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Abstract. Nuclear pore complexes (NPCs) are an-
choring sites of intranuclear filaments of 3-6 nm di-
ameter that are coaxially arranged on the perimeter of
a cylinder and project into the nuclear interior for
lengths varying in different kinds of cells. Using a
specific monoclonal antibody we have found that a
polypeptide of ~190 kD on SDS-PAGE, which ap-
pears to be identical to the recently described NPC
protein “nup 153,” is a general constituent of these in-
tranuclear NPC-attached filaments in different types of
cells from diverse species, including amphibian oo-
cytes where these filaments are abundant and can be
relatively long. We have further observed that during

mitosis this filament protein transiently disassembles,
resulting in a distinct soluble molecular entity of
~12.5 S, and then disperses over most of the
cytoplasm. Similarly, the amphibian oocyte protein ap-
pears in a soluble form of ~16 S during meiotic
metaphase and can be immunoprecipitated from egg
cytoplasmic supernatants. We conclude that this NPC
protein can assemble into a filamentous form at con-
siderable distance from the nuclear envelope and dis-
cuss possible functions of these NPC-attached fila-
ments, from a role as guidance structure involved in
nucleocytoplasmic transport to a form of excess stor-
age of NPC proteins in oocytes.

filamentous structures which are commonly sub-

sumed under the collective term “cytoskeletal” fila-
ments, including the actin-containing microfilaments, the
myosin-containing thick filaments, the microtubules, and the
intermediate-sized filaments (IFs).! The protein constitu-
ents of each of these filament categories have been character-
ized in great detail and formation by self-assembly has been
demonstrated in vivo and in vitro for each of these filamen-
tous systems.

By contrast, little is known about the various kinds of non-
nucleoprotein filaments described in cell nuclei, with the ex-
ception of the nuclear lamins which belong to the IF protein
family and which appear in association with the nuclear
envelope, either as distinct filaments as in certain amphibian
oocytes (for example see Scheer et al., 1976a; Aebi et al.,
1986) or as densely woven webs (Fawcett 1966; Aaronson
and Blobel, 1975; for reviews see Aebi et al., 1988; Forbes,
1992).

Filamentous structures observed within the confinements
of the nuclear envelope can be classified into two broad cate-
gories: those that are common to the nucleus and the

THE cytoplasm of eukaryotic cells contains diverse
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cytoplasm and those that are specific for the nucleus. As
representatives of the first group, intranuclear microtubules
occur as regular components of interphase or dividing intact
nuclei in a variety of organisms, ranging from the macro-
nuclei of ciliates to several forms of fungal mitoses (for ex-
amples see Franke and Reau, 1973; Kubai, 1975). Microfila-
ments of the actin-type have been noticed to form in the
nucleoplasm under certain conditions (for example see Joc-
kusch et al., 1974; Fukui and Katsumaru, 1979; Osborn and
Weber, 1980), and recently even IFs have been shown to as-
semble within the nucleoplasm under specific conditions
(Bader et al., 1991; Eckelt et al., 1992; Blessing et al.,
1993).

As a representative of the nucleus-specific filaments, a
characteristic type of intranuclear filaments of diameter 8-12
nm, containing a 145-kD protein, has been found in associa-
tion with the nucleolar cortex and in the “medusoid bodies”
derived therefrom (Franke et al., 1981; De la Espina et al.,
1982; Krohne et al., 1982; Benavente et al., 1984). Fibrillar
components have also been resolved within the various types
of spheroid nuclear bodies (for review see Brasch and Ochs,
1992).

Particularly prominent are the nuclear pore complex (NPC)~
associated, axial filaments of diameter 3—-6 nm which extend
from the inner annulus into the nucleoplasm for various
lengths, in certain amphibian oocytes for up to 1 um
(Franke, 1970; Franke and Scheer, 1970a,b; for reviews see
Franke, 1974; Maul, 1977; Kessel, 1983; Scheer et al.,
1988; see also Jarnik and Aebi, 1991). These filaments,
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which often appear to be arranged on the circumference of
a hollow cylinder and often exhibit a beaded appearance,
have so far been only described by EM. More recently a deli-
cate NPC-proximal filamentous substructure has been
identified and described as a fish trap-shaped array (also as
“cages” or “baskets”; Ris, 1989, 1991; Jarnik and Aebi, 1991;
Goldberg and Allen, 1992).

In particular in nuclei with a high pore complex frequency
such as amphibian oocytes, the NPC-attached cylindrical ar-
rays of filaments are abundant, projecting from the pore
complex like tentacles from a jelly fish, and represent a ma-
jor component of the nuclear cortex. Guided by a new mAb
that specifically reacts with these NPC-attached filament
tangles, we have identified a NPC protein as a general con-
stituent of these filaments.

Materials and Methods

Isolation and Fractionation of Nuclei

Nuclear envelope-enriched fractions of murine liver were prepared (Krohne
and Franke, 1983) with the following modifications. Liver of sacrificed
mice were homogenized at 4°C in buffer A (2 mM MgCl,, 70 mM KCl,
2 mM DTT, 30 ug/ml trypsin inhibitor) containing 0.44 M sucrose. After
adjusting the homogenate to 2 M sucrose, nuclei were centrifuged over a
2.1 M sucrose-cushion (in buffer A) for 60 min in swinging buckets at
40,000 g. Sedimented nuclei were washed in buffer A with 0.44 M sucrose
and were then either fractionated directly or frozen in liquid nitrogen and
stored at —70°C, after resuspension in buffer A with 0.44 M sucrose and
20% glycerol. Numbers and concentrations of nuclei were determined by
light microscopy using a Neubauer chamber.

