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INTRODUCTION

The nuclear pore complex (NPC) is a ~120-
megadalton (MDa) macromolecular assembly em-
bedded in the double-membraned nuclear envelope
(NE) that mediates bidirectional molecular traffick-
ing between the cytoplasm and the nucleus of inter-
phase cells. The structure of the NPC has been ex-
tensively investigated by different electron micros-
copy (EM) specimen preparation methods and
imaging techniques (reviewed by Panté and Aebi,
1993, 1994), including scanning force microscopy
(SFM) in physiological buffer environment (Panté
and Aebi, 1993; Goldie et al., 1994; Oberleithner et
al., 1994). These structural studies have revealed
that the NPC is composed of a 52-MDa basic frame-
work made of eight multidomain “spokes” (Hinshaw
et al., 1992; Akey and Radermacher, 1993) embrac-
ing a “central pore” which is sometimes “plugged”
with a “central channel complex” (also called “cen-
tral plug” or “4ransporter”). The spoke complex is
sandwiched between a nuclear and a cytoplasmic
ring to both of which distinct filamentous structures
are attached: the cytoplasmic ring is decorated with
eight short, kinky filaments, whereas the nuclear
ring is capped with a basket-like assembly made of
eight thin, 50- to 100-nm-long filaments joined dis-
tally by a 30- to 50-nm-diameter terminal ring
(Jarnik and Aebi, 1991; Ris, 1991; Goldberg and
Allen, 1992). In contrast to the relatively large num-
ber of structural studies, less is known about the
chemical composition and molecular architecture of
the NPC. Based on its molecular mass of about 120
MDa (Reichelt et al., 1990), it is believed that the
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NPC is composed of multiple copies {i.e., 8 or 16) of
on the order of 100 different proteins. For several
years, gp210 and p62 have been the only two well-
characterized NPC polypeptides. However, over the
last 2 years about two dozen NPC proteins have
been identified, and many of them have now been
cloned and sequenced. Moreover, the combination of
well-characterized antibodies with different EM
specimen preparation methods has allowed localiza-
tion of several of these proteins to distinct structural
components of the NPC. Thus the molecular archi-
tecture of the NPC is now definitely on its way to
being elucidated. Here we review the presently iden-
tified NPC proteins and the recent progress made
toward their localization within distinct structural
components of the NPC.

NPC PROTEINS

As summarized in Table I, three major groups of
NPC proteins have so far been identified and char-
acterized. These are: (i) integral membrane proteins
which are associated with the nuelear membrane
and therefore are not extracted even after treatment
with alkaline pH or chaotropic agents (Gerace et al.,
1982); (ii) peripheral membrane proteins which are
not associated with or anchored in the nuclear mem-
brane—members of this group have been called “nu-
cleoporins” (Davis and Blobel, 1986); and (iii) yeast
NPC proteins whose exact relationship to the verte-
brate NPC proteins is not yet known. According to a
recently proposed nomenclature, the integral mem-
brane proteins of the NPC have been denoted POMx
(for pore membrane protein; Hallberg et al., 1993)
and the peripheral membrane proteins of the NPC
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TABLE I

