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Abstract. We have isolated and partially characterized
a major intranuclear matrix polypeptide from rat liver.
This polypeptide, which is reversibly stabilized into
the intranuclear matrix under conditions which pro-
mote intermolecular disulfide bond formation, has a
M. of 62,000 and pI of 6.8-7.2 as determined by two-
dimensional IEF/SDS-PAGE. A chicken polyclonal an-
tiserum was raised against the polypeptide purified
from two-dimensional polyacrylamide gels. Affinity-
purified anti-62-kD IgG was prepared and used to im-
munolocalize this polypeptide in rat liver tissue hepa-
tocytes. In interphase hepatocytes the 62-kD antigen is
localized in small, discrete patches within the nucleus
consistent with the distribution of chromatin. The
staining is most prominent at the nuclear periphery
and somewhat less dense in the nuclear interior. Nu-

cleoli and cytoplasm are devoid of staining. During
mitosis the 62-kD antigen localizes to the condensed
chromosomes with no apparent staining of cytoplasmic
areas. The chromosomal staining during mitosis is
uniform with no suggestion of the patching seen in in-
terphase nuclei. Fractionation and immunoblotting
studies using rat hepatoma tissue culture cells blocked
in metaphase with colcemid confirm the chromosomal
localization of this 62-kD intranuclear protein during
mitosis. The 62-kD polypeptide fractionates com-
pletely with metaphase chromosome scaffolds gener-
ated by sequential treatment of isolated chromosomes
with DNAse I and 1.6 M NaCl, suggesting that this
major 62-kD intranuclear protein may be involved in
maintaining metaphase chromosomal architecture.

residual proteinaceous nuclear matrix or scaffold

from interphase nuclei from a variety of sources
(reviewed in 3, 26, 38, 39). These structures retain many of
the morphological features of the intact nucleus and have
been implicated in a number of nuclear functions including
the structural organization of interphase DNA. Residual
structures have also been isolated by sequential treatment of
isolated chromosomes with nucleases and polyanions or high
salt buffers (2, 11, 32, 36). Termed metaphase chromosome
scaffolds, these structures are thought to be involved in the
topological organization of DNA into the metaphase mor-
phology (33). Consistent with the view that both the inter-
phase nuclear matrix and metaphase chromosome scaffold is
involved in the organization of DNA is the recent finding that
DNA topoisomerase II, a nuclear enzyme which is capable
of regulating DNA topology, is a major component of the in-
terphase nuclear matrix (4) and metaphase chromosome
scaffold (12, 15). In addition, several workers have identified
a class of nuclear proteins which appear to be constituents
of both the interphase nuclear matrix and metaphase chro-
mosome scaffold (1, 9, 18, 37). These common constituents
are of interest as they may play a role in DNA organization
throughout the cell cycle. However, with the exception of
topoisomerase II, little is known about the specific role any
of these polypeptides plays within these structures.

NUMEROUS studies have reported the isolation of a
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In the present study we describe the isolation and charac-
terization of a major polypeptide from the rat liver intra-
nuclear matrix. The polypeptide, which has a relative mo-
lecular mass of 62,000 and pl of 6.8-7.2, localizes to the
nucleus of interphase cells. During mitosis, this 62-kD poly-
peptide distributes exclusively with the condensing chromo-
somes. Fractionation studies on isolated metaphase chro-
mosomes from rat hepatoma tissue culture (HTC)' cells
indicate that the 62-kD polypeptide is a major component of
metaphase chromosome scaffolds. Since this 62-kD poly-
peptide is a constituent of both the interphase nuclear matrix
and metaphase chromosome scaffold it may play a structural
role in the organization of DNA throughout the cell cycle.

Materials and Methods

Animals and Cell Culture

Male Sprague-Dawley rats (300-350 g, Harlan, Indianapolis, IN) were
used for isolation of rat liver nuclei. HTC cells were maintained in mono-
layer culture in DME medium supplemented with 10% (vol/vol) heat-
inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin G and 100 pg/ml
streptomycin sulfate.

1. Abbreviation used in this paper. HTC, hepatoma tissue culture.
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Isolation and Fractionation of Rat Liver Nuclei

Rat liver nuclei were isolated as previously described (28). All steps were
performed at 4°C and all buffers contained 1 mM phenylmethyisuifonyl
fluoride (PMSF) added just before use from a 100 mM stock in anhydrous
isopropanol.

Freshly isolated nuclei were treated sequentially with the sulfhydryl
cross-linking reagent sodium tetrathionate (NaTT), DNase I and RNase A
and then extracted with 1.6 M sodium chloride (NaCl) to yield nuclear ma-
trix structures as previously described (25). The resulting nuclear matrix
structures contained residual nucleoli, extensive intranuclear material and
a nuclear envelope (25). The intranuclear, disulfide-crosslinked polypep-
tides were solubilized by treatment of the structures with 1.0 M NaCl con-
taining 20 mM dithiothreitol (DTT) for 20 min. Nuclear envelopes were re-
moved by sedimentation at 3,000 g for 20 min and the supernatant stored
at —20°C. This supernatant was used for isolation of the 62-kD polypeptide.