Nuclei of culture cells were isolated as follows. Cells cultured on petri
dishes were washed with 37°C PBS containing 2 mM EDTA and then
homogenized in ice-cold PBS containing 2 mM EDTA, 0.5% Triton, 2 mM
DTT, and 30 ug/ml trypsin inhibitor. Cells were centrifuged for 10 min at
1,000 g and 4°C. The sediment containing nuclei and other cytoskeletal ele-
ments was washed in PBS and then either further fractionated or frozen in
liquid nitrogen and stored at —70°C. The supernatant was centrifuged at
4°C for 30 min at 200,000 g. The resulting high-speed supernatant was fro-
zen and stored at —70°C or protein was precipitated with TCA.

Nuclear envelopes of Xenopus laevis and Pleurodeles waltlii oocytes iso-
lated for immunolocalization experiments or gel electrophoresis were
manually prepared as described (Krohne and Franke, 1983) with slight
modifications. Nuclei were isolated in 83 mM KCl, 17 mM NaCl, 10 mM
Tris-HCI, pH 7.2, and then washed twice in PBS with or without 2 mM
MgCl;. For immunolocalization experiments nuclei were subsequently
perforated with a needle or torn into fragments with fine forceps to enhance
antigen accessibility, and immediately incubated with antibodies (see
below).

Production of mAbs

mAbs were prepared against nuclear matrix proteins as described (Stuur-
man et al., 1992). Their immunoglobulin subclasses were determined by
using ELISA (subclass-specific antibodies from Medac, Hamburg, FRG)
and peroxidase-coupled secondary antibodies (Sigma, Miinchen, FRG).

Gel Electrophoresis and Immunoblotting

Proteins were separated by SDS-PAGE (Laemmii, 1970; Thomas and Korn-
berg, 1975) and two-dimensional NEPHGE (O'Farrell et al., 1977). After
transfer of proteins separated by gel electrophoresis to nitrocellulose (NC)
membranes (see Cordes et al., 1991) these were blocked with 0.05% Tween
20 in PBS for 3-12 h and subsequently for 30 min with 1% BSA in PBS.
Incubation of membranes with undiluted hybridoma cell culture superna-
tant was carried out for 3-5 h. Bound antibodies were detected by goat
anti-mouse IgG coupled to alkaline phosphatase. After washing (see
Cordes et al., 1991), the secondary antibodies were added and bound anti-
bodies detected by color reaction (Promega, Heidelberg, FRG). Alterna-
tively, the enhanced chemoluminescence (ECL) protocol of Amersham
International (Amersham Buchler, Braunschweig, FRG) was used, in com-
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bination with the HRP-coupled secondary antibody of Promega. In this case
NC membranes were blocked in TBS containing 0.05% Tween (TBST) with
5% milk powder for 1 h. Incubation of membranes with primary and sec-
ondary antibodies was likewise carried out in the presence of 5% milk pow-
der. For control experiments mAb RL11, described to recognize a NPC pro-
tein of ~180 kD which is modified with O-linked N-acetylglucosamine
monosaccharides (Snow et al., 1987; Holt et al., 1987; a kind gift of Dr.
L. Gerace, Scripps Research Institute, La Jolla, CA) and rabbit antibodies
against “nup 153" described by Sukegawa and Blobel (1993) were used
(kindly provided by these authors).

Microscopy and Immunolocalization

In most localization experiments, undiluted PF190X7A8 hybridoma cell cul-
ture supernatants were used. mAb RL11 (Snow et al., 1987) and the rabbit
antibodies against “nup 153” (Sukegawa and Blobel, 1993) were used for
comparison. Immunofluorescence microscopy on tissue cryosections was
essentially as described (for example see Jahn et al., 1987). For im-
munofluorescence studies of cell cultures, these were either fixed with meth-
anol (—~20°C, 5 min) and/or acetone (—20°C, 1 min) or with 2% formalde-
hyde freshly prepared from paraformaldehyde (in PBS, pH 7.4) for 10 or
15 min. After aldehyde fixation, cells were washed with PBS containing
0.5% Triton X-100 for 5 min, before incubation with antibodies.

For electron microscopic localization, cryosections were fixed in acetone
(—20°C) for 5 min and subsequently air dried for 30 min. After incubation
with antibodies (in this case, supernatants were concentrated 1:3 by ul-
trafiltration; see Cordes and Krohne, 1993), sections were washed three
times for 2 min with PBS and incubated for 12-14 h with goat anti-mouse
IgG + IgM (Amersham Buchler) coupled to colloidal gold particles of 5
or 10 nm diameter. Fixation and embedding procedures were as described
(Kartenbeck et al., 1984; Cowin et al., 1986).

For immunoelectron microscopy on manually isolated nuclei or nuclear
envelopes of Xenopus laevis and Pleurodeles waltlii oocytes (Krohne and
Franke, 1983) these were incubated with antibodies for 4 h at 4°C, washed
three times with PBS and incubated with 10-nm gold-conjugated goat
anti-mouse IgG (Amersham) for 12-14 h at 4°C. Alternatively, nuclear
envelopes or fragments thereof were fixed for 10 min in 2% formaldehyde,
freshly made from paraformaldehyde in PBS, and collected by centrifuga-
tion (2 min at 13,000 g). The pellet was washed several times in PBS con-
taining 50 mM NH4Cl. After incubation of the resuspended envelopes
with the primary antibodies for 1.5 h and washes in PBS they were incubated
with the secondary, gold (5 or 10 nm large particles)-coupled antibodies for
another 3 h and again washed with PBS. Further fixation with glutaralde-
hyde, dehydration, embedding, and sectioning was as described (for refer-
ences see above). For conventional ultrathin section EM the isolated enve-
lopes or fragments thereof were fixed with giutaraldehyde and processed
essentially as described (for example see Krohne et al., 1978; Franke et al.,
1981).

