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Abstract. We have identified an integral membrane
protein of 145 kD (estimated by SDS-PAGE) of rat
liver nuclear envelopes that binds to WGA. We ob-
tained peptide sequence from purified pl45 and cloned
and sequenced several cDNA clones and one genomic
clone. The relative molecular mass of pl45 calculated
from its complete, cDNA deduced primary structure is
120.7 kD. Antibodies raised against a synthetic peptide
represented in pl4S reacted monospecifically with
pl45. In indirect immunofinorescence these antibodies
gave punctate staining of the nuclear envelope. Im-
munogold EM showed specific decoration of the nu-
clear pores. Thus pl45 is an integral membrane pro-
tein located specifically in the “pore membrane”
domain of the nuclear envelope. To indicate this

specific location, and based on its calculated relative
molecular mass, the protein is termed POM 121 (pore
membrane protein of 121 kD). The 1,199-residue-long
primary structure shows a hydrophobic region (resi-
dues 29-72) that is likely to form one (or two adja-
cent) transmembrane segment(s). The bulk of the pro-
tein (residues 73-1199) is predicted to be exposed not
on the cisternal side but on the pore side of the pore
membrane. It contains 36 consensus sites for various
kinases. However, its most striking feature is a repeti-
tive pentapeptide motif XFXFG that has also been
shown to occur in several nucleoporins. This nucleo-
porin-like domain of POM 121 is proposed to func-
tion in anchoring components of the nuclear pore
complex to the pore membrane.

logically and biochemically distinct domains. The

outer nuclear membrane with its attached ribosomes
is continuous with the RER. One of the principal functions
of this membrane system is to serve as the port of entry for
all proteins, soluble and membrane integrated, destined for
the membranes and compartments of the exocytotic and en-
docytotic pathway. The inner nuclear membrane is attached
to the nuclear lamina and/or chromatin components and has
been proposed to serve in the three-dimensional organization
of chromatin (I). At numerous circumscribed points, the
outer and inner nuclear membranes are connected with each
other forming circular nuclear pores of ~100 nm diameter.
These connecting bits of membrane appear to be biochemi-
cally and functionally distinct from both the outer and inner
nuclear membrane and therefore can be regarded as a distinct
third domain of the nuclear envelope referred to as the “pore
membrane.” The large nuclear pore complexes (NPCs) (esti-
mated mass of 1.25 x 108 Daltons) (27) occupy the nuclear
pores. There are as many pore membrane domains in a single
nuclear envelope as there are NPCs.

THE nuclear envelope (NE)' consists of three morpho-
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As the pore membrane domain connects the outer and in-
ner nuclear membrane it must allow lateral diffusion of inte-
gral membrane proteins from their site of integration in the
outer membrane/RER to reach their final destination in the
inner membrane (30). At the same time the pore membrane
is expected to contain resident integral membrane proteins
that perform the specific functions of this membrane do-
main. One of these functions is to anchor the NPC. Another
one is likely to effect circumscribed fusion of the outer and
inner nuclear membrane to generate new pores. Although it
is not known what happens to the pore membrane during mi-
totic disassembly of the nuclear envelope, circumscribed
fission and fusion events may occur if the pore membrane
were to be disassembled as distinct vesicles, separated from
the other two NE domains.

So far it has not been possible to isolate the pore mem-
brane domain as a separate entity. It is therefore not known
how many distinct resident integral membrane proteins it
contains. Only one of these proteins, gp210, has so far been
identified and molecularly characterized (11, 12, 43). This
protein contains a single transmembrane segment. Most of
its mass is exposed on the cisternal side of the pore mem-
brane. Only 58 amino acid residues, including its COOH ter-
minus, are exposed on the pore side of the pore membrane.
The function of gp210 is unknown. Its small COOH-termi-
nal domain would be topologically poised to interact with
the NPC.
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In this paper we report the identification and characteriza-
tion of another resident integral membrane protein of the
pore membrane. This protein binds WGA. From its mobility
in SDS-PAGE, this protein was estimated to be 145 kD and
is therefore referred to as pl45. Through cDNA cloning and
sequencing we were able to deduce its entire primary struc-
ture. Its calculated relative molecular mass is 120.7 kD.
Using monospecific antibodies against a synthetic peptide
representing a portion of pl45 we were able to localize this
protein to the nuclear pores. Because of its calculated rela-
tive molecular mass and its localization in the pore mem-
brane we suggest the alternative term POM 121 (pore mem-
brane protein of 121 kD). POM 121 is likely to contain one
or two transmembrane segments. In contrast to gp210 most
of its mass (1,127 out of 1,199 residues) is most likely ex-
posed on the pore side of the pore membrane. This domain
contains XFXFG repeats that were also found in several of
the nucleoporins (a collective term for all NPC proteins)
suggesting that POM 121 may function in anchoring these
proteins to the pore membrane.

Materials and Methods

Preparation of Rat Liver Nuclear Envelopes
and Microsomes

Rat liver nuclei were isolated from 150-200 g Sprague Dawley rats after
24 h of starvation as described by Blobel and Potter (2). All solutions were
buffered with 20 mM triethanolamine (TEA)-HCI, pH 7.5, and contained
0.5 mM PMSF and | mM DTT. After homogenization and before ultra cen-
trifugation DTT was added to the homogenate (final concentration, 5 mM).

NEs were isolated as described by Dwyer and Blobel (6) with the foliow-
ing modifications. All solutions contained 0.1 mM PMSF and 1 mM DTT.
The DNase concentration was increased 1o 2 ug/ml, and 250 ng/ml RNase
was present at both nuclease digestion steps.

For the isolation of microsomes a rat liver homogenate was centrifuged
for 10 min at 800 g. The resulting postnuclear supernatant was then cen-
trifuged for 15 min at 12,000 g and the resulting postmitochondrial superna-
tant was centrifuged at 105,000 g for 60 min yielding a pellet of “micro-
somes.”

Isolation of p145

In a first step, NEs were extracted by urea as follows: 2,500 U of NE
(1 U of NE is the amount derived from 1 A U of isolated rat liver nuclei
(V3 X 10% and is equivalent to ~10 pg of protein) were suspended in 30
ml of 7 M urea in 20 mM TEA, pH 7.5, 0.1 mM MgCl; and 10% sucrose
and incubated for 10 min at room temperature. The suspension was then
underlaid with 5 ml of 15% sucrose in the extraction solution and cen-
trifuged for 1 h at 100,000 g to yield a supernatant and a pellet fraction,
representing urea extracted NEs.