Isolation and Characterization of the 62-kD Polypeptide

Solubilized intranuclear polypeptides were reduced and alkylated with io-
doacetamide and resolved by two-dimensional IEF/SDS-PAGE as previ-
ously described (23). Gels were stained for 30 min with 0.25% (wt/vol)
Coomassie Briiliant Blue R-250 (C. 1. 42660), 50% (vol/vol} methanol,
12% (vol/vol) acetic acid and destained in 7% (vol/vol) methanol-12%
(vol/vol) acetic acid for 30 min. Destained gels were washed with distilled
water and gel spots containing the resolved 62-kD polypeptide were excised
from the gels. Excised spots were washed extensively with distilled water
and stored at —70°C.

For some experiments, the 62-kD polypeptide was electroeluted from
polyacrylamide gel spots using the procedure and apparatus described by
Hunkapiller et al. (23). Purity of the electroeluted protein was confirmed
by one-dimensional (29) and two-dimensional IEF/SDS-PAGE.

Preparation and Characterization of a Polyclonal
Antiserum Against the 62-kD Polypeptide

Female white Leghorn chickens (6-8-wk old; Truslow Farms, Chester-
town, MD) were injected with small polyacrylamide gel fragments contain-
ing the reduced and alkylated 62-kD polypeptide (~40 ug protein/injection)
emulsified in sterile Ca*?, Mg*?-free PBS and complete Freund's adjuvant
(1:1, vol/vol). A second injection using polyacrylamide gel fragments con-
taining antigen emulsified in complete Freund’s was given 4 wk later. Blood
was obtained from a wing vein beginning 2 wk after the second injection.
Booster injections using antigen emulsified in incomplete Freund’s adjuvant
were given as necessary to maintain titers. Preimmune and potential im-
mune sera were screened for anti-62 kD antibodies by immunoblotting as
described below.

Immunoblot Analysis

Intranuclear polypeptides, after reduction and alkylation, were resolved by
one-dimensional SDS-PAGE or two-dimensional IEF/SDS-PAGE and elec-
trophoretically transferred to nitrocellulose as described by Burnette (5).
The nitrocellulose sheets were stained with 0.1% (wt/vol) Fast Green FCF
(C. 1. 42053) in 20% (vol/vol) methanol, 5% (vol/vol) acetic acid for S min,
destained in 20% (vol/vol) methanol, 5% (vol/vol) acetic acid and washed
with PBS. Protein-binding sites were blocked by incubation in PBS contain-
ing 005% (vol/vol) Tween 20, 5% (wt/vol) non-fat dry milk, 0.2 mM so-
dium azide (PBS/Tween/milk/azide) for 1218 h at room temperature.
Nitrocellulose strips were incubated with immune serum at a 1:100 dilution
in PBS/Tween/milk/azide for 1 h at room temperature, washed three times
in PBS containing 0.05% Tween (PBS/Tween) for 10 min each and in-
cubated with peroxidase-labeled affinity-purified goat anti-chicken IgG
(1 ng/ml; Kirkegaard and Perry, Gaithersburg, MD) in PBS/Tween/milk for
1 h at room temperature. The strips were washed in PBS/Tween as described
above and the antigen-antibody complex visualized by incubation of the
washed strips with 0.5 mg/ml diaminobenzidine in PBS containing 0.006 %
(vol/vol) H,O, for 1-2 min. In some experiments, the antigen-antibody
complex was detected by incubating the nitrocellulose replicas with '**I-la-
beled goat anti-chicken IgG or goat anti-rabbit IgG (10 uCi/replica; labeled
to a specific activity of 10 uCi/pg by the procedure of Fraker and Speck
[14]). The sheets were then washed as described above, dried, and exposed
to Kodak X-Omat AR film at —70°C.
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Affinity-Purification of Anti-62 kD Specific IgG

Monospecific antibodies were prepared by affinity-purification on nitrocel-
lulose strips containing the immobilized 62-kD polypeptide. The 62-kD
polypeptide, purified from two-dimensional IEF/SDS-PAGE gels, was sub-
jected to re-electrophoresis into one-dimensional slab gels and electropho-
retically transferred to nitrocellulose. The nitrocellulose sheet was stained
with Fast Green FCF as described above.and the area of the nitrocellulose
containing the immobilized 62-kD polypeptide was excised and used for
affinity-purification. Excess protein-binding sites on the nitrocellulose strip
were blocked with 3% BSA in PBS containing 0.2 mM sodium azide 12-
18 h at room temperature. The coated strip was incubated with a 1:100 dilu-
tion of the anti-62-kD serum in 3% BSA/PBS for 1 h at room temperature.
The strip was washed two times with PBS for 10 min total, four times with
PBS containing 0.05% (wt/vol) Nonidet P-40 for 60 min total and then two
times with PBS for 10 min total. Bound anti-62-kD IgG was eluted from
the strip by incubation with 6 M deionized urea in PBS containing 1 mg/ml
BSA at4°C for 5 min. The urea elution step was repeated, the eluates com-
bined and dialyzed at 4°C against multiple changes of PBS containing 0.2
mM sodium azide. As a control, the above procedures were performed
using strips of nitrocellulose containing an irrelevant protein (lamin C iso-
lated from two-dimensional gels) or unmodified nitrocellulose. Lamin C
was chosen as a control because it exhibits an electrophoretic mobility simi-
lar to the 62-kD polypeptide (see Fig. 6) and the anti-62-kD antiserum and
the affinity-purified IgG do not recognize this protein (nor other matrix pro-
teins) as determined by immunoblotting. The undiluted affinity-eluates were
used for immunoblotting as described above. For immunolocalization, the
affinity-purified anti-62-kD IgG solution was concentrated in a Centricon
concentrator unit (Amicon, Danvers, MA; 30 kD molecular mass cut-off)
to a final concentration of ~2 pg/mil IgG.