In some experiments oocyte nuclei were incubated, in parallel, in PBS
containing either 1 mM CaCl, or 2 mM EGTA or 1 mM MgCl; for 15 min
before antibody application.

Random or serial sections were used for distance measurements and
quantitative evaluations of immunogold particie distributions, applying con-
ventional histographic methods.

Cell Culture and Mitotic Arrest

Mouse 3T3-L1 cells (semi-confluent) were cultured in 10-cm petri dishes
in 90% DME and 10% FCS. To arrest cells in M-phase, 107> M colcemid
was added to the medium (37°C) and cells were harvested after 9-10 h of
incubation. At this time, >90% of the cells had the spheroid appearance
typical of mitotic cells (frequence of mitoses was repeatedly controlled by
DNA- and immunostaining). Cells were washed once with PBS, 2 mM
MgCl; of 37°C and were then lysed either by incubation in digitonin buffer
(250 mM sucrose, 20 mM Tris-HCI, pH 7.4, 70 mM KCl, 2 mM MgCl,,
1 mM EGTA, 1 mM DTT, 30 pg/ml trypsin inhibitor, containing 0.005%
digitonin) for 5 min at room temperature or by incubation in hypotonic
buffer (20 mM Tris-HCl, pH 7.4, 15 mM KCl, 2 mM MgCl,, 2 mM DTT,
30 pg/ml trypsin inhibitor, 10 pg/mi leupeptin) for 30-40 min on ice. Swell-
ing of cells was controlled by light microscopy. After vigorously shaking
the cells for 10 s the suspension was centrifuged for 30 min in a TLA 100.2
rotor (Beckman, Miinchen, FRG) at 200,000 g at 4°C. The sediment was
frozen in liquid nitrogen and stored at —70°C. The supernatant (“mitotic
cell extract”) was either directly fractionated by sucrose density gradient
centrifugation or frozen until further analysis.
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Sucrose Gradient Density Centrifugation

Density gradient analysis of soluble proteins was on 5~-30% (wt/vol) su-
crose gradients (Huegle et al., 1985) in 20 mM Tris-HCI, pH 74, 90 mM
KCl, 10 mM NaCl, 2 mM MgCl,, 2 mM DTT, 30 ug/ml trypsin inhibitor,
10 pg/ml leupeptin, 10 ug/ml pepstatin. 400-500 x1 mitotic cell extract was
loaded per gradient (total volume 13.5 ml). BSA, catalase, and thyroglobu-
lin (Pharmacia, Freiburg, FRG) were used as S-value reference proteins in
parallel gradients or after mixing with the mitotic extract sample. Centrifu-
gation was for 17 h at 230,000 g and 4°C in swinging buckets, and gradients
were fractionated at a flow rate of 1 ml/min. Fractions of 0.4 ml were col-
lected and immediately supplemented with 1/10 volume of 100% TCA.

Proteins and particles contained in supernatant fractions from Xenopus
egg extracts were similarly analysed. Egg extracts were prepared as de-
scribed (Felix et al., 1989), but without activating the eggs. The egg extract
supernatant obtained after 1 h centrifugation at 100,000 g and 4°C was
loaded on 5-30% sucrose gradients in 100 mM K-acetate, 2.5 mM Mg-
acetate, and 60 mM EGTA, pH 7.2. Centrifugation was carried out as de-
scribed for mitotic extracts.

Immunoprecipitation of Xenopus p190

100 1 of 100,000 g egg extract supernatant was combined with 50 ul PBS-
washed and pre-swollen protein G-Sepharose (Pharmacia) and 350 ul PBS,
0.1% Triton X-100. After 30 min of incubation by rotation at 4°C, the
Sepharose was sedimented for 5 min at 800 g to remove nonspecifically ab-
sorbing material. The remaining supernatant was then added to a new ali-
quot of 50 u] pre-swollen and washed protein G-Sepharose and 100 ul of
mAb PF190x7A8. (For this experiment the IgGs have been precipitated from
hybridoma cell culture supernatants with 48% [NH4]2SOs and resus-
pended in 0.1 volume of PBS.) After incubation for 2 h at 4°C and centrifu-
gation for 5 min at 800 g the sediment was washed four times with PBS,
twice with PBS, 0.1% Triton and again with PBS. Subsequently the sedi-
ment was boiled in SDS-PAGE sample buffer (Laemmli, 1970) for 5 min
and analyzed by SDS-PAGE. For control, the supernatant after the antibody
incubation was treated with 10% TCA and the precipitate obtained was ana-
lyzed by SDS-PAGE.