In a second step, the urea extracted NEs (15,000 U) were solubilized in 4 ml
of 4% SDS, 15 mM Tyis-Cl, pH 7.5, 0.15 M NaCl, 25 mM DTT, and 0.5 mM
PMSF by heating at 55°C for 60 min with occasjonal sonication in a batch
sonicator. The solubilized material was diluted to 8¢ ml with the appropri-
ate reagents to give a final concentration of 0.2% SDS, 1% Triton X-100,
15 mM Tris-Cl, pH 7.5. 0.15 M NaCl, 1.25 mM DTT, and 0.1 mM PMSF.
This material was incubated with 2 mi of wheat germ lectin sepharose 6
MB (Pharmacia, Uppsala, Sweden) for 4 h at 4°C and the slurry was then
transferred to a column. The column was washed with 25 column volumes
of wash buffer (0.2% SDS, 1% Triton X-100, 15 mM Tris-Cl, pH 7.5,
0.15 M NaCl, 1.25 mM DTT, and 0.1 mM PMSF). The wash and flow
through fractions were combined and stored for analysis. The WGA column
was eluted with 5 ml of 0.5 M N-acetylglucosamine (GlcNAc) in wash buffer
and thereafter with 5 ml of 1% SDS in H,0. The 0.5 M GIcNAc eluate
from the WGA-sepharose column was concentrated by precipitation with
10% (wt/vol) TCA followed by two washes with 90% ethanol. The precipi-
tate was solubilized in 100 ul of sample buffer (475 mM Tris-Cl, pH 88,
40% SDS, 0.1 M DTT, and 15% glycerol) and the material was subjected
to SDS-PAGE using an 8% acrylamide gel. After electrophoretic separa-
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tion, the proteins were transferred to nitrocellulose (40) and detected with
Ponceau red. A strip of the nitrocellulose filter containing the 145-kD pro-
tein was cut out and digested with endoproteinase Lys C (Sigma Im-
munochemicals, St. Louis, MO) as described (8). The resulting peptide
fragments were separated by reversed phase HPLC. Selected peptides were
subjected to automated Edman degradation (see Fig. 5).

Isolation of mRNA, RNA Blot Analysis
and Synthesis of cDNA

Total cell RNA was isolated from rat hepatoma N1S1 cells (American Type
Culture Collection, Rockville, MD) grown in suspension culture in DME
supplemented with 10% FCS, 0.1 mM MEM-nonessential amino acids and
5 mM L-glutamine (GIBCO-BRL, Gaithersburg, MD). RNA was prepared
from 2 g of pelleted cells (800 x 106 cells) harvested in mid log phase
by the procedure of Chirgwin and coworkers (3} with modifications (9).
Poly A* containing RNA was isolated by oligo-dT cellulose (Boehringer
Mannheim Biochemicals, Indianapolis, IN) chromatography (28).

The poly A* RNA was electrophoresed in a denaturing agarose gel (20),
transferred to nitroceliulose (38) and probed with a random primer labeled
probe corresponding to nucleotides 723-2,186 (see Fig. 5 and below).

c¢DNA was synthesized from 5 ug poly A* selected RNA using random
hexamer primers and Moloney Murine Leukemia Virus reverse transcrip-
tase (GIBCO BRL) (28).

Isolation of cDNA and Genomic Clones

On the basis of the amino acid sequence of one proteolytic fragment of pl45
(see Fig. 5), partially degenerate sense (amino acids 489-494) and antisense
(amino acids 506-511) primers were synthesized. Sall and Xbal restriction
sites plus two extra nucleotides were inserted at the 5-ends of the sense and
antisense oligonucleotides, respectively. The oligonucleotides were purified
on 15% acrylamide gels and used as primers for PCR. 4 ng of cDNA and
4 pg each of the sense and antisense primers were used in a 100 ul PCR
reaction containing 10 mM Tris-Cl, pH 8.3, 50 mM KCl, 1.5 mM MgCl;,
0.001% gelatin, 0.2 mM each of dATP, dCTP, dGTP, and dTTP, and 2.5 U
of Taq polymerase (Perkin-Elmer Corp., Norwalk, CT). Reaction condi-
tions were 25 consecutive cycles of denaturation (95°C for 1.5 min), anneal-
ing (42°C for 2.5 min) and polymerization (72°C for 3 min). One major
amplification product of 84 bp was formed. The amplification product was
purified on a 4% low melting agarose gel (NuSieve GTG: FMC Bio-
Products, Rockland, ME) and subcloned into pBluescript SK II (Stratagene,
La Jolla, CA) and sequenced. The nucleotide sequence contained an open
reading frame encoding an amino acid sequence matching the data derived
from the proteolytic fragment of pl45.

On the basis of the DNA sequence of this amplification product, a 34-mer
antisense oligonucleotide was synthesized. The oligonucleotide was labeled
at the 5-end using 2P-y-ATP (DuPont Co., Boston, MA) and T4 poly-
nucleotide kinase (New England Biolabs Inc., Beverly, MA) and used to
screen a AZAP cDNA library derived from N1S1 cell mRNA (43). Six posi-
tive plaques were isolated and their inserts (<1.5 kb) sequenced.

One of the clones isolated from the NZAP library, corresponding to
nucleotides 723-2186 (see Fig. 5), was random primer labeled with 32P-o-
dCTP (7). This probe was used for screening of an unamplified Agt10 cDNA
library derived from Buffalo rat liver cell mRNA using an oligo dT-primer
(35). 1,000,000 pfus were screened. Eight unique ¢cDNA clones in the size
range 4.8-5.5 kb were isolated, subcloned into pBluescript SK If and se-
quenced.

A X DASH 1I rat genomic library (Stratagene) was screened using a ran-
dom primer labeled (7) 719-bp restriction fragment (nucleotides —5 to 714)
from the 5" end of the Aphage clone cl1. Three clones were isolated and re-
striction fragments hybridizing to the probe were identified by DNA blot-
ting (32) and subcloned into pBluescript SK II. The genomic DNA frag-
ment of the clone g301 contained sequence starting upstream of the 5 end
of the cDNA clones and ending in the Not [ site at nucleotide 161 (see
Fig. 5).

Hybridization Conditions

Replica lifts from the plated libraries and treatment of the nitrocellulose
filters were carried out according to standard methods (28). Nitrocellulose
filters, as well as the Southern and Northern blots, were prehybridized at
65°C for 4 h in hybridization solution (50% formamide, 5x Denhardt’s so-
lution, 0.2% SDS, 50 mM sodium phosphate, pH 7.7, 900 mM NaCl, S mM
EDTA and 0.1 mg/ml denatured herring sperm DNA). Hybridization with
random prime labeled probes was performed at 42°C for 24 h using ~1 X
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10° dpm/ml of hybridization solution. Filters were washed once at room
temperature and then five times at 42°C in a solution of 0.2 x SSC and
0.1% SDS. Hybridization with the end-labeled oligonucleotide probe was
performed at 37°C for 24 h using ~1 X 10° dpm/ml of hybridization solu-
tion containing 35% formamide. Filters were washed five times at 42°C in
asolution of 2 X SSC and 0.1% SDS and positive plaques detected by auto-
radiography.

DNA Sequencing, DNA, and Protein
Sequence Analysis

Sequencing of double stranded DNA was performed according to the
dideoxy method (29) using 17-mer oligonucleotide primers (34, 37). Hy-
dropathy analysis (17, 19), secondary structure predictions (10) were per-
formed on a Macintosh personal computer using software obtained from
DNASTAR, Inc. (Madison, WI). DNA and protein homology searches
were performed in GenBank By FASTA (25).