Nonimmune chicken IgG was prepared from serum of a nonimmune ani-
mal by sodium sulfate precipitation (20). Nonimmune IgG concentration
was determined by the Bradford protein assay using bovine gamma globulin
as a standard (Bio-Rad Laboratories, Richmond, CA). Affinity-purified
anti-62-kD IgG concentrations were estimated by a dot biot immunoassay
procedure in which known concentrations of nonimmune chicken IgG and
serial dilutions of the affinity-purified anti-62-kD IgG were spotted onto
nitrocellulose sheets. The sheets were blocked with PBS/Tween/milk/azide
for 12-18 h at room temperature, washed three times with PBS/Tween, and
then incubated with affinity-purified peroxidase-labeled anti-chicken IgG (1
pg/ml) in PBS/Tween/milk for 1 h at room temperature, washed with
PBS/Tween three times for 30 min total and developed as described above
for immunblotting analysis.

Comparative Peptide Mapping

Comparative peptide mapping was performed on polypeptides excised from
two-dimensional IEF/SDS gels as described above. Approximately equal
amounts of each polypeptide (as judged by Coomassie Brilliant Blue-stain-
ing intensity) were subjected to comparative peptide mapping using Staphy-
lococcus V-8 protease (50 ng/lane) according to Cleveland et al. (7). Pep-
tides were resolved by one-dimensional SDS-PAGE (15%) and visualized
using the silver nitrate method of Morrissey (34).

Immunolocalization of the 62-kD Polypeptide

Immunolocalization was performed on sections of rat liver using the avidin-
biotin-horseradish peroxidase system (ABC Vectastain Kit, Vector Labs,
Burlingame, CA). Fresh rat liver was cut into 1-mm cubes, fixed in Bouin-
Hollande's fixative for 4 h, embedded in paraffin and cut in S-pum sections.
The sections were deparaffinized in xylene, rehydrated through a graded
ethanol series, washed twice with PBS for 10 min each, and incubated with
a 1:100 dilution of normal goat serum for 1 h at room temperature. The nor-
mal goat serum was removed by rinsing with PBS and the sections incubated
overnight at 4°C in a humidified chamber with either affinity-purified
anti-62-kD IgG (2 pg/mi), nonimmune chicken IgG (2 ug/ml), affinity-
eluate from unmodified nitrocellulose or affinity-eluate from nitrocellulose
containing an irrelevant protein. The sections were washed three times with
PBS for 15 min total, incubated with biotinylated anti-chicken IgG (5 ug/
ml) in PBS containing 1% (wt/vol) BSA for 1 h at room temperature, washed
with PBS for 15 min total and incubated with ABC reagent (Avidin-Biotin-
horseradish peroxidase complex) in PBS containing 1% (wt/vol) BSA for
1 h. The sections were washed three times with PBS as described above and
developed in 0.5 mg/ml diaminobenzidine in PBS containing 002%
(vol/vol) hydrogen peroxide for 2-5 min. The stained sections were washed
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briefly with PBS, counterstained with 0.001% (wt/vol) Fast Green FCF in
1% acetic acid for S min, rinsed with PBS, and dehydrated through a graded
ethanol series and xylene. The dehydrated sections were mounted and
viewed under a Zeiss microscope using bright-field illumination.

Isolation and Fractionation of HTC Cell Nuclei
and Metaphase Chromosomes

HTC cell nuclei and metaphase chromosomes were isolated by the method
of Earnshaw and Heck (10) modified by the inclusion of 100 mM iodoaceta-
mide in all isolation buffers (added under subdued light just before use from
a freshly prepared 1 M stock). For isolation of nuclei, cells grown in
100-mm culture dishes were scraped into their growth medium, pelleted at
65 g for 5 min, resuspended in reticulocyte standard buffer (RSB:10 mM
Tris-HCI, pH 7.4, 10 mM NaCl, 5 mM MgCl,) and immediately pelleted
at 65 g for 5 min. The cells were resuspended in RSB and after 5 min at
room temperature, pelleted at 65 g for 5 min, resuspended in lysis buffer
(15 mM Tris-HCI, pH 7.4, 2 mM potassium-EDTA, 80 mM KCl, 0.2 mM
spermine, 0.5 mM spermidine, 0.1% digitonin), homogenized in a Dounce
homogenizer with twelve strokes of a “B” pestie and nuclei pelleted at 800 g
for 10 min at 4°C. The isolated nuclei appeared intact and relatively free
from cytoplasmic contamination as judged by light microscopic inspection.