Results

Specificity of Antibodies
Among a variety of murine mAbs obtained from mice im-
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Figure 1. Immunoblot detection of the murine ~190-kD nuclear
protein with mAB PF190x7A8. (a) Separation of total mouse liver
nuclei by SDS-PAGE and staining with Coomassie blue (lane 1);
Relative masses of reference proteins (lane R) are, from top to bot-
tom, as follows: 205, 116, 97, 66, 45, and 29 kD. (5) Immunoblot
reaction (phosphatase) of total nuclear proteins from murine liver
(lane 1), Ag8 myeloma cells (lane 2), and 3T3-L1 cells (lane 3)
with mAb PF190x7A8. (¢) Fractionation of proteins from 3T3-L1
cells, separated by SDS-PAGE and stained with Coomassie blue.
Lanes 1-6 represent the specific supernatants of the differential
fractionation steps; lane 7 contains the resuliting finai peliet. PBS-
0.5% Triton X-100 extraction (lane 1), 10 mM Tris-HCI, pH 7.5,
wash (lane 2), DNase/RNase treatment (lane 3), 10 mM Tris-HCl,
pH 7.5, wash (lane 4), first 1 M KCl extraction (lane 5), second
extraction with 1 M KCI (lane 6). Reference proteins (lane R) as
in a. (¢) Immunoblot of fractions shown in c, by reaction with mAb
PF190x7A8.
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Figure 2. Characterization of the ~190-kD nuclear protein from
mouse liver by two-dimensional gel electrophoresis. Proteins
were separated by non-equilibrium pH gradient electrophoresis
(NEPHGE) in the first and by SDS-PAGE in the second dimension
(SDS). (a) Coomassie blue staining. Lamins A, B (representing
lamin Bl) and C and labeled. The small horizontal arrow denotes
the position of the ~190-kD polypeptide (see below). (b) Immuno-
blot showing reaction with mAb PF190x7A8. Arrow denotes the
~190-kD protein, vertical bars indicate the positions of lamins Bl
and A, respectively. Note the unusually heterogenous (“streaky”)
migration of the ~190-kD polypeptide under non-equilibrium con-
ditions used. Whether this appearance, unexpected for a basic pro-
tein (see Sukegawa and Blobel 1993), is due to an intrinsic property
of the polypeptide or to specific modifications remains to be ex-
amined.

munized with total “nuclear matrix” residues from extracted
rat liver nuclei (see Stuurman et al., 1992) we found an IgGl
mAb (PF190x7A8) which in immunoblot experiments
specifically reacted with an ~~190-kD polypeptide present in
a wide range of murine tissues and cell culture lines (exam-
ples are shown in Fig. 1, a and b). During cell fractionation,
most of the epitope-bearing polypeptide was recovered in the
Triton X-100 residue (fig. 1 b, lanes 2 and 3) and was also
resistant to extractions with low ionic strength buffers and
treatment with RNase and DNase (Fig. 1, ¢ and ¢/ lanes
1-4). Most of the antigen, however, could be extracted by
brief incubation in buffers of moderately high salt (e.g., 1 M
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Figure 3. Immunoblot detection of the

L% ' 2 ~I190-kD amphibian protein with mAb

PF190x7A8. (a) Separation of manually
- a» isolated Xenopus laevis oocyte nuclear
o envelopes by SDS-PAGE, and staining

with Coomassie blue (lane 2); the white

@  dotdenotes the position of the inevitable

contaminating major yolk protein. Ref-

erence proteins (lane 1) are, from top to

- bottom: 205, 116, 97, 66, 45, and 29 kD.

i a b l;." (a") Immunoblot reaction (ECL proce-

dure) of nuclear envelope proteins (same

as in a) (lane 2) with mAb PF190X7A8 on nitrocellulose filter. Lane

1 contains the same reference proteins as in a. (b) Separation of

proteins obtained in immunoprecipitates from Xenopus laevis egg

extract proteins with mAb PF190x7A8 after staining with Coomas-

sie blue. (¥) Immunoblot reaction (ECL) of immunoprecipitated

Xenopus laevis egg extract proteins with mAb PF190x7A8. The up-

per band contains the ~190-kD protein, the two lower bands repre-
sent heavy and light IgG chains.

KCl) concentration (Fig. 1, ¢/, lane 5). On two-dimensional
gel electrophoresis for 4 h and under non-equilibrium condi-
tions the reactive polypeptides migrated relatively slowly in
the first dimension and appeared in an unusually “streaky”
fashion extending over a range of two pH-units, obviously
not having reached isoelectric equilibrium. (Fig. 2).

When whole cell proteins or nuclear fractions from differ-
ent mammalian species were examined by immunoblot reac-
tion on SDS-PAGE separated proteins, the same ~190-kD
band was found positive (not shown). The same result was
obtained with the low amounts of material present in manu-
ally isolated nuclear envelopes from oocytes of the amphib-
ian species, Xenopus laevis (Fig. 3, a and a’). In addition we
found that this antibody was able to immunoprecipitate solu-
ble protein material from Xenopus egg extracts which again,
on SDS-PAGE and immunoblotting appeared as a positive
~n190-kD band (Fig. 3, b and %).

The ~190-kD polypeptide was recognized by mAbs RL1
and RL11 known to react with an O-glycosylated 180-kD rat
NPC-attached protein (see Snow et al., 1987), and with rab-
bit antibodies specific for “nup 153” (Sukegawa and Blobel,
1993). With these antibodies positive immunoblot reactions
with the ~190-kD protein were obtained on SDS-PAGE
separated proteins of rodent liver nuclei and culture cells,
and of immunoprecipitates from Xenopus egg extracts ob-
tained with mAb PF190x7A8 (data not shown). We therefore
and on the basis of immunolocalization criteria (see below),
conclude that the antigen detected by mAb PF190x7A8 is im-
munologically related to, if not physically identical with
“nup 153” (see also Discussion).

Under all conditions used the antibody did not cross react
with other polypeptides of the O-glycosylated “nucieoporins”
(Snow et al., 1987; see also Park et al., 1987; Davis and
Blobel, 1987), the presence of which was routinely con-
trolled by reaction with antibodies against p62 (see Cordes
et al., 1991).