Production of Anti-Peptide Antibody

A 13-mer synthetic peptide (residues 485-496, see Fig. 5) was synthesized
with an additional cysteine at the NH-terminus. The peptide was coupled
to keyhole limpet hemocyanin (Calbiochem Corp., LaJolla, CA) using
m-maleimidobenzoyl-N-hydroxysuccinimide ester (Pierce, Rockford, IL)
and injected into rabbits as described (15). The antiserum was affinity
purified on a column consisting of the synthetic peptide (2 mg) coupled to
sulfolink (1 ml) according to the manufacturers manual (Pierce). Antiserum
was diluted fourfold in PBS and cycled though the column overnight at 4°C.
The column was then washed with 50 m] of PBS and eluted with 0.1 M
glycine-HCL, pH 2.8. Fractions containing antibody were pooled and the
pH adjusted to 7.4.

Western Blot Analysis

Proteins were separated on 8% SDS-PAGE and then electrotransferred to
nitrocellulose (40). For probing with WGA the nitrocellulose sheets were
blocked in TBS-T (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1% Tween 20)
supplemented with 0.1% gelatin and then incubated with biotinylated WGA
(Vector Laboratories, Inc., Burlingame, CA) at a 1:500-fold dilution in
TBS-T for 3 h at room temperature. After washing four times in TBS-T the
sheets were incubated with streptavidine coupled to HRP (Vector Laborato-
ries) for 30 min at room temperature. After three washes in TBS-T and two
washes in TBS the filters were developed for 5-20 min at room temperature
in a mixture consisting of 40 m! TBS, 8 ml methanol containing 3 mg/ml
4-chloro-1-napthol and 20 pl H,0,.

Blots to be probed with antibodies against a synthetic peptide of p145 (see
above) or SSRa (21) were blocked in TBS-T supplemented with 2% dry
milk. The sheets were washed and incubated with affinity purified anti-
peptide antibodies in blocking buffer for 1 h at room temperature. The filters
were washed four times and incubated with HRP coupled to donkey
anti-rabbit IgG (Amersham, UK) at a 1:5000-fold dilution in blocking
buffer for 30 min. Detection of immunoreactivity was performed as de-
scribed in “ECL” detection system manual (Amersham, UK).

Preparation of BRL Cell Lysates

A 100 mm tissue culture dish containing a confluent monolayer of Buffalo
rat liver (BRL) cells was washed three times with PBS. 1 m! of SDS-PAGE
sample buffer was added and the plates were scraped to recover a whole
cell lysate fraction. This material was then sonicated and heated at 95°C
for 10 min in preparation for electrophoresis.

Immunofluorescence

Immunofluorescence was carried out on a subconfluent monolayer of BRL
cells grown on coverslips. The cells were washed twice in PBS (20 mM so-
dium phosphate, 0.9% sodium chloride, pH 7.5) at room temperature, fixed
in 3.7% formaldehyde in PBS for 20 min on ice and permeabilized with
0.5% Triton X-100 in PBS for 2 min on ice. The fixed and permeabilized
cells were blocked in wash buffer (PBS, 0.1% Tween 20, 2% dry milk) for
20 min at room temperature. Cells were probed with affinity purified anti-
peptide (p145) antibodies for 1 h at room temperature followed by 4 X
2-min washes in wash buffer. After a 40 min incubation with FITC-labeled
donkey anti-rabbit IgG (1:100 dilution in wash buffer) the coverslips were
washed 4 X 2 min in PBS and then mounted in a solution of 1 mg/ml
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p-phenylene diamine in 90% glycerol, pH 8.0. The samples were examined
by a Zeiss Axiophot microscope (Carl Zeiss, Inc., Thornwood, NY) and
the images were recorded on Kodak T-MAX 400 ASA film (Eastman Kodak
Co., Rochester, NY).

Immunoelectron Microscopy

BRL cells were pelleted and fixed in PBS containing 2% paraformaldehyde
and 0.05% glutaraldehyde. The material was then infused with 2.3 M su-
crose in PBS for 30 min at room temperature and then frozen in liquid nitro-
gen. Ultrathin frozen sections were prepared as described (39). The sections
were incubated with affinity purified rabbit anti-peptide (pl45) antibodies
for 2 h at room temperature, followed by goat anti-rabbit IgG bound to
10-nm gold particles. The grids were washed and stained as described (13).

Results

The Nuclear Envelope Contains an Integral Membrane
Protein (pl45) That Reacts with WGA

The proteins of isolated NEs and microsomes (ER) from rat
liver were separated by SDS-PAGE, transferred to nitrocel-
lulose and probed with WGA (Fig. 1 A) or antibodies against
SSRa, a marker for an integral membrane protein of the ER
(41) (Fig. 1 B). As expected, SSRa was found both in the
ER and NE fractions (Fig. 1 B) and, as it is an integral mem-
brane protein, it was not extracted from NEs by 7.0 M urea
(Fig. 1 B, compare lanes sup and pellet). Probing with WGA
yielded no reactive peptides in the ER fraction (Fig. 1 A) and
showed several WGA-reactive polypeptides in the NE frac-
tion (Fig. 1 A). Only one of these polypeptides (indicated by
an arrow in Fig. 1 A) was not extracted by 70 M urea (com-
pare lanes sup and pellet), suggesting that it is an integral
membrane protein. Because of its 145,000 M,, estimated
from its mobility on SDS-PAGE, this integral membrane
protein is referred to as pl45. As pl45 can be enzymatically
labeled with UDP-galactose (data not shown) the most likely
cause for its strong interaction with WGA is that it is
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NEs were extracted with 7.0 M
urea. The extracted envelopes
were solubilized with SDS-Triton
X-100 and the proteins separated
by WGA sepharose affinity chro-
matography. Proteins of equiva-
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the flow through fraction, of the
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molecular mass standards are in-
dicated on the left. Arrow indi-
cates position of pl45.
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modified by single GlcNAc residues. Since pl45 is not de-
tected in the ER fraction, it is likely that it is also absent from
the outer nuclear membrane domain of the NE and is instead
located either in the inner membrane or the pore membrane
domain of the NE.

Purification of pl45

To purify p145 for partial protein sequencing, NEs were first
extracted with 7.0 M urea and then solubilized by SDS. After
the addition of Triton X-100, the solubilized proteins were
subjected to affinity chromatography on WGA sepharose.
The proteins of the various column fractions (as well as the
load) were analyzed by SDS-PAGE and stained with Coo-
massie blue (Fig. 2 A). Most of the integral membrane pro-
teins of the NE did not bind to WGA sepharose and were
found in the flow through fraction (Fig. 2 4). Only two pro-
teins, one 145 kD and the other 210 kD were found in the
fraction eluted with 0.5 M GlIcNAc (Fig. 2 4). When the
SDS-PAGE separated polypeptides of the eluate fraction
were transferred to nitrocellulose and probed with WGA,
only the 145-kD protein reacted (Fig. 2 B). This protein was
then subjected to sequence analysis. We found that the
NH,-terminus of pl45 was blocked, but we obtained se-
quences from several proteolytic fragments of pl45 (see
Fig. 5).