Chromosomes were isolated from HTC cells blocked in metaphase by
treatment with 0.1 pg/ml colcemid for 18 h. Mitotic cells were selected by
shake-off and collected by centrifugation at 65 g for 5 min. The mitotic in-
dex was routinely between 90 and 95%. The cells were hypotonically
swollen in RSB and homogenized in lysis buffer as described above for inter-
phase cells. Nuclei and cellular debris were removed by centrifugation at
250 g for 1 min followed by 1,500 g for 4 min. The supernatant was trans-
fered to a fresh tube and pelleted at 1,500 g for 20 min. Chromosomes iso-
lated by this procedure appeared intact and free from contamination by
nuclei and cytoplasmic debris.

Nuclei were resuspended in RSB buffer (1 x 107 nuclei/ml) containing
25 ug/ml DNAse I and 25 ug/ml RNase A, incubated for | h at 4°C and
sedimented at 1,500 g for 20 min. Chromosomes were incubated in RSB
buffer (1 x 107 nuclei equivalents/ml) containing 25 pg/ml DNase I for
1 h at 4°C and sedimented at 1,500 g for 20 min. Chromosomes were re-
suspended in 10 mM Tris-HCl, pH 7.4, (LS) buffer, and 4 vol of 10 mM
Tris-HCl, pH 7.4, 2 M NaCl (HS) buffer were added dropwise. After
a 20-min incubation at 4°C, chromosome scaffolds were sedimented at
3,000 g for 20 min.

Cell fractions from interphase and metaphase cells were precipitated in
10% (wt/vol) TCA for 45 min on ice. TCA-precipitable material was
sedimented at 1,500 g for 15 min and the pellet washed once with 10% TCA
and twice with —20°C acetone. The final acetone pellet was dried under
a stream of nitrogen and resolubilized in 0.5 M Tris-HCI, pH 74, 2%
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(wt/vol) SDS, 140 mM 2-mercaptoethanol at room temperature for 4 h. The
solubilized samples were alkylated for 1 h at room temperature in the pres-
ence of 133 mM iodoacetamide and dialyzed against multiple changes of
0.1% (wt/vol) SDS. The samples were prepared for gel electrophoresis by
the addition of one-fourth volume of 4x stock SDS sample buffer and heat-
ing for 30 min at 60°C. The samples were subjected to electrophoresis and
electrophoretically transferred to nitrocellulose sheets for immunoblotting
using affinity-purified anti-62-kD IgG as described above.

Results

Isolation and Partial Characterization of a Major
Intranuclear Matrix 62-kD Polypeptide

Previous work from our laboratory has focused on the role
of intermolecular disulfide bonds in stabilizing the intra-
nuclear protein components of the nuclear matrix (25). The
reversible nature of these disulfide bonds allows the selective
solubilization of these nonlamin, nonhistone, intranuclear
matrix polypeptides. Two-dimensional IEF/SDS-PAGE of
the solubilized intranuclear matrix (Fig. 1 A) reveals promi-
nent polypeptides in the 60-70-kD range. Among these is
a major polypeptide with an apparent molecular mass of 62
kD and exhibiting a series of charge isoforms ranging in pl
from 6.8-7.2 (arrowhead in Fig. 1 A). This polypeptide,
which is similar in size and electrophoretic mobility to lamin
C, has previously been shown to be both structurally and im-
munologically unrelated to the lamins (see Fig. 2 E, peptide
3 in reference 25). The 62-kD polypeptide was purified from
preparative two-dimensional gels of intranuclear polypep-
tides and recovered by electroelution. The isolated polypep-
tide migrates as a single band with an apparent molecular
mass of 62 kD in one-dimensional SDS gels (arrowhead in
Fig. 1 B) and with a pl in the 6.8-7.2 range by two-dimen-
sional IEF/SDS-PAGE (data not shown).

Generation and Characterization of a Polyclonal
Antiserum Against the 62-kD Polypeptide

Acrylamide gel spots containing the resolved 62-kD poly-

Figure 1. Isolation of the 62-kD polypeptide and
characterization of an anti-62-kD antibody. (A)
Two-dimensional IEF/SDS-PAGE separation of
the intranuclear matrix polypeptides from rat liv-
er. Nuclei (1 x 10%) were treated with 2 mM
N&TI'T for 1 h followed by digestion with DNAse
Iand RNAse A and extraction with 1.6 M NaCl as
described in Materials and Methods. The intra-
nuclear matrix polypeptides were solubilized by
treatment with 1.0 M NaCl containing 20 mM
DTT and after alkylation resolved by two-dimen-
sional IEF/SDS-PAGE and stained with Coomas-
sie Brilliant Blue. The position of the 62-kD poly-
peptide is indicated by the arrowhead. (B) Silver
stained one-dimensional SDS-PAGE gel of the
purified 62-kD polypeptide. The peptide (arrow-
head) was purified from two-dimensional IEF/
SDS-PAGE gels as described in Materials and
Methods. (C) Immunoblot analysis of the intra-

BC

nuclear polypeptides using affinity-purified anti-62-kD IgG. Proteins from nuclei (5 X 10°) were transferred from a one dimension gel
to nitrocellulose, sequentially incubated with affinity-purified anti-62-kD IgG and a peroxidase-labeled conjugate. The immune reaction
was visualized with diaminobenzidine. Note the presence of a minor, high molecular mass immunologically related polypeptide above
the major staining band (arrowhead) which is detected by immunoblot analysis (lane C) but not by silver staining (lane B).