Immunolocalization in Somatic Cells

On monolayers of cultured cells, mAb PF190x7A8 exclu-
sively immunostained nuclei in a finely punctate pattern
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(Fig. 4, a-c). This intense dot staining, which is typical of
NPC proteins (for example see Davis and Blobel, 1986;
Snow et al., 1987; Park et al., 1987; Radu et al., 1993;
Sukegawa and Blobel, 1993), was observed in cells of a wide
variety of species, including amphibia (Fig. 4, a and a), ro-
dents (Fig. 4 b), human (Fig. 4 c), and marsupials (see be-
low). The appearance of small fluorescent dots and the nega-
tive reaction of nucleoli, chromosomes and other large
intranuclear structures (e.g., Fig. 4, a and a’) was consistent
with their occurrence in the nuclear periphery, i.e., with an
NPC-association. Diminished immunofluorescence over in-
tranuclear particles is also typical of other antibodies to NPC
or nuclear lamina proteins (for example see Gerace et al.,
1978, 1982; Krohne et al., 1978a; Burke et al., 1982; Snow
et al., 1987).

A corresponding specific immunostaining of the nuclear
periphery was also observed in cryosections of all tissues ex-
amined. Fig. 5 a presents mouse liver as an example.

When the distribution of the antigen was examined by im-
munoelectron microscopy, using 5-nm gold-coupled second-
ary antibodies, a specific decoration of NPC-associated
structures was apparent (Fig. 5, b and ¢). Closer inspection
further revealed that the majority of the immunogold parti-
cles were located on the inner, i.e., nuclear side of the pore
complexes where they appeared to be associated with the
NPC filamentous material extending into the nuclear in-
terior (denoted by arrows in Fig. 5, b and c).

Immunolocalization in Amphibian Oocytes

Amphibian oocytes are particularly suitable objects for re-
search of nuclear structures such as NPCs and their as-
sociated filaments, as extrachromosomal structures are dra-
matically amplified in the large nuclei (“germical vesicles™)
of vitellogenic oocytes (for NPC numbers and frequencies
see Franke and Scheer, 1970b) and the NPC-attached fila-
ment arrays can often be traced for remarkable distances into
the nuclear interior (see Franke and Scheer, 1970a,b, and
below).

In frozen sections through amphibian ovaries, antibody
mAb PF190x7A8 immunostained specifically the periphery
of the oocyte nuclei of urodelan (Fig. 6 shows Pleurodeles
waltlii) and anuran (e.g., Xenopus laevis, see below) species.
This specific peripheral reaction was also seen when isolated
unfixed nuclei or nuclear envelopes were examined by im-
munogold electron microscopy (Fig. 7 a). Clearly, pore
complexes were decorated by the immunogold particles,
however in a pronounced asymmetric distribution.

In all preparations, the outer and the inner aspect of the
nuclear envelope could be easily identified, due to the reten-
tion of cytoplasmic organelles such as mitochondria, yolk
platelets, and other vesicle membranes (e.g., Fig. 7 b) on the
outer nuclear envelope aspect, vis-a-vis the occurrence of
nucleolar structures on the other side of the envelope.

It is obvious from our immunoelectron microscopic
results that the largest proportion of the antibodies was lo-
cated at the loosely arranged bundles of 3-6-nm filaments
projecting from the inner pore complex annulus for greatly
varying distances. Corresponding to the variations of as-
sociated filamentous masses between different NPCs of the
same envelope we also noted differences in the number of
immunogold particles per NPC (e.g., Fig. 7, a-f). Some
significant immunogold label was also seen in association
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Figure 4. Immunofluorescence microscopy showing the location of the ~190-kD nuclear protein detected by mAb PF190x7A8 in cultured
Xenopus laevis kidney epithelial cells of line A6 (a and a'); rat vascular smooth cells of line RV (see Franke et al., 1980) (b); and human
liver carcinoma cells of line PLC (c). Cells were either fixed with methanol/acetone (b and ¢) or with formaldehyde, followed by incubation
in PBS containing 0.5% Triton X-100 and incubation with the antibody (a and @'). (a-c) Epifluorescence optics, showing the specific nuclear
location in a finely punctate pattern. (a) Phase-contrast photograph corresponding to a. Arrowheads denote two mitotic cells. Bars: (a,
a, and ¢) 25 pm; (b) 20 um.
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Figure 5. Immunolabeling of mouse liver cryosections with mAb PF190x7A8. (@) Immunofluorescence microscopy of tissue fixed with 2%
formaldehyde, showing immunostaining in the nuclear periphery. (b and c) Electron microscopic immunogold localization (5-nm gold parti-
cles) on the intranuclear filamentous material (thick arrows) associated with the pore complexes (denoted by thin arrows on the cytoplasmic
side). NE, nuclear envelope; N, nuclear interior. Cryosections were fixed with acetone. Bars: (@) 10 um; (b) 0.1 um; (¢) 0.25 um.

with the NPC proper and with its cytoplasmic aspect (e.g.,
Fig. 7, a-c). Occasionally encountered intranuclear annulate
lamella cisternae also showed pore complex-associated fila-
mentous material decorated with immunogold particles
(Fig. 7 f).

Similar immunolocalization results as with mAb
PF190x7A8 were obtained with mAb RL11 (fig. 8, @ and b)
and “nup 153” rabbit antibodies (Fig. 8, c-¢). When deter-

Figure 6. Immunofluorescence microscopy of an acetone-fixed
cryosection through an amphibian oocyte (germinal vesicle-con-
taining region of Pleurodeles waltlii) after reaction with mAb
PF190x7A8. (a) Epifluorescence, showing specific reaction at the
nuclear envelope. (b) Corresponding phase contrast photograph.
Bar, 50 pum.
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mining the immunogold particle distribution between outer
and inner side of the NPC for all three antibodies in different
preparations the majority (72-93%) was found on the inner
aspect of the NPCs with the attached filament bundles.