A 210-kD protein, which by immunoblotting was iden-
tified as gp210 (data not shown), unexpectedly coeluted with
pl45 (Fig. 2 A). The nature of this interaction is unclear since
gp210 is present in the flow through fraction, the eluate, and
an SDS wash of resin after elution (Fig. 2).

Molecular Cloning and Nucleotide Sequence

On the basis of peptide sequence derived from the endo-
proteolytic fragment of pl45 (amino acids 489-511, see Fig.
5) a corresponding PCR product was synthesized and its
DNA sequence was used to construct a pl45 specific oligo-
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" Figure 3. Schematic representation of clones of cDNA and genomic

DNA. Eight individual cDNA clones (cl-¢7 and cil) and one
denomic clone (g301) forms a 5983 nucleotides long overlapping
sequence. The 3,597-nucleotide-long open reading frame starting
at position +1 is illustrated by a hatched box and the position and
the length (in nucleotides) of each of the clones is indicated. The
positions of the NotI (+161) and Xhol (+714) restriction sites are
indicated on the scale bar.

nucleotide probe. Screening of a cDNA library constructed
from oligo-dT and randomly primed mRNA from the rat
hepatoma cell line NIS1 (43) yielded only partial clones
(<1.5 kb). We therefore screened an unamplified oligo-dT
primed Agtl0 ¢cDNA library derived from Buffalo rat liver
cells (35). We isolated and sequenced eight individual
cDNA clones from this library in the range of 4.8-5.5 kb
(Fig. 3).

The overlapping cDNA clones establish a 5,508-bp contig-
uous sequence (Fig. 3, and see Fig. 5). This is consistent
with the size of the pi45 mRNA (5.5 kb) determined by
Northern blots of poly A* RNA from NIS1 cells (Fig. 4).
The cDNA clone extending furthest in the 5’ direction, cl1,
contains an initiation ATG and five upstream nucleotides,
CCGCQG, that conform with the proposed consensus se-
quence for a translation initiation site (18). However, we
could not be sure that this site is the actual translation initia-
tion site. If translation were to begin at this site, the open
reading frame would extend for 3,597 nucleotides and en-
code a protein of only 120,711 Daltons, i.e., significantly be-
low the 145 kD estimated from its mobility on SDS-poly-
acrylamide gels. Our attempts to isolate other cDNA clones
that would extend further 5’ of cDNA clone cl1 failed. We

9.5 kb -
7.5kb - Figure 4. Northern blot analy-
4.4 kb - & -55kb sis. 5 ug poly A+ RNA of rat
hepatoma N1S1 cells was sep-
arated on an agarose gel, trans-
2.4 kb - ferred to nitrocellulose and
probed with a cDNA fragment
1.4 kb - comprising nucleotides 723-
2,186 (see Materials and
Methods). The size of the
RNA markers are indicated
on the left. The size of the
0.24 kb - mRNA hybridizing to the pl45
specific cDNA probe was esti-
mated to be 5.5 kb, as indi-
cated.
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GATCCTCCTGCCTTCACCTICCARATGCCG ~451
GGATTACATTAATGTGCCACCAATCTTGGCTCTGTGCCTTGATTTCTACCACCACTCTTCCGCAGTCCGGGAGCGTCAGGGARACCTCAA 361
GCGTCCARACCGGCTGTCAGACGGGCTATATTTTTTTTTCTTTCTTATT TTTTAGTTITTGC TG TTTTGAGACAGGATTTATGTCTCTAT -271
GCCGCTCTGTAATTCTCTTTGTGAACCAGGE TGGGC TCAAAC TCACAGAAATCC TCCTGCC TCTGCCCCCTGEGTTCTGAGAGTAAAAGC ~181
CTGCACCAATACGCCTATCCAAACTGTATTTTTCAARATACGCTC TCGCGCCTCOC TCCGCACGC TGCGGCAGTTCCCCTTTTCACCESG - 91
CGCGLCGCBTCGAGGACAGTGACGTAGECGGCGECGCGCGGCECGETGTATCCTGGGATATT TARGTCCGE TCCGCGGCGEGEAGCCESE -1

ATGTCTCCGGCEGCTGCOGCEGC TEACGGAGGCGAGCGECGGCGGECTCCGT TGGGEGTACH GGGGCCGGACCCGCGGETGE 90
M S P A AAAADGGERT RRPREPTPTILGVRETGRGSGRTRI[C 32
GGAGGACCAGCEGGTGCCGCEGEACTEEECE TAGCGE TGETCGGCETCECELTCTACCTAGTGCCCGEGEEGEELGCECTGGECTGEETG 180
S G P A G A L G L A L L 6 L B L Y VP A A A AL A W L 60
GCCGTGGGEECEAGEGCGECCTGGTGLEGCCTGAGC CGAGARCCCCOCGGECCGAGGGGCCTGTCGTCGTTCGTGCGCGAGTCGCGCCGT 270
AV G A S A W W G L SJREPRGSGEPRSGIL S SF VRESRR 90
CATTCGCGGCCCRCGLTCACCGL TTCACCGC T TCCAGCCAAGTCGCCAGTCAACGGTAGCC TCTGCGAACCCCGCAGCCCGCTTGGAGGE 360
H PR P?ALTASTPTLPAEKSTSTPUVNGGSTLCETPRTSTPTLG GG 120
CCCGACCCCGCTGARCTCTTAC TCATGGGCAGC TACCTGGGCAAGECAGGCCCGCCGGAGCCTGCCCTCCCGCAGGACCCTAGAGATAGG 450
P D P AETLLLMGSYLGIXZPGPPETFPALTPGQQDPRDR 15
CCAGGGCGCCECCCACCCTCACGSTCCCCGCCGTCGTC TTCGACGECCCAGCGAGTCCACCACGTCTACCCCGCGETCCCCACCCCACTT 540
P GRRPPSRSPPSSSTAQRVYVHHVYV Y P ALPTEPL 180
TTGCGACCTTCTCGGAGGECGCCTCACCCAGAT TG TEGECCT T TA"CCAGTCuG"T‘GTTATAACACCCCGAAGACuATATCCCATTCAG 630
L R P S RPRPPUHRPDTCS L 5 8 R F I T P RRRY P IQ 210
CAAGCCCAGTATTCCTTGC TGGGGGCACTTCCAACCETATGT TSGAATGGTG LATMGAAA CGTGCTATCTGCACGGAACTCGAGG 720
© A QY S L LGALETVCWSNGSGGH XK KAV LSARINSR 240
ATGGTGTGCAGCCCAGTGACAG TGAGGATTGCECCT SCAGACAGCAAGCTAT T TCGATCACCAATGCCGGAGCAGATACTCAGCACCACA 810
M v cs$ PV ITVRIAP®PDSHKTLFRTS®PMPETGQTITLSTT 270
CTGTCTTCACCATCAAGTAATGTCCCAGACCCTTGTRS TGCTGAATGCCCTC A AGGACAGTGGCA 900
Ls$ s P S s NAZPDPCAZXKTETVILNA ALTEKTETEKTZKTE KT RTVA 300
GAGGAAGACCAGCTGCATCTTGATGGCCAGGAAAACAAGAGAAGACGCCACGATAGCAGTGGGAGTGGACATTCGGCATTCGAGCCCCTT 990
EEDOLUHLGDGG® QENTEK®RRR®S2HDSSGS G6HSAFEP L 330
GTGGCCAACGGAGTCCCTGCTGTAT T TG TGCCTAAGC CTGGE TCCC TGAAGAGAAGTCTGGC TT GCTCGGATGACCACTTGAAC 1080
V ANGVYEPAATF VYV P KPGSLKXKRSTLASE QS S DDHLN 360
AAACGGTCTCGCACCTCCTCTGTGAGC TCCCTGAC TAGCACATGCACAGGAGGCATCCCCAGCTCCAGCCGCAACGCCATCACCAGETCC 1170
Xk R S R T § 5 Vv s 5 1L TS8TCTGGTIPS S S RNATITS S 390
TACAGCTCCACCCGAGGTGTC TCACAGE TGTGGAAGAGGAGTGGTCCCACCTCTTCTCCCTTETCCAGCCCAGE TTCCTCCCECTCCCAG 1260
Y $ s TR GV $ Q & WEKZRSG®PTSSsS ? F $ S5 P A S SRS @Q az0
ACACCAGAGAGGCCAGCCAAGAAGACAAGAGAGGAGGAACCATGTCACCAGTCCAGT TCTTCAGC TCCCTTGGTGACAGACARGGAGTCT 1350
TP ERPAKIKTRETETETPCHOQS S SSAPTLVTDKES 450
CCAGGAGARAAGGTTACAGATCCAGCCACGGGGAAGTAGCAGAGCC TGTGGACT TCCCCACCCACACCTGGCAGCTCCGGGCAACGCARA 1440
P G E KV I DPATG X

