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Identification of nuclear envelope proteins and glycoproteins
which co-isolate with the nuclear protein matrix
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Nuclear envelopes and nuclear matrices were isolated from rat liver nuclei. Although differences in
polypeptide composition of the structures are evident on SDS gel electrophoresis, they have an almost
identical distribution of concanavalin A-binding glycoproteins. These matrix-associated concanavalin A-bind-
ing glycoproteins derive entirely from the nuclear envelope and are recovered almost quantitatively in the
matrix. They constitute easily identifiable markers for nuclear envelope association with matrix or other
nuclear subfractions. Surface labelling of nuclei with '>*I using solid-phase lactoperoxidase further con-
firmed that a large number of envelope-associated nuclear surface proteins co-isolate with the matrix.
Protein kinase activity, as well as endogenous substrates for the kinase(s) are shown to be the same in both
envelopes and matrix. Envelope-derived proteins and glycoproteins may comprise a substantial proportion of

total matrix protein.

Introduction

In recent years a number of functions previ-
ously thought to be associated with the nuclear
envelope have been ascribed to the nuclear matrix
[1,2]. Although electron microscopy reveals a re-
stdual nuclear envelope and nuclear pores at the
periphery of the matrix [3] and two-dimensional
gel electrophoresis has shown a number of pro-
teins common to both structures [4], there are few
reports i the literature concerning the extent to
which nuclear envelope proteins are associated
with the nuclear matrix. The three lamins: A, B
and C are the only well described proteins which
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co-isolate with both the envelope and matrix [5]
All three proteins are associated with the inner
nuclear membrane and do not extend into the
nucleus [6].

Most matrix 1solation techniques involve a step
designed to solubilize the nuclear envelope while
leaving the internal matrix intact. This 1s usually
accomplished by using a nonionic detergent to
solubilize the two nuclear membranes, leaving the
pore complexes and lamina associated with the
matrix [7]. A number of authors have, however,
questioned the effectiveness of nonionic deter-
gents in the removal of nuclear envelope proteins
[8-10]. They find that while these detergents ex-
tract over 95% of hpid, only 20% of envelope
protein is removed. Kaufmann and Shaper [11]
have recently devised a method which appears to
effectively separate the envelope from the internal
matrix structure. This, however was achieved at
the expense of the integrity of the matrix. The
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internal nuclear matrix was selectively solubilized
using 20 mM dithiothreitol In 1 M NaCl The
nuclear membrane-lamina complex remained 1n-
soluble and was enriched 1n the three lamins. The
solubilized matenal comprised up to 30% of total
nuclear protem, formed a complex pattern on
two-dimensional gel electrophoresis and did not
include the lamuns. One of the major proteins
identified appears to be a 38 kDa nucleolar phos-
phoprotein [12]. The authors note, however, that a
number of the solubilized polypeptides may well
derive from the envelope and that their topo-
graphical distribution requires further clarifica-
tion

Although very detailed studies of nuclear sub-
fractions by two dimensional gel electrophoresis
have been performed [4]. the characterization of
the polypeptides does not go beyond their identi-
fication as proteins; no specific structural or func-
tronal features are identified. These gels also do
not always easily reveal the extent of cross con-
tamination of one nuclear subfraction by another.
Although many polypeptides are present i a
number of nuclear subfractions, the subfraction
from which they onginate can often not be identi-
fied. Such information 1s essential for the more
detailed characterization of functional domains 1n
the nucleus. In this study we have attempted to
identify bona fide envelope and envelope-associ-
ated proteins, other than those belonging to the
lamina, and to establish to what extent they co-
1isolate with the matrix We show that the nuclear
matrix 1solated by standard techniques contains a
large number of nuclear envelope proteins and
glycoproteins. These proteins can make up a sub-
stantial proportion of total matrix protein.

Materials and Methods

Isolation of nuclet, nuclear envelopes and nuclear
protemn matrices

Nucler were 1solated essentially according to
the method of Blobel and Potter [13] as previously
described [14], except that the final wash with
Triton X-100 was omitted.

Nuclear envelopes were prepared using heparin
(sodium salt, Sigma) according to the method of
Bornens [15]. Material banding at approximately
37% sucrose (d=1.18-1.20) was diluted 5-fold

with 2 mM sodium phosphate (pH 7.8) and pel-
leted by centrifuging at 50000 X g for 30 mn.
This was taken as pure envelope

Nuclear protein matrix was 1solated according
to the method of Berezney and Coffey [3]. All
manipulations were at +4°C. The matrix was
stored 1n 10 mM tris(hydroxymethyl)aminometh-
ane hydrochloride (Trns-HCl) (pH 7.5)/200 pM
MgCl, (TM buffer) in hiquid nitrogen until used

Adenylate cyclase assay

Plasma membranes were prepared by the
method of Aronson and Touster [16] and the
post-mitochondrial supernatant (PMS) by centni-
fuging the liver homogenate at 120000 X g for 2 h.