Fields and Shaper 62-kD Intranuclear Matrix Polypeptide
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Figure 2. Identification of a minor 69-kD polypeptide from rat liver
nuclear matrix which is immunologically related to the 62-kD poly-
peptide. Nuclear matrix polypeptides (I X 10° nuclei) were re-
solved on two-dimensional IEF/SDS-PAGE gels and transferred to
nitrocellulose. The nitrocellulose sheet was stained with Fast Green
to visualize the protein pattern and was then subjected to immuno-
blot analysis using anti-62-kD antibody and '*I-labeled con-
jugate. The antibody recognizes the 62-kD antigen (large arrow-
head) as well as a quantitatively minor 69-kD polypeptide (small
arrowhead). The positions of the major Fast Green staining poly-
peptides in the vicinity of the antigens (lamins A and C) are indi-
cated by broken circles.

peptide were used to immunize chickens. Immunoglobulins
specific for the antigen were obtained from the immune se-
rum by affinity-purification using nitrocellulose strips con-
taining the immobilized antigen. Fig. 1 C shows the results
of immunoblotting of intranuclear polypeptides using affini-
ty-purified anti-62-kD IgG (0.2 pg/ml) and a horseradish
peroxidase-labeled anti-chicken IgG conjugate. A promi-
nent band with a relative molecular mass of 62 kD corre-
sponding to the antigen is detected as well as a second, faint
band with a relative molecular mass of 69 kD. This second
band is reproducibly seen and is not due to nonspecific ad-
sorption of antibody. The relationship of this minor 69-kD
band to the 62-kD polypeptide is addressed below. Both one-
and two-dimensional immunoblotting studies demonstrate
that the polyclonal serum and the affinity-purified anti-62-kD
IgG specifically recognize the 62-kD antigen and the 69-kD
polypeptide, but not purified lamins (including lamin C), nor
any of the other polypeptides of the intranuclear matrix.

Identification of a Polypeptide from Rat Liver Nuclei
Which is Immunologically and Structurally Related to
the 62-kD Polypeptide

Immunoblotting experiments using the affinity-purified anti-
62-kD IgG demonstrated the presence of an immunologi-
cally related polypeptide with a relative molecular mass of
69 kD in the intranuclear matrix extracts (Fig. 1 C). To more
fully characterize this immunologically-related polypeptide,
immunoblotting was performed on nuclear matrix polypep-
tides separated by two-dimensional IEF/SDS-PAGE. Fig. 2
shows the results of this analysis. In addition to the 62 kD/pl
6.8-7.2 antigen (large arrowhead) an additional band with a
relative molecular mass of 69 kD and pl of 7.0-7.4 (small ar-
rowhead) is detected. The 69-kD polypeptide exhibits a pat-
tern of charge isoforms similar to those of the 62-kD antigen,
but slightly more basic. Furthermore, the 69-kD polypeptide
does not correspond to any of the major Fast Green—staining
polypeptides in the extract (lamins A and C, the positions of
which are indicated) but rather is only a minor component.

To determine whether the 62- and 69-kD polypeptides are
structurally related, comparative one-dimensional peptide
mapping was performed according to the method of Cleve-
land et al. (7). The peptides generated from these two pep-
tides are shown in Fig. 3 after silver staining. The peptide
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Figure 3. Comparative peptide mapping
of the 62- and 69-kD polypeptides. Equal
amounts (~2 pg) of the two polypep-
tides isolated from preparative two-di-
mensional TEF/SDS-PAGE gels were
subjected to comparative peptide map-
ping with Staphylococcus V-8 protease
(50 ng) as described in Materials and
Methods. The peptides were resolved by
one-dimensional SDS-PAGE (15%) and
visualized by silver staining. (Lane A)
62-kD polypeptide; (lane B) 69-kD
polypeptide; (lane C) V-8 protease only
(50 ng). The similarity of the peptide
patterns indicates the structural related-
ness of the two polypeptides. Note the
presence of a low molecular weight pep-
tide which is specific for the 69-kD
polypeptide (arrowhead in lane B).

maps of the 62- and 69-kD polypeptides are similar (com-
pare lanes A and B) indicating the structural relatedness of
these two polypeptides. Below 35 kD, the maps are virtually
identical while above this molecular mass, the peptides are
analogous in pattern but show the expected difference in mo-
lecular mass of the parent polypeptides. In addition, a unique
peptide of low molecular mass is generated from the 69-kD
polypeptide (Fig. 3, arrowhead in lane B). Fig. 3, lane C
shows the peptide pattern of the protease only, indicating that
the peptides in lanes A and B are not protease derived.