Q S _L W T s P P T P G S S8 G 9 R._K 480
CGCAAGATTCAGC TGCTGCCC TCCCGGCGAGGGGACCAGC TCACC TTGCCTCCACCCCCTGAGC TTGGCTATTCCATCACTGC TGAAGAC 1530
R K I L L P S R R G D L T L P P P P E L G Y S I T A ED 510
CTGGACATGGAGAGGAGAGCC TCAC TGCAGTGGTT TAACAAGG ICT TGGAGGATAAGACGGATGATGCCTCTACCCCAGCCACTGACACC 1620
L D M E R R A S L QW F N KV  E DX T O D A S TP A T DT 540
TCCCCAGGCACCAGCCCTECCT TCACACTCACCSTGCC TACCGTGEGGEC TGCTGCCTCACCAGCCTCCCTCCCAGCTCCCAGCTCTAAC 1710

P AT S P P F T L TLEPTVGPAA ASEPASILPAEPSSN 570
CCACTGTTGGAGAGTT TGAAGAAGATGCAGGAGTC TGCAGCCCCATCCTCC TCAGARCETCCT AGCAACAGTTGCGGCCCCTTCA 1800
P L LE S L K KMQ@EST®PAPSSSEPFPEHRATVARAPS €00
CCTCCGAAGACACCTAGCC TCCTGGCCECTCTTGTC TCACCACTGAS CCCTAGCCAGCACCTCCTCAGACTCCAARCCTACAACC 1890

PP K TP S L LAPGLVSPLTGEPILASTSSD S5 KZPTT 630
ACCTTCCTGGEGE TEGCTTCTGCTTCATCCGCCATACCACTCACTGACACCARGGCCCC TGGAGTCTCTCAGGE CCAGCTGTGTGTCAGE 1980
T F L G L A S A S S A T P L T D T K A P G V S Q A QL C VS €60
ACCCCAGCCGCCACAGCTCCCTCCCCAACTCCAGCCRGCRU;LluA.A GGATGCTGAGTCCACC TGCCAGCTCCTCTTCCCTTGCCACT 2070
12 AT A P S P T P A STILFGMTLS®PPASS S S L AT 690
CCTGccccAGc‘rmcscT'CTCCCATGTTTAAGCCCATTTTCCCGGCcAC)\ccTMGAGTGAGAGTGATAATCCCTTGCCAACTAGCTCC 2160
PGP ACA S P MF X P 1 FPATTPEKSESDNPTLPTS S 720
TCAGCCGCCACGACAACTCCAGCTAGTACCGCCCTCCCCACAACAGCARCCGCCACAGC TCACACTTICAAGCCCATTTTTGAGAGCGTG 2250
5 AR AT TTPASTALPTTATATA AHTTFIEKTPTITFESV 750
GAGCCATTTGCAGCCATGCCCCTGTCACCTCCCTTC TCCE TGAAGCAGACAACTGLTCCAGCCACCACTGCAGCCACATCAGE TCCTCTC 2340
E P F A AMPTLSSP P F S L KOQTTATPATTAAMATSATPL 780
CTCACTGGCCTGGGCAC TGCCACTTCCACAGTGOCCACTGGCACCACAGC TTC TGCCTCCARGCCTGTGTTTGGC T TTGGAGTGACCACT 2430

L 2 6L ST ATS TV ATGTTASASTKT PVFGF GV T T 810
GCAGCGAGCACTGCCAGTACCATAGE TTCCACCTCCCAGTCAATTC TG T TTGGGGGAGCCCCGCCTGTTACTGE TTCCAGTTCCGCCTCA 2520
A A S T AS T I1ASTS QS TIILFGGAP®PVTASSSS AP 840

GCCCTGECCTCCATCTTCCART TTGGEARGCCCCTTGCCCCAGCAGCGTCTGTGGCGGGCACCTCCTTTAGCCAGTCCCTTGCCAGCTCT 2610
AL A S I F QFGK®PULAPGBAASUVAGTSTFSQSLASS 870
GCCCAGACTGC TGCCAGCAATAGTAGTGGGGGCTTCAGTEGTTITGGTEGEACCC TCACCACCTCCACCTCTGCCCCTGCCACCACTAGE 2700
A Q T AASNSSGGF SGFG6GTLTTSTSAPATTS 900
CAGCCCACTCTGACCTTCAGCAACAC TGTCACCCCCACCT TCAACAT TCCCTTTAGCGCCAG TGCCAAGCCTGCGCTCCCAACCTACCCE 2790

@ P T L TF SNTVTPRPTFNTIPTFSASAIKEALPTYP 930
GGAGCCAACTCACAGCCCACATTTGGAGCCAC TGATGGGGCCACCARGCCGGCACT TGCCCCAAGTTTTGGCAGC TCTTTCACTTTTGRE 2880
G A N S QP TF GATDGATEK®PALAPSTFGSSFTTFGQG 960
AACTCTGTGGCCTCAGCCCCGTCGECAGCCCCAGCACCAGCCGTTT TTGGTGGTGC TGCACAGCTAGCTTTCGGAGGGTTGAAAGCCTCA 2970
N $ VvV A S AP S AAPAPARTFGGSAEAQPAFGSGTLKAS 990