Adenylate cyclase was assayed for essentially
according to the method of Drummond and
Severson [17]. Nucler or membrane preparations
were 1ncubated for 45 mun at 37°C with 0.75 mM
[8-*H]-ATP (Amersham, 20 C1/mmol) m 50 mM
Tris-HCI (pH 7.5) contaiming 25 mM KCI, 1.5
mM MgCl,, 20 mM KF, 10 mM theophylline, 25
mM GTP, 2 mM creatine phosphate, 12.5 pg/ml
creatine kinase, 37 5 pg/ ml bovine serum albumin
and 20 pl post-mitochondnal supernatant. The
incubation was terminated by the addition of 10%
trichloroacetic acid contaiming 2mM ATP, ADP,
AMP, cAMP and adenosine. The supernatant was
extracted three times with water-saturated diethyl
ether and cAMP determined after fractionation on
a 1x30 cm acriflavin-Sephadex column as de-
scribed by Egly and Porath [18].

Radiorodination

A modification of the method of Richardson
and Maddy [10] was followed. Nucler were sus-
pended in 250 mM sucrose in 50 mM Trns-HCl
(pH 7.5)/25 mM KCl/1.5 mM MgCl, (TKM
buffer) (pH 75) and KI added to a final con-
centration of 20 pM. To this was added 30 ul of 1
mM H,0, and 10 gl of Na '**1 (10 mC1/ ml). To
initiate the reaction, 50 pl of Sepharose-bound
lactoperoxidase was added The muxture was 1n-
cubated with gentle shaking for 2 h at +4°C or
15 min at room temperature and the reaction
terminated by addition of 100 u! of 2 mM sodium
metabisulphite 1n 250 mM sucrose, 10 mM Tris-
HCIl (pH 7.2). Sepharose was allowed to settle
under gravity and the supernatant carefully re-



moved. Unreacted I was removed by pelleting
the nucler or nuclear envelopes and removing the
supernatant. The pellet was washed until the su-
pernatant contained 0.5% of radioactivity present
in the pellet. Concanavalin A was purified [19]
and raidoiodinated to a specific activity of 100

pCi/pg.

Incubations with [*’P]JATP

Samples (200 pg protein) were suspended 1n a
buffer containing 10 mM MgCl,, 3.6 mM di-
thiothreitol, 100 pM phenylmethylsulphonyl fluo-
ride (PMSF), 70 mM Tris-HCI (pH 8.0). 2 pCi of
[Y**P]JATP was added to a final concentration of
10 M and samples were incubated at 25°C for
10 min. Sodium metabisulphite was then added to
100 mM and samples pelleted, washed, counted
and solubilized 1n sample application buffer for
two-dimensional gel electrophorests.

Gel electrophoresis

One-dimensional 10% SDS slab gels were run
according to Laemmh [20]. Two dimensional gel
electrophoresis was performed according to Peters
and Comings [4]. Gels were stained for protein
with Coomassie brilliant blue. Protein was trans-
ferred from slab gels to mtrocellulose sheets by
electroblotting according to Towbmn et al. [21]
Blots were blocked with 10% bovine serum al-
bumin and incubated with '*I-labelled con-
canavalin A (5 pCi/upg), with or without 0.25 M
a-D-methyl mannoside, dried and autoradio-
graphed.

Analytical procedures

Protein was determined according to Lowry et
al. [22] and DNA according to Burton [23]. Phos-
pholiptd was determined as phosphate according
to Chen et al. [24]. Carbohydrate was determined
using anthrone.

Results

Nuclear envelopes purified from heparinized
nucler banded at their characteristic density of
1.18-1.20 [14,25] on centrifugation 1n a 25-50%
sucrose gradient. The yield (with respect to pro-
tein) of envelopes and matrix from nucler was
3.5% and 4.8%, respectively. The envelope com-
prised 62.5% protein, 33.3% phospholipid and less
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than 1% DNA while the matrix comprised 94.5%
protein and less than 1% DNA and phospholipid.
The carbohydrate content of the envelope and
matrix was 3.2% and 5%, respectively. These re-
sults are similar to those obtained by others
[3.26,27].

