine reaction for the
colorimetric estimation of deoxyribonucleic acid.
Biochem. J. 62:315-323.

8. CHEVAILLIER, P., and M. PHiLipPE. 1973. Aspects
structuraux et biochemiques des effects de quelques
milieux utilisés pour I'isolement et le fractionnement
du noyau de foie de souris. Exp. Cell Res. 82:1-14.

9. CHog, B.-K., and N. R. Rost. 1973. Synthesis of
DNA-binding proteins during the cell cycle of WI-
38 cells. Exp. Cell Res. 83:271-280.

10. Comings, D. E., and D. C. Harris. 1976. Nuclear
proteins. I. Electrophoretic comparison of mouse
nucleoli, heterochromatin, euchromatin and con-
tractile proteins. Exp. Cell Res. 96:161-179.

VoLuMme 70, 1976



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

ComiNgs, D. E., and T. A. Okapa. 1976. Fine
structure of the heterochromatin of the kangaroo
rat, Dipidomys ordii, and examination of the possi-
ble role of actin and myosin in heterochromatin
condensation. J. Cell Sci. In press.

CoMings, D. E., and L. O. Tack. 1972. Similari-
ties in the cytoplasmic proteins of different organs
and species examined by SDS gel electrophoresis.
Exp. Cell Res. 75:73-78.

Comings, D. E., and L. O. Tack. 1973. Non-
histone proteins. The effect of nuclear washes and
comparison of metaphase and interphase chroma-
tin. Exp. Cell Res. 82:175-191.

CoMMEFORD, S. L., M. J. HUNTER, and J. L. ON-
CLEY. 1963. The preparation of calf liver deoxyri-
bonucleoprotein. J. Biol. Chem. 238:2123-2134.
CoNNER, B. J., D. C. Harris, and D. E. CoMINGS.
1975. Superiority of lyophilization over sodium do-
decyl sulfate (SDS) in the preservation of chromatin
for electrophoresis. Anal. Biochem. 67:655-660.
Cummins, P., and S. V. Perry. 1973. The subunits
and biological activity of polymorphic forms of tro-
pomyosin. Biochem. J. 133:765-777.

Cummins, P., and S. V. Perry. 1974. Chemical
and immunological characteristics of tropomyosins
from striated and smooth muscle. Biochem. J.
141:43-49.

Douvas, A. S., C. A. HarrINGTON, and J. BON-
NER. 1975. Major nonhistone proteins of rat liver
chromatin: preliminary identification of myosin, ac-
tin, tubulin, and tropomyosin. Proc. Natl. Acad.
Sci. U. S. A. 72:3902-3906.

Editorial. Sticky actin. 1975. Nawre (Lond.).
256:616.

EraiN, S. C. R., and J. BonNnErR. 1970. Limited
heterogeneity of the major nonhistone chromo-
somal proteins. Biochemistry. 9:4440-4447.
ErGiN, S. C. R., and J. BoNNER. 1972. Partial
fractionation and chemical characterization of the
major nonhistone chromosomal proteins. Biochem-
istry. 11:772-781.

ETLINGER, J. D., and D. A. FiscumMaN. 1973. M
and Z band components and the assembly of myofi-
brils. Cold Spring Harbor Symp. Quant. Biol.
37:511-522.

Fusrrani, H., and V. HorLousek. 1973. Similarity
of the 0.35 M NaCl soluble nuclear proteins and the
non-histone chromosomal proteins. Biochem. Bio-
phys. Res. Commun. 54:1300-1305.

Fusrrani, H., and V. HoLouBek. 1975. Fractiona-
tion of nuclear proteins by extraction with solutions
of different ionic strength. Int. J. Biochem. 6:547-
554.

GARRARD, W. T., W. R. Pearson, S. K. WaKE,
and J. BoNNER. 1974. Stoichiometry of chromatin
proteins. Biochem. Biophys. Commun. 58:50-57.
GoNzAaLEzZ-Muiica, F., and A. P. MaTHias. 1973.
Proteins from different classes of liver nuclei in

CoMINGs AND Harris Nonhistone Proteins in Nuclear Sap and Chromatin

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

normal and thioacetamide-treated rats. Biochem. J.
133:441-455.

HeinricH, C., G. Raypr, B. PuUScHENDORF, and
M. Jusic. 1976. Subcellular distribution of histone-
degrading enzyme activities from rat liver. Eur. J.
Biochem. 62:37-43.

KostraBa, N. C., R. A. MONTAGNA, and T. Y.
Wang. 1975. Study of the loosely bound non-his-
tone chromatin proteins. J. Biol. Chem. 250:1548~
1555.

Laemmir, U. K. 1970. Cleavage of structural pro-
teins during the assembly of the head of bacterio-
phage T4. Nature (Lond.). 227:680-685.
LESTOURGEON, W. M., A. Forer, Y.-Z. Yang, J.
S. BertraM, and H. P. RuscH. 1975. Contractile
proteins. Major components of nuclear and chro-
mosome non-histone proteins. Biochim. Biophys.
Acta. 377:529-552.

S.-Y. LN, and A. D. Riggs. 1975. The general
affinity of lac repressor for E. coli DNA: Implica-
tions for gene regulation in prokaryotes and eukary-
otes. Cell. 4:107-111.