GCCTCCACCTTCGGCACCCCTGCCAGCACTCAGECGGCTT TCGGTAGCACCACCTCCETGTTCTCCTTIGGTTCAGCCACCACATCTGGE 3060
A s TFGTPASTOQ?PAFGSTTSVFSFGSATTS G 1020
TTTGGTGCTGCTGCCGCCACCACACAGACCACCCACAC TGGGAGCAGCAGC TCTC TG TTTGGCAGCTCTACTCCATCCCCATTCACATTC 3150
F G A AAATTQ ¥ $ G S s s s L F G S S TP S P F T F 105
GTGGC TCAGCAGE TCCTGETGGTCETGGAGGC TTTGGGCTTAGTGC TACACCAGG TACCGGCTCCACC TCTGGAACTTTTAGC TTTGGA 1240
G G S AAPAGSGSGGTFGLSATT®PGTIGSTSGTF s F G 108
CCACGGGCACCACCACCTCCTTT AGTCTGAGT ACCCTGGGCGCACCTAGCCAGAGCTCACCG 3330
s G @ s$6TTGTTTSF GG S LS NTILGAPSOQQSsS S P 1110
TTCGCCTTCAGTGTGGGCAGTACACC TEAAAGCAAGCC TG TGTTTGGAGGCACATCCACACCTACTT TTGGGCAGAGTGCCCCTGCCCCA 3420
F A F G 5 TP ESKZPVF 6GTSTPTEFGQ QSAFPATP 114
GGAGTCG! CACAGGCAGCAGCCTCTCATT TGGGGCCCCTTCAACACCTGCCCARGGC TTTGT TGGAGTTGGACCTTTCGGATCAGGA 3510
¢GvG6TTGS S L 5§ F GAPSTPAQGEFVGV GPF G S5 6 117
GCCCCTTCCTTTTCCATTGGCGCGGEATCCAAGACCCCAGGGGCTCGACAGCGAC TTCAGGCCCGAAGGCAGCACACCCGCARGAAGTAG 3600
AP S F S I 6 A G 3 T P G ARQRLOQARTPROQHTREKEK 1199

CCTGCCTGCCTGECTGECTGCC TGCACECCCACCCCTGCCTGGACE TGGACC TCAGCACCTGCTAGGAAGAGCCTCTGACCCTGCARATC 3690
CCATAGCAARCCCAGCCGTCACCAGGGTGGAAGTCTGGCCCTTTCTGTTCT: GAGTGCCECH GGTTTACTTGAA 3780
CAGTCACACTGGTTAGGCTGGAGAAC TGAAAAAAAACATCTGTACATATTGTCCTCTTGC TGCCCCAGCGCTTGTTTAGTGTATAACCTA 3870
GGCAGCCCCCCTCTECTT CCATTCTGC TGGCACCCACTTGGATCCCTAATACATGAGGTGGGATTGGGGGARACGGARTGTCCCT 3960
AGCTTTGCCTGCTTGCCTT ATGAGTGGTTCTCTTCCTCTGATCCCCTCAGGGTCTCTCCCTATTTCTTGCTGCTTTGTCCTTCACC 4050
GGTCCTCTGTGAGATTCATTCCTTTTAAATGGCGGTGAATCTTGCT TTGCCTT CCCAGTGGCGCTGTTTTGCCTCTTICTGICAR 4140
GTCTGTTTAGTCTCCAGCCCTCTGCTAACCCAGCCTCTCAARAGGT TGGTGGCTCAAGACTGTTAGCCT CAGGGAGAAGTCT 4230
GCTCCAGGAGGTCCTGGGGCAGGCAGACCAGACCGECCCCCACTGCTTCTAGCTGECTCTTCACCTGCCCGCCACCCCACGGECCARCTT 4320
GCCTCTTIGGGATTGTATTTTCCAAGCC TTGTACTGTGTTTGTCTGATGT TAATGTGTGTTGCTCC TTGAA' TTT T 4410
TGAATTGTATGTGTGGCGGCATGTTGGTAATGCCGGAC TTAATGTCACCTGGGCC TCCTGGGCC TAGC TAATTGARTGC TGAAGTGGCAC 4500
CGCCACAGTGACAGCCACAGTGCTGACTCCTGAATCTCAATAGTGTT TGACTARGGGCT TGG! TGG 4590
GAGCAGAC TTCCCTCTCTGTTGGTCCTCCCCATACAGCCCACCCCAGGECAGRGCGGCT TCTGCC TGTGCTTGGAGCTGTAGATARCCAA 4680
CTACACTTTGAGTTCTTAGTTGTATTTCCAAAAGGGTCCTACCTAGCCTGTCTCTCCTTCCAAAGCCACACCACACCCTTAGGCCCARGE 4770
CTGGCTGCCATGTCCGCCCTCTTT AGTATGAATGCGTGTGTCTABATTAAAAGAARRARTATTTAARCATTTTTTAACAAARTA 4860
AAAATTTATTTTTGTATTTAAGCTAAATTGCCTTTTAAATTCCTTCAAGCT TGGTTCACTGAGGTGGTTAAGTATAAATGCTATGGAATA 4350
GTAGGAATTAGCTGTATAGTTATGCCTGTGTGAAGGA! TCATAGC TGTCCCCAGCAGE TCTCE TCCTTCTAG 5040
ACATGTCGTGTAAGTGTAACTCTTATTTTATAAACAGTGTGATGTAGCTGTAACTGGTCCCCTTTCCTTGTGAGTGGGATTGAATGTTTT 5130
ATGGCAGGGGTTAGGCTGGGT TG TATGGAACTGGAGAAGAGC TGGACCTCAAGTCCCARATGCCTGTGAGGATGGGGATGGCTGGGGETC 5220
CTCCCTCCAATTCAGTCTGAGCTAAT TACCTCAGCTCCACAGCAGGCCT 5310

TGAACACGAACCCTCTACC TGTGCCTCAGGTAAGGAA!