One-dimensional gel electrophoresis of en-
velopes and matrix 1s shown in Fig. 1a. As found
by other authors [2,28,29] lamins A. B and C with
molecular weights of 72, 68 and 66 kDa, respec-
tively, are major components of the matrix. The
lamins are present but less prominent in the en-
velope. This is a characteristic of envelopes ob-
tamed from heparinized nucler as a substantial
proportion of the lamins are solubilized during
heparinization [30]. Envelopes prepared using
heparin are thus enriched in membrane compo-
nents rather than in those deriving from the lamina
such as the lamins.
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Fig 1 One-dimensional SDS gel electrophoresis of nuclear

envelope (1,5), nuclear protein matnx (2) and plasma mem-

brane (3,4) (a) Stamned with Coomassie brilliant blue, (b)

Blotted onto mitrocellulose and stained with '**I-labelled con-

canavalin A Dots indicate the lamins. The left hand lane
contains molecular weight markers
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To estabhsh that our preparations were free of
plasma membranes which are a rich source of
glycoproteins, we assayed for the presence of
adenylate cyclase, an established plasma mem-
brane marker enzyme [31]. No adenylate cyclase
could be detected either in nucler or nuclear mem-
brane fractions (Table I). Furthermore blots of
envelope and plasma membrane probed for
carbohydrate with '**I-labelled concanavalin A
(Fig. 1b) revealed a completely different qualita-
tive and quantitative distribution of concanavalin
A-binding polypeptides 1n the two fractions con-
firming the lack of contamination of nuclear en-
velopes by plasma membrane polypeptides.

In order to assess the extent of association of
nuclear surface proteins with the nuclear matrix,
the method of Richardson and Maddy [10] was
chosen whereby selective labelling of surface pro-
teins 1n intact nuclei could be achieved. When
nucler were labelled with '**I using lactoperoxi-
dase immobilized on Sepharose 4B beads an aver-
age of 2% of input radioactivity was incorporated
into nuclear protein and of this, 75% was associ-
ated with 1solated nucelar envelopes (Table II).
Envelope lipids accounted for less than 3% of
radioactivity, whereas histones, as indicators of
the exposure of intranuclear proteins, bound only
5% of label (Table II). When nucle1 were sonicated
prior to labelling, only 13% of label was recovered
in the envelope. These results confirm the specific-
1ty of the labelling method for the nuclear surface.

When matrix was 1solated from '*I-labelled
nuclel, 42% of label was recovered (Table II)
indicating extensive association of nuclear surface
proteins with the matrix. When envelopes isolated

TABLE I

ADENYLATE ACTIVITY IN NUCLEI OR NUCLEAR
MEMBRANE FRACTIONS

The quantities of the various fractions are expressed as ug
protemn

Fraction Adenylate cyclase
activity
(pmol cAMP /min)
Plasma membrane (50 pg) 314
Nucler (900 pg) <01
Nuclear envelope (50 pg) <01
Nuclear envelope (300 pg) <01

TABLE 11

DISTRIBUTION OF PROTEIN BOUND RADIOACTIV-
ITY IN NUCLEAR ENVELOPE AND NUCLEAR MA-
TRIX FROM '®I-LABELLED NUCLEI

Bound radioactivity

dpm %
(xX107%)
Nuclex 12 ¢ 100
Nuclear envelope 9 75
Nuclear envelope
(subjected to steps 1, 2 and 3 of
matrix preparation purification) 61 51
Nuclear matrix 5 42
Lipid 0.34 3
Histones 050 4
Nuclear envelope
(1solated from somicated nucler) 16 13
Histones
(1solated from sonicated nucler) 22 18

&

Input radioactivity was 1 10% dpm which resulted in the
incorporation of 12-10° dpm mnto nucler These nucler were
used as starting matenal for the production of matrix and
envelope Where sonicated nucler were 10dinated an aliquot
of 12 10°% dpm was used to 1solate erther envelope or his-
tones The results above represent the average of three de-
terminations

from '**I-labelled nuclei were extracted with 2 M
NaCl and 1% Triton X-100 as for the preparation
of nuclear matrix, only one third of radioactivity
was removed (Table II). These results show that a
large proportion of nuclear surface proteins resist
high salt and detergent extraction and persist in
the matrix-like material obtained from the en-
velope

As surface 1odination of nucler 1s likely to also
label the nuclear pore complexes which are well
described components of the matrix, the results in
Table II may represent pore complex labelling
rather than that of nuclear membrane protein. We
therefore probed the matnx for glycoproteins
which have been shown to be components of the
nuclear membranes [26] rather than the pore com-
plex or the lamuna [32].