Immunolocalization of the 62-kD Polypeptide in
Interphase and Mitotic Rat Hepatocytes

The subcellular distribution of the 62-kD polypeptide was
determined by immunohistochemistry using an avidin-bio-
tin-horseradish peroxidase detection system as detailed in
Materials and Methods. In interphase cells a pattern of stain-
ing is observed which is predominantly at the nuclear pe-
riphery and less dense throughout the nuclear interior (Fig.
4 A). Cytoplasm and nucleoli are devoid of staining. At
higher magnification, the nuclear staining is resolved as dis-
crete patches along the nuclear periphery and interior, con-
sistent with the distribution of chromatin within the nucleus.
The same pattern of distribution is observed when the im-
mune chicken serum is used in place of the affinity-purified
IgG (data not shown).

During metaphase, the 62-kD polypeptide is localized to
the condensed chromosomes; there is no apparent staining
of the cytoplasmic areas (arrowhead in Fig. 4 4). The stain-
ing pattern appears uniform across the longitudinal section
of the chromosome. Results using nonimmune chicken IgG
(2 ng/ml) are shown in Fig. 4 B. In addition, the following
controls were used: (a) preimmune serum at the same dilu-
tion as the immune serum, (b) affinity-eluate from unmodi-
fied nitrocellulose strips, and (c) affinity-eluate from nitro-
cellulose strips containing an irrelevant protein (lamin C). In
all cases the results were similar to those shown in Fig. 4 B
using nonimmune IgG, in which no staining was detected.

The localization of the 62-kD polypeptide was followed in
cells in various stages of mitosis (Fig. 5). During prophase
(Fig. 5 A) when the nuclear envelope has begun to break-
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Figure 4. Inmunohistochemical localization of the 62-kD polypeptide in rat liver. Sections of rat liver were incubated with affinity-purified
anti~62-kD IgG (A) or nonimmune IgG (B) at 2 pug/ml followed by biotinylated conjugate and avidin-biotin-peroxidase complex. Reaction
with diaminobenzidine in the presence of H;O, allowed visualization of any antigen-antibody complexes. The sections were counter-
stained with Fast Green. The antigen is distributed as small, discrete patches within the interphase nucleus (4), a pattern which is more
evident at higher magnification (insef). During mitosis the 62-kD polypeptide appears to be exclusively localized with the condensed chro-
mosomes (arrowhead in A); there is no apparent staining of the cytoplasm. Nonimmune IgG shows no staining of the tissue sections (B);

nuclei are indicated with small arrowheads. Bars, 10 pm.

down and the chromosomes to condense, the antigen local-
izes predominantly to the chromosomal masses. By prometa-
phase (Fig. 5 B) the chromosomes have condensed into
discrete structures to which the 62-kD antigen localizes ex-
clusively. The antigen continues to localize to the chromo-
somes as they align along the equatorial plane of the spindle
during metaphase (Fig. 5 C) and begin to migrate to the spin-
dle poles during anaphase (Fig. 5 D).

The 62-kD Polypeptide is a Component of Isolated
Metaphase Chromosomes and the Chromosome Scaffold

Recent studies from several laboratories have demonstrated
that metaphase chromosomes can be fractionated into a re-
sidual structure termed the metaphase chromosome scaffold
by sequential treatment with DNAse and high salt (2, 33).
This scaffold structure is thought to function in maintaining
DNA topology during mitosis. To determine if the 62-kD
polypeptide fractionates with both the metaphase chromo-
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somes and the scaffold, rat HTC cells were used to obtain
sufficient quantities of isolated metaphase chromosomes for
analysis. Initially, we determined the distribution of the 62-
kD polypeptide in interphase HTC cells. A nuclear and a
cytosolic fraction were prepared as described in Materials
and Methods. The proteins from each subcellular fraction
were resolved by one-dimensional SDS-PAGE and either
visualized directly with Coomassie Brilliant Blue (Fig. 6,
lanes I and 2) or transferred to nitrocellulose and analyzed
by immunoblotting (Fig. 6, lanes I’ and 2’). As shown in Fig.
6, the 62-kD polypeptide fractionates exclusively with the
nuclear fraction (arrowhead in lane 2) but is not detectable
in the cytoplasmic extract (lane /") from interphase cells.
In metaphase-arrested cells (Fig. 7 B), the 62-kD antigen
fractionates exclusively with the metaphase chromosomes
(lane 2'); none is detectable in the cytoplasmic fraction (lane
I'). Metaphase chromosomes were fractionated to yield chro-
mosomal scaffolds by a modification of the method of Earn-
shaw and Heck (10). The polypeptide profile from each frac-