In such preparations the distribution of immunogold parti-
cles relative to the nuclear membrane and the NPC was also
histographically determined. When the distance of each in-
tranuclear immunogold grain from the corresponding NPC
center level was measured, all three antibodies gave values
falling into a similar distribution curve with 50-55 nm mean
distance of all grains and maximal distances varying in
different preparations from 140 to 330 nm.

The variations of filamentous masses attached to different
NPCs indicated their lability during the preparation. Clearly
the filamentous tufts retained on the inner NPC annulus of
isolated and washed, unfixed nuclear envelopes were much
shorter and less dense than those usually seen upon adequate
fixation of intact oocytes (for example see Franke and
Scheer, 1970a,b). As a special Ca?*-dependence of NPC-
attached filaments has recently been claimed (for example
see Jarnik and Aebi, 1991; for review see Forbes, 1992) we
systematically varied the divalent cation concentration of the
buffers used for isolation of nuclei and nuclear envelopes
(see Materials and Methods). The results obtained, however,
did not show a significant effect of Ca?* alone on filament
preservation, and immunoreactive material was also found
in nuclear envelopes treated with EGTA. To find a better
compromise between structural preservation of the NPC-
attached filaments on one hand and immunoreactivity and
antigen accessibility on the other we included a brief alde-
hyde fixation step (see Materials and Methods). Fig. 9 a
shows the resulting improved preservation of the nuclear fila-
ment cylinders associated with NPCs of isolated nuclear
envelopes. These fixed filamentous arrays could still be
traced for up to ~600 nm (see Fig. 9 c) and appeared very
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Figure 7. Immunoelectron microscopy of Xenopus laevis (a and b) and Pleurodeles waltlii oocytes (c-f) after reaction with mAb PF190x7AS.
Immunogold localization (10-nm gold) on manually isolated and perforated nuclei (o, outer nuclear membrane) reveals intense decoration
of nuclear pore complexes and NPC-associated filaments. (@) Survey micrograph showing association of the majority of the immunogold
particles with the inner aspect of the nuclear envelope, particularly with the intranuclear filaments attached to NPCs (arrows). (b) Similar
survey to that of a but showing, in addition, the adherence of cytoplasmic vesicles, vesiculated membranes (VM) and mitochondria (M)
with the outer nuclear membrane. Insets show immunogold labeling at the inner NPC annulus and at filament tufts attached to the inner
NPC annulus (upper right inset) but also, though lesser, at the outer NPC annulus (see some of the NPCs denoted by arrows in the lower
left inset). (c-e) Details of intensely immunogold-labelled NPCs and NPC-attached intranuclear filament arrays (o, outer nuclear mem-
brane). (f) Region showing immunogold decoration of filament bundles attached to inner annulus of an NPC of the nuclear envelope (arrow
in the right) and both annuli of NPCs of intranuclear annulate lamellae (arrows in the left). Bars, 0.1 ym.
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electron dense, were sometimes laterally entangled (see Fig.
9 b) and revealed a suborganization of thin (3-6 nm) flexible
threads and associated granular structures of diameters up
to 15 nm (e.g., Fig. 9 ¢).

Although the immunoreactivity of the PF190x7A8 antigen
was considerably reduced upon this prefixation the residual
immunolocalization clearly displayed a predominant associ-
ation with the NPC-attached nuclear filament bundles, in-
cluding sites distant from the nuclear envelope (Fig. 9 d).
This immunogold labeling was also seen on the filamentous
tangles extending between the NPCs and the cortices of

Figure 8. Immunoelectron microscopy of nuclear envelopes from
Xenopus laevis oocytes after reaction with (a and b) mAb RL11 and
(c-e) rabbit anti-nupl53. Arrows in b denote nuclear pore com-
plexes. o, outer nuclear membrane. Bars: (@) 0.25 pm; (b) 0.2 um;
(c-e) 0.1 pm,

Figure 9. Electron micrographs showing the preservation of NPC-attached intranuclear filament cylinders in isolated envelopes from Xeno-
pus laevis oocytes when fixed in formaldehyde (a-c) and then used for immunolocalization (d-k). (@) Survey micrograph showing the
filamentous masses projecting from the inner annuli of the NPCs (arrows). Note that the cylinder arrays of NPC-attached filaments are
mostly longer and more electron dense than those shown in Fig. 7. (b) After such fixation adjacent bundles of NPC-attached filaments
often appear laterally aggregated and partly entangled. ER, endoplasmic reticulum cisterna. o, outer nuclear membrane. (c) Some NPC-
attached filament bundles appear somewhat loosened, revealing substructural components. (d) Survey micrograph showing aldehyde
fixation-stabilized nuclear envelopes after immunogold reaction with antibody mAb PF190X7A8 (symbols as in a and b). Note immunogold
decoration of intranuclear filament bundles. o, outer nuclear membrane. (e and f) Immunogold labeling of filament tangles (demarcated
by brackets in e and arrows in f) connecting NPCs with the cortex of adjacent nucleoli (Vo). NE, nuclear envelope. (g) Inmunogold decora-
tion of NPC-attached filaments sandwiched in a fold of the nuclear envelope (NE). Note that here the filament bundles of two opposite
NPCs (arrowhead) are entangled into one unit. (4 and i) Immunogold label on nuclear filament bundles attached to the residual NPCs
(denoted by arrows in i) in regions in which most of the envelope membrane has been lost during the preparation. (j and k) Immunogold
labeling of filament bundles (demarcated by brackets) retained on small nuclear envelope fragments containing one or two NPCs (arrow-
heads). Bars: (a—c) 0.5 um; (d) 0.25 um; (e-k) 0.2 pm.
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Figure 10. Immunofluorescence microscopy of the ~190-kD protein with mAb PF190x7A8 during mitosis of rat kangaroo kidney epithelial
cells of line PtK2. Corresponding phase contrast and fluorescence micrographs showing different stages of mitosis: (a) Prophase, (b)
Prometaphase, (c) Metaphase, (d) Anaphase (top) and telophase (bottom), (e) Telophase, and (f) Early Gl interphase. Bars, 10 pm.