The envelope has three characteristic strongly
concanavalin A-binding glycoproteins, one at 190
kDa and a doublet between 50 and 54 kDa (Fig.
1b, Fig. 2). About eight other characteristic con-
canavalin A-binding bands occur between 70 and
150 kDa. The nuclear matrnix showed a distribu-
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Fig 2 Detection of concanavalin A-binding glycoproteins
Samples (100 pg protein) were subjected to one-dimensional
SDS electrophoresis, transferred to mtrocellulose, incubated
with 121 labelled concanavalin A, and autoradiographed (Fur-
ther details in Matenals and Methods) 1-4 Staining with
125]_labelled concanavalin A 1 the absence of a-D-methyl
mannoside 5-8 Staiming with '?°I-labelled concanavalin A 1n
the presence of 025 M «-D-methyl mannoside 1,5 Nuclear
matnix, 2,6 nuclear envelope, 3,7 nuclei; 4,8 hepann super-
natant after removal of nuclear envelopes

tion of concanavalin A-binding components al-
most 1dentical with that in the envelope (Fig. 2).
Although a number of concanavalin A-binding
bands migrated in the same region as the lamins,
the lamins themselves did not bind concanavalin
A as no increased binding in this region was
present in the matrix which is enriched in lamuns
compared to the envelope (Fig. 1). Binding was
carbohydrate specific and no binding occurred in
the presence of a-b-methyl mannoside (Fig. 2 (5
and 6)). Only a small group of nuclear membrane
glycoproteins 1n the molecular weight range of
75-180 kDa is extracted during matrix isolation
(Fig. 3). Nuclei showed an almost identical distri-
bution of concanavalin A-binding components to
the envelope and matrix (Fig. 2 (3)) except for the

369

SDS !

B .
+ .

Fig 3 Two-dimensional gel electrophoresis of 400 pg of (A)
nuclear envelope and (B) nuclear matrix Gels were blotted,
stained with '%I-labelled concanavahn A and autoradio-
graphed Only the sections of the gels corresponding to the
molecular weight range demarcated by the arrow 1n Fig. 2 are
shown. Incubation 1n the presence of a-D-methyl mannoside
completely inhibited all binding Standards shown are carbonic
anhydrase (C), bovine serum albumin (A), ovalbumin (O) and
soybean trypsin inhibitor (S)

histones (Fig. 2 (7)) which bound concanavalin A
nonspecifically as we have previously reported
[14]. The supernatant obtained after centrifugation
of the nuclear heparin lysate durning isolation of
envelopes contained virtually no concanavalin A-
binding glycoprotein and was enriched in histones
(Fig. 2 (4 and 8)), confirming the envelope lo-
calization of mannose-rich nuclear glycoproteins.
To quantify nuclear concanavalin A-binding

TABLE III

BINDING OF '»I.LABELED CONCANAVALIN A TO
NUCLEI, ENVELOPE AND MATRIX

100 pg of nuclear envelope and nuclear matnx were used per
incubation 1n the case of the nuclei, an aliquot yielding 100 pg
nuclear envelope protein was used Values are means+ S E of
four determunations

Preparation Concanavalin A

bound (dpm)
Nuclear envelope 5470+ 150
Nuclear matnx 5020+170
Nucler 4810+ 90
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sites present in the envelope and matrix, nuclei,
envelopes and matrices were incubated with an
excess of '?°I-labelled concanavalin A and specific
binding determined. Results presented in Table
III indicate an almost identical number of con-
canavalin A binding sites in envelope and matrx.
These results confirm that not only are the bulk of
nuclear concanavalin A-binding glycoproteins re-
covered in the envelope but over 90% of these
survive extraction procedures used to isolate the
matrix.

As protein kinase activity towards a number of
endogenous substrates has been reported in 1s0-
lated nuclear envelope [33,34], we 1nvestigated
whether the kinase(s) and its substrates were re-
tained in the matrix. Envelope and matrix pre-
parations were incubated with [y-*2P]ATP, sub-
jected to two-dimensional gel electrophoresis and
autoradiographed. Resuits presented 1n Fig. 4 and
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TABLE 1V

INCORPORATION OF 32P FROM [y-*?PJATP INTO EN-
VELOPE AND MATRIX

Incorporation of radioactivity

(dpm /100 pg protein)
Envelope 46-10*
Matnix 42 104

Table IV indicate that not only 1s kinase specific
activity virtually identical in both envelope and
matrix but the main endogenous substrates as
Judged by two-dimensional gel electrophoresis ap-
pear to be the same and labelled to a similar
extent. One of the spots labelled in both envelope
and matrix corresponds to lamun B, the phos-
phorylation of which has been reported [35].
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Fig 4 Protemn kinase activity in nuclear envelope and matrix 200 pg of (A) nuclear envelopes and (B) nuclear matrix were incubated
with 2 pC1 of [y-*2PJATP (see Matenals and Methods) and subjected to two-dimensional electrophoresis The gels were stained with
Coomassie brilhant blue, dned and autoradiographed Standards were as for Fig 3.