Lowry, O. H., N. J. ROSEBROUGH, A. L. FARg,
and R. J. RanpaLL. 1951. Protein measurement
with the Folin phenol reagent. J. Biol. Chem.
193:265-275.

MarmiN, T., P. BiLLINGS, A. Levey, S. Ozar-
SsLaN, T. QuiniLaN, H. SwiFr, and L. Ursas.
1974. Some properties of RNA: protein complexes
from the nucleus of eukaryotic cells. Cold Spring
Harbor Symp. Quant. Biol. 38:921-932.
MarusHiGE, K., and J. BoNNER. 1966. Template
properties of liver chromatin. J. Mol. Biol. 15:160-
174.

MUuUELLER, H. 1966. EGTA-sensitizing activity and
molecular properties of tropomyosin prepared in
presence of a sulfhydryl protecting agent. Biochem.
Z. 345:300-321.

Orrick, L. R., M. O. J. MrsoNn, and H. BuscH.
1973. Comparison of nucleolar proteins of normal
rat liver und Novikoff hepatoma ascites cells by two-
dimensional polyacrylamide gel electrophoresis.
Proc. Natl. Acad. Sci. U. S. A. 70:1316-1320.
PRresTAYKO, A. W., P. M. CraNE, and H. BuscH.
1976. Phosphorylation and DN A binding of nuclear
rat liver proteins soluble at low ionic strength. Bio-
chemistry. 15:414-421.

RiLey, D. E., J. M. KELLER, and B. Byers. 1975.
The isolation und characterization of nuclear ghosts
from cultured HeLa cells. Biochemistry. 14:3005-
3013.

Saias, J., and H. GRreeN. 1971. Proteins binding to
DNA and their relation to growth in cultured mam-
malian cells. Nat. new Biol. 229:165-169.
SaMariNa, O. P., E. M. LUKANIDIN, J. MOLNAR,
and G. P. Georaiev. 1968. Structural organization
of nuclear complexes containing DNA-like RNA. J.
Mol. Biol. 33:251-263.

451



41.

42.

43.

44,

45.

46.

47.

452

Suaw, L. M., and R. C. Huang. 1970. A descrip-
tion of two procedures which avoid the use of ex-
treme pH conditions for the resolution of compo-
nents isolated from chromatins prepared from pig
cerebellar and pituitary nuclei. Biochemistry.
9:4530-4542.

SHooTER, K. V., G. H. GoopwiINn, and E. W.
JoHNs. 1974. Interactions of a purified non-histone
chromosomal protein with DNA and histone. Eur.
J. Biochem. 47:263-270.

SCHWEIGER, A., and P. Spr1zAaugr. 1972. Identifi-
cation and partial characterization of a rat liver
cytosol protein with high affinity to RNA and DNA.
Biochim. Biophys. Acta. 277:403-412.
SHANMUGAM, G., S. BHADURI, S., B. ARrens, and
M. Green. 1975. DNA binding proteins in the
cytoplasm and in a nuclear membrane complex iso-
lated from uninfected and adenovirus 2-infected
cells. Biochemistry. 14:332-337.

SteIN, G. H. 1975. DNA-binding proteins in young
and senescent normal human fibroblasts. Exp. Cell
Res. 90:237-248.

Tata, J. R., and B. Baker. 1974. Sub-nuclear
fractionation. I. Procedure and characterization of
fractions. Exp. Cell Res. 83:111-124.

Tara, J. R., M. J. HamiLtoN, and R. D. CoLE.
1972. Membrane phospholipids associated with nu-

THE JournaL ofF CeLL Biorogy -

48.

49.

50.

51.

52,

53.

VoLuMme 70, 1976

clei and chromatin: melting profile, template activ-
ity and stability of chromatin. J. Mol. Biol. 67:231-
246.

TavLor, C. W., L. C. YEoMaN, I. DaskaL, and H.
BuscH. 1973. Two-dimensional electrophoresis of
proteins of citric acid nuclei prepared with aid of a
tissumizer. Exp. Cell Res. 82:215-226.

Yasul, B., F. Fucas, and F. N. Brigs. 1968. The
roll of the sulfhydryl groups of tropomyosin and
troponin in the calcium control of actomyosin con-
tractility. J. Biol. Chem. 243:735-742.

Yeoman, L. C., C. W. TavLor, and H. BuscH.
1973. Two-dimensional polyacrylamide gel electro-
phoresis of acid extractable nuclear proteins of nor-
mal rat liver and Novikoff hepatoma ascites cells.
Biochem. Biophys. Res. Commun. 51:956-966.
VauGHaN, 8. T., and D. E. ComMings. 1973. Cyto-
plasmic DNA-binding proteins. Exp. Cell Res.
80:265-274.

WipNELL, C. C., and J. R. TatA. 1964. A proce-
dure for the isolation of enzymatically active rat-
liver nuclei. Biochem. J. 92:313-317.

Zusay, G., and P. Dory. 1959. The isolation and
properties of deoxyribonucleoprotein particles con-
taining single nucleic acid molecules. J. Mol. Biol.
1:1-21.