nucleoli (Fig. 9, ¢ and f) which are characteristically periph-
eral in this stage of oogenesis (for example see Scheer et al.,
1976; Trendelenburg and McKinnell, 1979). The filamen-
tous “bridges” between nucleoli and NPCs were particularly
well discernible in situations in which the nucleoli were
slightly more distant from the nuclear envelope (Fig. 9 f).

Isolated nuclear envelopes of the oocyte germical vesicles
tend to fold in multiple ways (for example see Krohne et al.,
1978b) so that “sandwiches” are formed in which the col-
lapsed nuclear envelope regions include the entangled fila-
ment bundles of opposite NPCs (see Fig. 9 g). The aldehyde-
fixed NPC-attached filaments were also preserved in nuclear
envelope regions where large parts of the nuclear membrane
structure had been lost (Fig. 9, & and i).

Occasionally, in some preparations including a prefixation
step, small nuclear envelope fragments were seen which
comprise only one or a few NPCs. It is notable that even such
detached NPCs still reveal nuclear filament material posi-
tively labeled with the antibody (Fig. 9, j and k).

Disassembly of the 190-kD Pore Complex Filament
Protein During Mitosis

The antigen recognized by mAb PF190x7A8 displayed
markedly and characteristic changes of distribution during

mitosis. Fig. 10, a—f presents the various mitotic stages in
rat kangaroo kidney epithelial cells of line PtK2: At

Cordes et al. Pore Complex Proteins in Nuclear Filaments

prophase-prometaphase transition the protein is still re-
tained in the inner chromosomal phase, however, within the
contours of the disintegrating nuclear envelope (Fig. 10 a).
Subsequently, in metaphase and anaphase stages (Fig. 10,
b-d), the protein disperses over the cytoplasm. The chromo-
somes are negative for this antigen. In telophase, the protein
is reconcentrated around the chromosomal masses in the
forming daughter nuclei (Fig. 10, d and ¢). Finally, early Gl
nuclei again reveal the typical punctate pattern (Fig. 10 f).

This change from a state bound to a distinct structure to
a more disperse form suggested a disintegration of the inter-
phase filaments to smaller entities. This was corroborated by
our fractionation results. In mitotically arrested cells most
of the protein was recovered in the 200,000 g supernatant
fraction (Fig. 11, a and a'). When the solubilized mitotic
form was analyzed by sucrose gradient centrifugation (Fig.
11 b), the protein was detected in an almost monodisperse
form with a peak sedimentation value of 12.5 S, indicative
of a monomeric or small oligomeric state.

A distinct soluble form of the protein was also found in
meiotic metaphase as determined in extracts from Xenopus
laevis eggs. In such eggs the vast majority of the antigen was
recovered in the 100,000 g supernatant fraction from which
it could be immunoprecipitated (Fig. 3 b and ), without
coprecipitation of O-glycosylated NPC-protein p62, the
other NPC protein so far characterized in this species
(Dabauvalle et al., 1988; Cordes et al., 1991; see also
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Figure 11. Gel electrophoretic analysis of the ~v190-kD protein de-
tected by mAb PF190x7A8 in fractions of soluble proteins from mi-
totically arrested murine 3T3-L1 cells. Cells were lysed either by
incubation in iso-osmotic buffer containing 0.005% digitonin (a
and ') or hypotonically (b). Proteins were separated by SDS-PAGE
and visualized by staining with Coomassie blue (a) or by immuno-
blotting with mAb PF190x7A8 (a’ and b, phosphatase reaction). (a)
Lane R, relative molecular masses of reference proteins in kD: 205,
116, 97, 66, 45, 29; (lane I) supernatant proteins from mitotic cells;
(lane 2) supernatant proteins from interphase cells. (a”) Corre-
sponding immunoblots, showing the recovery of most of the ~190-
kD protein in the supernatant fraction from mitotic cells (lane J)
but not from interphase cells (lane 2). (b) Immunoblot reaction
showing the result of the analysis of the ~190-kD protein by sucrose
gradient fractionation of proteins present in the 200,000 g superna-
tant fraction from mitotically arrested 3T3-L1 cells. Only fractions
13-20 obtained after sucrose gradient centrifugation are presented.
The ~190-kD protein is detected in a peak-like distribution in frac-
tions 14 and 15, corresponding to a mean S-value of 12.5. Peak po-
sitions of catalase (11.3 S) in fraction 13 and thyrogiobulin (16.5 S)
in fraction 20 are denoted by black dots. Mouse liver nuclear pro-
teins were used in the same gel as reference (R).

Dabauvalle et al., 1990). The ~190-kD protein as present
in egg extracts was also retained on WGA-Sepharose
columns, in this case, however, together with p62 (not
shown). When the soluble state of the ~190-kD protein was
further analyzed by sucrose gradient centrifugation, a near
monodisperse distribution with a mean peak value corre-
sponding to ~16 S was found (data not shown).