Discussion

Since the first report of the isolation from
nucler of a residual structure termed the nuclear
matrix [36], numerous methods have been re-
ported which yield from nuclei structures which
appear on electron microscopic examination to be
similar to those obtained by Berezney and Coffey
(for review see Refs. 7, 37-39).

As currently isolated the matrix has three elec-
tron microscopically 1dentifiable structural do-
mains, namely: the surrounding pore complex-
lamina, residual nucleoli and the fibrogranular
matrix in the interior. The bulk of matrix matenal
1s assumed by most authors to derive from the
latter [2]. A number of authors have suggested
that the stability of the internal matrix may de-
pend on its association with pore complexes and
the lamina (for review see Ref. 2), but more recent
evidence [11] indicates that the matrix 1s stabilized
by intermolecular disulphide bonds. Nucleolar and
pore complex-lamina proteins are considered to be
minor matrix components and most functions
ascribed to the matrix are usually assumed to be
associated with the internal fibrogranular material
[2]. Both inner and outer nuclear membranes are
generally assumed to be removed by detergents
during matrix isolation.

Our results show the extensive presence of en-
velope proteins and glycoproteins in the matrix
although the bulk of envelope lipid is extracted
during isolation. The latter is 1n agreement with
results from other laboratories [8—10]. '*I-label-
ling of nuclear surface proteins clearly shows that
most outer nuclear envelope-associated proteins
survive detergent extraction. Over half of the label
originally present in envelope protein remains as-
sociated with the matrix.

Kawasaki and Yamashina [40] found all nuclear
mannose could be accounted for by the nuclear
envelope. Consistent with this, nuclear binding of
concanavalin A occurs exclusively along the cister-
nal surfaces of the inner and outer nuclear mem-
branes [32,41,42]. In the absence of glycolipids in
the envelope [26] the concanavalin A-binding must
be exclusively due to nuclear membrane glycopro-
temns. In accordance with this, gel electrophoreto-
grams of nuclear membrane proteins show a large
variety of concanavalin A-binding fractions

3N

[14,32,43]. Our results confirm the envelope lo-
calization of nuclear concanavalin A-binding gly-
coprotemns. These envelope glycoproteins are re-
covered almost quantitatively when the matrix 1s
1solated from nuclel. As the amount of internal
matrix material recovered in a particular 1solation
can vary considerably [11], those matrix prepara-
tions where the yield of total nuclear protemn
recovered 1n the matrix is low (for example Allen
et al. [37] recovered 3.5% of nuclear protein n the
matrix and Berezney et al. [1] 4.6%) may well
consist to a considerable extent of envelope de-
rived proteins and glycoproteins.

The presence of protein kinase(s) in the matrix
of almost identical activity and directed against
1dentical endogenous substrates to those found in
the envelope, 1llustrates the current problem of the
validity of siting functions ascribed to the matrix,
in the interior of the nucleus. Kinase activity and
kinase substrates have been observed 1n both the
envelope and the matrix [34,37,38,44]. Nuclear
envelope phosphoproteins with molecular weights
similar to those identified here have been found
by others [34,44].

Functions and properties assigned to the matrix
may therefore derive from the presence of en-
velope. For example, mitiation of replication of
DNA has been shown to be both an envelope [45]
and matrix associated event [1]. The association of
this function with the matrix may be due to en-
velope components and does not provide, 1n itself,
any proof that replication points are scattered in
all cells throughout the nucleus associated with
the internal fibrous network, rather than confined
to the peripheral envelope components. A similar
point may be made about the association of active
genes with the matrix [46], the presence of hormone
binding sites [47] and a variety of other functions.

We have shown that as currently 1solated the
insoluble nuclear matrix contains not only pore
lamina components but also nuclear membrane
proteins and glycoproteins. The preparation of
matrices using nonionic detergents results there-
fore, in the precipitation of membrane and other
nuclear surface proteins onto the matnx rather
than their selective removal. Although solubilized
internal matrix material may be obtained substan-
tially free of envelope components [11], a new
approach to nuclear membrane removal from ma-
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trix preparations will be needed before an insolu-
ble matrix in its natural structure becomes availa-
ble. Until such a separation is achieved, specula-
tions as to the functions of the matrix as currently
1solated will not easily be experimentally con-
firmed.
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