METAPHASE ANAPHASE

Figure 5. Immunohistochemical localization of the 62-kD polypeptide during mitosis in rat liver. Sections of rat liver were incubated with
affinity-purified anti-62-kD IgG followed by biotinylated conjugate and avidin-biotin-peroxidase complex as described in Materials and
Methods. The distribution of the 62-kD antigen was observed in prophase (4), prometaphase (B), metaphase (C), and anaphase (D). Note
the exclusive chromosomal localization of the 62-kD polypeptide throughout mitosis. Bar, 10 pm.
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7 Figure 6. Distribution of the 62-kD
20— ' polypeptide in interphase HTC cells.
Nuclei and a cytoplasmic fraction were
prepared. The polypeptides from each
subcellular fraction were resolved by
one-dimensional SDS-PAGE and ei-
ther stained with Coomassie Brilliant
Blue (4) or analyzed by immunoblot
analysis (B) for the presence of the
62-kD polypeptide as described in
Materials and Methods. (4) Protein
profiles of cytoplasmic (lane /) and
nuclear (lane 2) fractions from HTC
interphase cells (5 x 10°) after stain-
ing with Coomassie Brilliant Blue. (B)
Immunoblot analysis of replica lanes (A4) using affinity-purified
anti-62-kD IgG (lanes ' and 2). Arrowhead indicates the position
of the 62-kD polypeptide.

tionation step was analyzed by SDS-PAGE (Fig. 7 4, lanes
2-5). The polypeptide patterns are similar to those obtained
by Earnshaw and Heck (10) using a chicken (MSB-I) tissue
culture cell line. When replica lanes are subjected to immu-
noblot analysis, it is observed that the 62-kD polypeptide
is not extracted from chromosomes by treatment with 25
pg/ml of DNAse I nor 1.6 M NaCl (lanes 3’ and 4, respec-
tively) but remains as a component of the metaphase chro-
mosome scaffold (lane 5').

As a control, a replica lane containing the resolved poly-
peptides from our scaffold preparation was analyzed for the
presence of topoisomerase II by immunobot analysis using
a specific rabbit polyclonal antiserum (19, kindly provided
by Dr. L. F. Liu, Johns Hopkins Medical School). As shown
in Fig. 7 C, a single band of 170-kD corresponding to the
molecular size of topoisomerase I is detected in our scaffold
preparation. Thus, studies using rat hepatoma cells in culture
indicate that the 62-kD polypeptide fractionates with nuclei
in interphase and with chromosomes in cells blocked in
metaphase. These results are consistent with the immuno-
localization of the 62-kD polypeptide in rat liver tissue pre-
sented in Figs. 4 and 5.

Discussion

We have recently described a procedure by which the in-
tranuclear components of the rat liver nuclear matrix can be
isolated from the nuclear envelope. This procedure takes ad-
vantage of the observation that the intranuclear matrix is
resistant to high salt extraction when intermolecular disul-
fide bonds are induced before nuclear matrix isolation (25).
The reversible nature of this resistance (lability to reducing
agents) formed the basis for the identification of a distinct
class of nonhistone intranuclear matrix proteins (25). Using
this fractionation procedure a major acidic nucleolar phos-
phoprotein, B-23, was identified as a prominent intranuclear
matrix component (13). Furthermore, the use of sodium
tetrathionate to introduce limited intramolecular disulfide
bond cross-linking has been shown to be a useful approach
in determining nearest neighbor relationships between in-
tranuclear matrix polypeptides, including B-23 (13) and the
glucocorticoid receptor (27).

In the present study, we have developed a polyclonal anti-
serum against a major, nonlamin intranuclear matrix poly-
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Figure 7. Distribution of the 62-kD polypeptide in metaphase HTC
cells and fractionated metaphase chromosomes. HTC cells blocked
in metaphase with colcemid were fractionated to yield chromo-
somes and a cytosolic extract. Metaphase chromosome scaffolds
were isolated by sequential extraction of isolated chromosomes
with DNAse I and 1.6 M NaCl. Polypeptides from each fraction
(from S x 106 cells) were resolved by one-dimensional SDS-
PAGE and visualized directly with Coomassie Brilliant Blue (4) or
electrophoretically transferred to nitrocellulose and immunoblotted
for the presence of the 62-kD antigen (B) or topoisomerase II (C).
(A4) Protein patterns of fractionated metaphase cells, fractionated
chromosomes and the chromosomal scaffold after staining with
Coomassie Brilliant Blue: (Lane /) cytoplasm; (lane 2) isolated
chromosomes; (lanes 3 and 4) proteins released from isolated chro-
mosomes by sequential treatrnent with DNAse (lane 3) and with
1.6 M NaCl (lane 4); (lane 5) chromosome scaffolds. (B) Nitrocel-
lulose replicas of A after immunoblot analysis using affinity-puri-
fied anti-62-kD IgG and peroxidase-labeled conjugate (lanes

'-5"). The position of the 62-kD polypeptide is indicated by the
asterisk. (C) Replica of chromosome scaffold extract (lane 5 or 5')
after transfer to nitrocellulose and immunoblot analysis using a
rabbit anti-topoisomerase II antibody and an '*’I-labeled conju-
gate. Fluorography was for 48 h at —70°C using Kodak XRP film.

peptide isolated from rat liver. This polypeptide has a rela-
tive molecular mass of 62,000 and pl of 6.8-7.2 as determined
by two-dimensional IEF/SDS-PAGE. An immunologically
related polypeptide with a relative molecular mass of 62 kD
has been identified by immunobotting in rat spleen, kidney,
and prostate nuclear matrix (data not shown) suggesting that
this antigen is not an organ-specific protein but rather may
play a general, structural role in nuclear organization.