GTATCCAGGGTGCCEGAAS TGTCCTGGAATAGCCTCGGTGTGT ACATCTGTCCGTCGTCACGCT T 5400
GGGGCTTCCACCACAGACTGCGTTTC TG TGAGTGTAGCTGAGATT TT TAGTATGAATGTGAGAT TGTTCTTGCTTATGTCATTAARAATA $4390
BDANCTGTGATCTG 5503

Figure 5. Complete nucleotide sequence and deduced amino acid
sequence of cDNA and genomic DNA clones encoding pl45.
Nucleotides are numbered on the right margin with the +1 coor-
dinate assigned to the first nucleotide of the open reading frame.
The deduced amino acid sequence of pl45 is printed in single letter
code under the first base of the nucleotide triplets. Amino acid se-
quences obtained by automated Edman degradation of lys C proteo-
lytic fragments of pl45 are underlined with arrows. The synthetic
peptide (residues 485-496) used for antibody production is under-
lined in bold. The predicted hydrophobic segment containing a
potential transmembrane domain is boxed. Three polyadenylation
signals (positions 4821, 4857, 5487) in the 3’ untranslated region
are underlined. An in frame stop codon (position —66) in the 5’
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Figure 6. Distribution of hydrophobic and charged amino acids in
pl45. (A) Hydropathic values of individual amino acids residues
were averaged within a 19-amino acid sliding window as described
(19). Mean values were assigned to the middle amino acid residue
and plotted against its position. (B) Positions of the acidic (fop) and
basic (bortom) residues are indicated, respectively, as aspartic acid
(intermediate bar), plus glutamic acid (full bar) and histidine
(small bar), plus lysine (intermediate bar), plus arginine ( full bar).

therefore screened a rat genomic library and isolated a clone,
2301, that contained an insert beginning 475 nucleotides up-
stream of the 5’ end of cl1 and extending downstream to a
Notl site within the cDNA clones (Fig. 3). The DNA se-
quence of g301 reveals an in frame TAG stop codon 66
nucleotides upstream of the first ATG of cll strongly im-
plicating this ATG as the initiation codon (see Fig. 5).
Moreover, there were no consensus sequences for splice
junction boundaries (23) between the TAG (—66) and the
ATG (+1). Thus, it appears unlikely that there is an intron
between these two codons that could potentially extend the
open reading frame of pl45 beyond the sequence contained
in g301. However, there is a putative splice junction acceptor
consensus sequence at position —306, suggesting that g301's
nucleotide sequence 5’ to this site may be that of an intron.

¢DNA Deduced Primary Structure

The 3,597-nucleotide-long open reading frame of the cloned
c¢DNA encodes for a protein of 1,199 residues with a calcu-
lated relative molecular mass of 120,711 Daltons. The amino
acid sequence of the five proteolytic fragments of p145 that
were determined by Edman degradation matched the cDNA
deduced amino acid sequence (Fig. 5).

The deduced primary structure of pl45 is unusually rich
in serines (16%), threonines (11%), and prolines (13%),
which together make up 40% of the total amino acids. Ser-
ines and threonines located less than three residues from a
proline have been proposed to be potential sites for GIcNAc
addition (14). Most of the serines and threonines, including
serine 653, are located within such a consensus motif. Pep-
tide sequencing of one of the proteolytic fragments revealed
a dehydroserine at position 653 (Fig. 5), suggesting that this
amino acid was modified in the purified protein.

untranslated region and the termination codon of the open reading
frame are underlined in bold. These sequence data are available
from EMBL/GenBank/DDBJ databases under accession numbers
221513 and z21514.
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803 VFGFG VTTAASTASTIASTSQ

824 SILFG GAPPVTASSSAPALAS

845 IFQFG KPLAPAASVAGTSFSQSLASSAQTAASNSSGG
882 FSGFG GTLTTSTSAPATISQPTLIFSNTVIPTFNIPFSASAKPALPTYPGANS
935 QPTFG ATDGATKPAL

850 APSFG s

956 SFTFG NSVASAPSAAPA

973 PAAFG GAA

980 QPAFG GLKAS

981 ASTFG TPAST

1001 QPAFG sTTs

1010 VFSFG SAT

1018 TSGFG AAAATTQTTHSGSS

1037 SSLFG ssTPS

1047 PFTFG GSAAPAG

1059 GGGFG LSATPGTGSTSG

1076 TFSFG SGQSGTTGT

1090 TTSFG GSLSQNTLGAPS(QSS

1110 PFAFS VGSTPES

1122 KPVFG GTS

1130 TPTFG QSAPAPGVGTTGS

1148 SLSFG APSTPAQGFVG

1164 VGPFG SGAPSFSIGAGSKTPGARQRLOARRQHTRKK.

Figure 7. The COOH-terminal third of pl45 contains 23 repeated
pentapeptide motifs. The position of the first amino acid of the
XFXFG pentapeptide repeats are indicated on the left. The serines
and threonines in the intérvening sequences are marked in bold.

The deduced amino acid sequence contains 36 consensus
sequences for various protein kinases (19 for protein kinase
C, 12 for casein kinase II, two for cAMP dependent pro-
tein kinase and three for the cell cycle dependent cdc2 ki-
nase) (22).

A hydropathy plot of the deduced amino acid sequence re-
veals one single region (amino acids 29-72), which is hydro-
phobic enough to contain a transmembrane segment (Fig. 6
A). Thehydrophobic segment, which is flanked by charged
residues, is 44 amino acids long. Part of this sequence could
form a single transmembrane «-helix. Alternatively, it may
form two transmembrane «-helices adjacent to each other
(see-below, Fig. 11). Except for the hydrophobic segment,
the NH,-terminal half of the deduced amino acid sequence
is much richer in charged residues as compared to the
COOH-terminal half (Fig. 6 B).

The COOH-terminal third of the deduced amino acid se-
quence of pl45 contains a repetitive pentapeptide motif of
XFXFG separated by sequences rich in serines and threo-
nines (Fig. 7). Similar repeats and serine and threonine-rich
spacers occur in mammalian nucleoporins p62 (33) and
NUPI153 (35). XFXFG is also part of a repeated nonapeptide
in the middle domains of the yeast nucleoporins NSP1 (16)
and NUPI1 (5). Because of this repeat the COOH-terminal
third of pl45 shows similarity (20% to NUP153 in an 508
residue long overlap; 31% to p62 in an 140 residue long over-
lap; 20% to NSP1 in an 230 residue long overlap; 18% to
NUPI in an 397 residue long overlap) to the corresponding
regions of these proteins (see Fig. 5 in ref. 35). These data
suggest that the COOH-terminal third of pl45 has character-
istics in common with nucleoporins.

Subcellular Distribution and Immunolocalization

Antibodies were raised against a synthetic peptide within a
region of the predicted amino acid sequence of pl45 that did
not show homology to nucleoporins. After affinity purifica-
tion these antibodies recognized a single protein of 145 kD
on a nitrocellulose blot of SDS-PAGE separated proteins of
a buffalo rat liver cell lysate (Fig. 8 B). When rat liver sub-
cellular fractions were analyzed the antigen was exclusively
found in the nuclear envelope fraction, and not in the ER
fraction, and remained in the membrane pellet after extrac-
tion of rat liver nuclear envelopes with 7 M urea (Fig. 8 A).
These data are in good agreement with those of Fig. 1.
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Figure 8. Characterization of

A B antibodies against a synthetic
peptide of pld4S. (4) Proteins

. . of microsomes (ER), nuclear

£ ¢ § 3 2 envelopes (VE), a urea extract

of nuclear envelopes (sup)
and the urea extracted nuclear

- envelopes (peller) were sub-
jected to SDS-PAGE, trans-
ferred to nitrocellulose (see
also Fig. 1) and probed with
affinity purified antibodies
against a synthetic peptide
(residues 485-496) of pl45.
(B) The total proteins of a
Buffalo rat liver cell lysate
(200 pg of protein) were ana-
lyzed as in A.