Discussion

Our finding that a protein of the NPC also occurs as an ap-
parently ubiquitous constituent of a specific kind of in-
tranuclear NPC-attached filaments of diameter 3-6 nm not
only provides the first compositional information on these
nuclear structures but also shows that a NPC protein can as-
semble into a non-NPC structure and that this assembly does
not require direct molecular contact with the nuclear mem-
brane. In addition, our results demonstrate that these in-
tranuclear NPC-attached filaments undergo a systematic dis-
assembly-reassembly cycle during mitosis and meiosis.
As the polypeptide identified by mAb PF190x7A8 also
specifically reacts with antibodies against protein “nup 153"
recently sequenced and localized to the inner NPC annulus
(Sukegawa and Blobel, 1993) and with mAb RL11, known
to be specific for the same protein (Gerace, L., personal
communication), we conclude that the protein localized in
our study is “nup 153" or at least very closely related to it.
Indeed, Sukegawa and Blobel (1993) have discussed the pos-
sibility, but did not show, that “nup 153” may also occur in
the inner annulus-associated filamentous “cage” structure
(Ris 1989, 1990; Jarnik and Aebi, 1991; Goldberg and Al-
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len, 1992). At present we cannot distinguish between a local-
ization in this “cage” and the other, partly longer filaments
attached to the NPC although our findings of immunogold
particles at distances clearly exceeding 60 nm indicates an
occurrence beyond the confinements of this cage.

Our demonstration that the “nup 153”-like protein is a
general component of NPC-attached filaments means that
the number of molecules per NPC unit, i.e., NPC plus its
attached cylindrical unit of filaments (see Franke and Scheer,
1970a,b), can by far exceed the eight copies estimated by
Sukegawa and Blobel (1993). As in electron microscopic
studies the length and mass density of the NPC-attached fila-
ment tangles vary considerably between different kinds of
cells, the total amount of the filament-bound protein may
also greatly vary. The observation that in amphibian oocytes
these cylinders of coaxial filaments are conspicuously long
and impressive (for example see Franke and Scheer,
1970a,b; Scheer et al., 1988) could be due to the special ac-
cumulation of this—and perhaps also other—NPC-associ-
ated proteins in filamentous assemblies, a form of stockpile
similar to other maternal storages characteristic of this cell
type (for review see Davidson, 1986). At present, we cannot
decide whether and which other proteins may coassemble
with the ~190-kD antigen described here to form these fila-
ment arrays at NPCs.

Our immunoelectron microscopic results show that the
vast majority of these protein molecules is present in the in-
tranuclear filaments attached to NPCs, although some sig-
nificant immunogold label is also seen at the outer annulus.
This localization in the intranuclear filaments distinguishes
the “nup 153"-like protein from other NPC components re-
ported to occur in the NPC proper, either on both annuli or
at the NPC equator (Snow et al., 1987; for p62, see Davis
and Blobel, 1986; Dabauvalle et al., 1988; for pl55, see
Radu et al., 1993; for p190 alias p210, see Gerace et al.,
1982; for yeast nspl, see Nehrbass et al., 1990). Using the
broadly reactive lectin WGA and an antibody (mAb RL1)
cross-reactive with several different NPC proteins, Allen
(1990) has shown immunolabeling of “fibrous material” on
both sides of NPCs of rat liver cells (see also Park et al.,
1987) but without identification of a specific molecule in one
of these structures. By contrast, human polymyositis au-
toimmune sera that react, inter alia, with an ~180-kD poly-
peptide have specifically decorated filamentous tufts project-
ing from the outer annulus into the cytoplasm (Wilkin et al.,
1993).

The exclusive localization of the RL11 antigen to the inner
NPC annulus published by Snow et al. (1987) seems, at first
sight, to be at variance with our localization of the RL11-
reactive “nup 153”-like protein in the NPC-attached nuclear
filaments. The specific experimental protocol of these au-
thors, however, seems to explain the difference as the harsh
extraction procedures involved had probably removed these
labile filaments, readily reduced or lost during preparations
and washes in various solutions, including high salt buffers.

Obviously, the assembly of the “nup 153”-like protein into
the intranuclear filamentous structures is topogenically re-
stricted and probably nucleated by one or several NPC com-
ponents representing a “filament-organizing ring.” However,
it does obviously not require a stoichiometric reaction with
a transmembrane anchor or receptor at the NPC rim.

As it has been shown for certain nuclear lJamins and NPC
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proteins, both the lamina and the NPCs are rapidly disas-
sembled in mitosis, starting at prophase—prometaphase and
resulting in distinct mono- or oligomeric subunits. Similar
to type A lamins (Gerace et al., 1978; Krohne et al., 1978;
Gerace and Blobel, 1980) and several NPC proteins (Davis
and Blobel, 1986; Snow et al., 1987; Park et al., 1987,
Benavente et al., 1989; Radu et al., 1993) the ~190-kD
filament-associated protein is in this stage dispersed through-
out most of the central cytoplasm. We suspect that this pre-
cisely programmed disassembly and reassembly during mi-
tosis (and meiosis) is affected by protein modification and
that the filament subunits are accumulated into the postmi-
totic nucleus in their soluble form where they then undergo
NPC-filament assembly.

The eye-catching organization of the NPC-attached in-
tranuclear filamentous cylinders and their connection to cer-
tain intranuclear structures such as nucleoli, invites itself to
some apparently irresistible speculations, the most persua-
sive being a guiding role in nucleocytoplasmic translocation
of proteins or ribonucleoproteins, either as channels or by
transient entrapment or binding. In this respect, the experi-
ments of Sterne-Marr et al. (1992) are also relevant as their
finding of a reduced nuclear import of proteins bearing a “nu-
clear localization signal” upon depletion of the RL11-binding
protein seems also to indicate a contribution of this protein
in nuclear uptake of specific proteins.
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