We have used both indirect immunofluorescence and in-
direct immunoperoxidase staining to demonstrate the exclu-
sive nuclear localization of the 62-kD polypeptide in HTC
tissue culture cells and rat liver tissue sections respectively.
By indirect immunofiuorescence, this 62-kD antigen appears
to be uniformly distributed throughout the nuclear interior
with the notable exception of the nucleolus; the cytoplasm is
devoid of staining (data not shown). With immunoperoxidase
detection the antigen distribution is resolved into discrete
patches which are readily observed throughout the nuclear
interior but appear to be concentrated in the area immedi-
ately underlying the nuclear envelope (Fig. 4). There is no
apparent staining of the nucleoli or the cytoplasm. During
mitosis the antigen localizes to the condensed chromosomes
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with no apparent staining of the cytoplasm. This distribution
during mitosis is in contrast to that of the nuclear envelope
lamin proteins which are redistributed uniformly throughout
the cytoplasm during mitosis (17). Concomitant with this
redistribution of the lamins during mitosis is an increase in
the phosphorylation level of the individual lamin polypep-
tides (16, 35). Preliminary results indicate that the 62-kD
polypeptide described in this study is also a phosphoprotein
(data not shown). Current studies are focused on whether a
similar reversible posttranslational modification cycle, pos-
sibly involving phosphorylation, may play a role in the redis-
tribution of the 62-kD polypeptide during mitosis. Of in-
terest in this regard are reports that both nuclear matrix and
chromosome-associated proteins undergo cell cycle-depen-
dent posttranslational modifications, including phosphoryla-
tion (21, 41) and ADP-ribosylation (22, 24).

Fractionation studies on chromosomes isolated from meta-
phase-blocked HTC cells indicate that the 62-kD polypep-
tide is a major component of metaphase chromosome scaf-
folds as defined by its resistance to extraction with DNAse I
and 1.6 M NaCl. Interestingly the 62-kD polypeptide is
resistant to high salt extraction of chromosomes even when
isolated in the presence of iodoacetamide, whereas, in inter-
phase nuclei, the 62-kD polypeptide is high salt soluble
when disulfide bonding is prevented. It is possible that the
62-kD polypeptide may be associated with the chromosome
scaffold by intermolecular disulfide bonds which are present
in vivo. Alternatively, this association may be mediated by
copper ion complexation between the 62-kD polypeptide and
other chromosome scaffold polypeptides as has been sug-
gested for other scaffold proteins (32).

These residual chromosome structures have been impli-
cated in the maintenance of metaphase architecture by pro-
viding a proteinaceous framework upon which the highly
condensed chromosomal DNA can be organized into super-
coiled loops (2, 32). Suggestive evidence for the involvement
of scaffold structures in the organization of metaphase DNA
is the recent identification of DNA topoisomerase II as a ma-
jor structural component of chromosome scaffolds (12, 15).
The presence of the 62-kD polypeptide in scaffolds suggests
that it may also function in maintaining metaphase morphol-
ogy. Several laboratories have identified a subset of proteins,
including species in the 60-kD range, which fractionate with
both interphase nuclear matrices and metaphase chromo-
some scaffolds (1, 9, 18, 37); however, direct confirmation of
their association with these structures will require immuno-
cytochemical localization in situ to eliminate the possibility
that they are cytoplasmic contaminants (for example, inter-
mediate filament proteins [32]) which can nonspecifically as-
sociate with these structures during isolation. Similarly,
Chaly et al. (6) have localized several nuclear matrix anti-
gens during the cell cycle by indirect immunofluorescence.
While some of these antigens localized to chromosomes dur-
ing mitosis, fractionation studies are necessary to determine
whether any of these polypeptides are chromosome scaffold
components.

Immunoblotting studies indicate the presence in rat liver
nuclear matrix of a 69-kD polypeptide which is immunologi-
cally related to the 62-kD antigen. The two forms of the anti-
gen give similar peptide maps indicating their structural
relatedness. Though the possibility remains that the 69-kD
form of the antigen may arise due to a posttranslational
modification of the 62-kD polypeptide, the shift in median
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pl is inconsistent with the more common posttranslational
modifications of nuclear proteins (such as phosphorylation,
ADP-ribosylation and glycosylation) all of which would be
expected to give rise to a modified polypeptide with a more
acidic pl. A precursor/product relationship between the two
polypeptides seems more likely and this possibility is cur-
rently under investigation. Of interest in this regard are the
recent reports that lamin A is synthesized as a higher molec-
ular weight, more basic precursor (8, 31, 35; for alternative
view see reference 30) which is subsequently proteolytically
processed. A similar posttranslational processing of the nu-
clear lamin of Drosophila has also been described (40).
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