210 kD -

16 kD -
97 kD -

45 kD -

The affinity purified anti-peptide antibodies were used in
indirect immunofluorescence microscopy of fixed and per-
meabilized Buffalo rat liver cells. As shown in Fig. 9 A, the
antibodies gave rise to a punctate staining in a focal plane
tangential to the upper surface of the cell nucleus. When a
focal plane through the equator of the nucleus was chosen
a punctate nuclear rim staining pattern was seen (Fig. 9 B).
Double immunofluorescence with mAb 414, which recog-
nizes proteins of the NPC (4), yielded exactly superimpos-
able staining (not shown) suggesting that pl45 is located at
or close to the NPC.

The affinity purified anti-peptide antibodies were also used
to localize pl45 in cryosections of BRL cells. Fig. 10 4
shows immunogold labeling of the nuclear pores. At a
slightly higher magnification immunogold decorates a single
nuclear pore (Fig. 10 B). The immunolocalization data dem-
onstrate that pl45 is located at or close to the nuclear pore.
As pl4S5 is an integral membrane protein of the pore mem-
brane domain of the NE and has a calculated relative molec-
ular mass of 120.7 kD, it is termed POM 121.

The precise topology of POM 121 in the pore membrane

Figure 9. Localization of pl45 by indirect immunofluorescence.
Coverslips containing fixed and permeabilized Buffalo rat liver tis-
sue culture cells were probed with affinity purified anti-peptide an-
tibodies (see Fig. 8). FITC-labeled donkey anti-rabbit IgG was
used as secondary antibody. A tangential view shows punctate
staining of the nuclear surface (4). An equatorial view shows punc-
tate rim staining (B). Bar, 10 um.
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Figure 10. Localization of pl45 by immunoelectron microscopy. Buffalo rat liver cells were cryosectioned as described in Materials and
Methods. The ultra-thin sections were first incubated with affinity purified anti-peptide antibodies (see Fig. 8) and then with anti-rabbit
1gG conjugated to 10-nm gold particles. In A four nuclear pores are labeled with one or two gold particles each (arrows). In B the outer
and inner membrane and the connecting pore membrane are well preserved and three gold particles decorate a single nuclear pore (arrows).

Bars, 100 nm.

domain remains to be determined. Fig. 11 shows two
models, one with a single transmembrane segment and the
NH, terminus exposed on the cisternal side, and the other
one with two transmembrane segments and the NH, termi-
nus exposed on the pore side of the pore membrane domain.

Hallberg et al. POM 121 Contains a Nucleoporin-like Region

In both models the bulk of POM 121 (1127 of 1199 amino
acids) including the COOH terminus, the putative consensus
sites for various kinases (see above) and GIcNAc addition,
and the XFXFG repeats (see above) are exposed on the pore
side of the pore membrane domain.
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Figure 11. Proposed models
for the topology of p145 in the
pore membrane domain of the
N nuclear envelope. A short

ﬁ
NH:-terminal region (N) lo-

ﬁ
cated on the cisternal side of

the pore membrane, is followed by a single transmembrane segment
and the bulk COOH-terminal regional. (C) exposed on the pore
side of the pore membrane (upper model). The lower model shows
two transmembrane segments with the NH,-terminal exposed on
the pore side of the pore membrane (for details see Fig. 5 and Dis-
cussion).

Discussion

Our data here shows that POM 121 is a novel integral mem-
brane protein that resides in the pore membrane domain of
the rat liver nuclear envelope. The most interesting feature
of the cDNA deduced primary structure of POM 121 is the
presence of a repetitive pentapeptide motif XFXFG that is
also present in several mammalian (33, 35) and yeast (5, 24)
nucleoporins (nups). Thus, POM 121 possesses a nup-like
domain but unlike nups, it contains in addition one (or per-
haps two) transmembrane segment(s). This suggests that
POM 127's nup-like domain is part of the NPC and that POM
121 therefore may function as a membrane anchor for com-
ponents of the NPC. Another feature that POM 121 shares
with those nups that have so far been molecularly character-
ized is an abundance of various consensus sites for phos-
phorylation (26, 35). In mitosis the NPC is reversibly disas-
sembled and detached from the pore membrane (4). It is
likely that numerous phosphorylation/dephosphorylation
events coordinate disassembly/reassembly and detachment/
reattachment. Moreover, like several nups, POM 121 is most
likely modified by single GlcNAc residues at serine/threo-
nine and therefore strongly interacts with WGA.

We have not yet obtained data on the topology of POM 121
in the pore membrane. However the presence of a hydropho-
bic region between residues 29 and 72 of the 1,199-residue-
long protein indicate that the membrane anchor (with one or
two adjacent transmembrane segments, see Fig. 11) is at the
NH,-terminal region. The bulk of POM 121 (residues 73-
1199) containing the repetitive XFXFG motifs as well as all
consensus sequences for phosphorylation is likely to face the
pore side rather than the cisternal side of the pore mem-
brane. This suggests a highly asymmetric distribution of the
mass of POM 121 on the two sides of the pore membrane.
The other pore membrane protein that has so far been mo-
lecularly characterized, gp210, also exhibits a highly asym-
metric distribution of its mass. In this case, however, most
of the mass is located on the cisternal side of the pore mem-
brane domain. Targeting studies with gp210 showed that
its transmembrane segment (but not its pore side-exposed
COOH-terminal tail) is the dominant topogenic signal for
sorting gp210 to the pore membrane domain (42). Specific
interactions with the transmembrane segment of another
pore membrane protein has been suggested (42). Perhaps
POM 1271’s transmembrane segment interacts with that of
gp210 and the dimer would then be retained in the pore
membrane domain via interaction of POM 120s large nup-
like domain with the NPC.

It is likely that POM 121 is identical to an integral mem-
brane protein of 145000 M; (estimated from its mobility on
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SDS-PAGE) that was identified by Snow et al. (31). They
demonstrated that on immunoblots this and other proteins
are recognized by polyspecific monoclonal antibodies. By
immunoelectron microscopy these polyspecific antibodies
labeled nuclear pores. However, it remains unclear whether
one, several, or all of these cross-reactive proteins con-
tributed to this decoration of the NPCs. Therefore it was not
possible to conclude that the p145 protein identified by Snow
and collaborators is a pore membrane protein. Our im-
munolocalization data here with monospecific antibodies al-
lowed unequivocal localization of POM121 to the pore mem-
brane domain of the nuclear envelope. The deduced amino
acid sequence shows that POM 121 shares repetitive
XFXFG pentapeptide motifs with several nups (see above)
and thus might be part of the epitope recognized by the poly-
specific mAbs of Snow et al. (31). While this suggests that
POM 121 is identical to the pl45 identified by Snow et al.,
this remains to be experimentally established.
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sity/Howard Hughes Medical Institute Biopolymer facility for protein se-
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Nicchitta. We also thank Hiroshi Murakami and Jun Sukegawa for valuable
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