Classification of NPC Proteins

Molecular  Characteristics of primary
mass® and predicted secondary Other properties and
Type Name (kDa) structure possible functions Location References
Integral membrane gp210 210 21-Residue-long Bears N-linked {via Most of its mass Gerace et al.
proteins of the transmembrane domain Asp) high mannose (N-domain) (1982}, Wozniak
NPC between a 58-residue-long oligosaccharides resides in the et al. (1989);
C-domain® and a Reacts with ConA lumen of the NE Greber et al.
1783.residue-long Antibodies against {1990)
N-domain® lumenal domain
inhibit NPC
function
Posaibly anchors the
NPC to the NE
POM121 121 44-Residue-long Binds WGA Most of its mass Hallberg et al.
transmembrane domain Possibly anchors the (C-domain} (1993)
between a 28-residue-long NPC to the pore resides in the
N-domain and a membrane NPC proper
1127-residue-long
C-domain
Repetitive XFXFG motifs at
C-terminal third
POM152 152 20-Residue-long Reacts with ConA Most of its mass Wozniak et al.
{yeast) transmembrane domain Possibly anchors the {C-domain) (1994)
between a NPC to the pore resides in the
175-residue-long membrane lumen of the NE
N-domain and a
1142-residue-long
C-domain
Peripheral memhrane p62 624 a-Helical coiled-coil Binds WGA Central plug or Starr et al. (1990);
proteins of the C-domain Exists as a complex channel Carmy-Fonseca
NPC Repetitive XFXFG motifs at (p62—-pb8—p54) complex® et al. (1991);
N-domain Required for NPC Cordes et al.
function (1991); Finlay et
al. (1991)
0O-Linked glyco- NUP153 153 Four zin¢ finger motifs Binds WGA Terminal ring of Sukegawa and
proteins Repetitive XFXFG motifs at Existsasa the nuclear Blobel (1333};
C-terminal 2/3 homooligomer of basket MeMorrow et al.
=1 MDa (1994); Cordes et
Binds DNA in vitro al. (1993); Panté
et al. (1994)
CAN/NUP214/ 214 Repetitive XFXFG, SVFG, Binds WGA Cytoplasmic Kraemer et al.
p250 FGQ, and FGG motifs Exists as a complex filaments (1994}; Panté et
Leucine zipper motif with p75 al. (1994)
Putative oncogene
product associated
with myeloid
leukemogenesis
Non-O-linked NUP107 107 Leucine zipper motif Does not bind WGA Unknown Radu et al. (1994)
proteins NUP155 155 Nonrepetitive motifs Does not hind WGA Unknown Radu et el (1993)
NUP180 1807 Unpublished Does not bind WGA Cytoplasmic ring Wilken et al.
or filaments (1993)
Tpr/p265 265 ~1600-Residue-long Very prone to Cytoplasmic Byrd et al. (1994)
a-helical coiled-coil proteolysis with a filaments
region major proteolytic
Acidie C-domain product of ~180
kDa
Yeast NPC proteins POM152 (see above)
NSP1 87 Repetitive XFXFG motifs Essential for cell Unknown Hurt (1988)
growth
XFXFG family NUP1 114 Repetitive XFXFG motifs Essential for cell Unknown Davis and Fink
growth (1990
NUP2 a5 Repetitive XFXFG motifs Not required for cell Unknown Loeb et al. (1993);
growth Belanger et al.
Forms a complex (1994)
with NUP1
NUP/NSP49 49 Repetitive GLFG motifs at Essential for cell Unknown Wente ef al.
N-domain growth (1992); Wimmer
et al. (1992)
NUP160 100 Repetitive GLFG motifs at Not required for cell Unknown Wente et al.
N-demain growth {1992); Fabre et

al. (1894)
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TABLE I—Continued

Molecular Characteristics of primary
mass® and predicted secondary Other properties and
Type Name (kDa) structure possible functions Location References
GLFG family = NUP/NSPi16 116 Repetitive GLFG motifs at Deletions in the Unknown Wente ef al.
N-domain nupll6 gene yield (1992); Wimmer
BRNA-binding motifs sealed NPCs et al. (1992)
Wente and Blobel
{1993); Fabre et
al. (1994}
NUP145 145 Repetitive GLFG motifs at Deletions/disruptions Unknown Fabre et al. (1994);
N-domain in the nupl45 gene Wente and
RNA-binding motifs yield clusters of Blobel (1994)
sealed NPCs
NIC96 96 Nonrepetitive motifs Forms a complex Unknown Grandi et al.
with NSP1 and (1993)
NUP49

“ Caleulated from the amino acid sequence.
& COOH-terminal domain.

¢ NHz-terminal domain.

“ Depending on species.

¢ Guan ef al., manuscript in preparation.
"Based on SDS-PAGE.

or nucleoporins NUPx (Wente ef ¢l., 1992), where x
indicates the predicted molecular mass in kilodal-
tons based on their amino acid sequence. Within the
NPC distinct sets of these proteins may interact
with each other, thus forming subcomplexes which
may be isolated as such. Recently, at least three dis-
tinct subcomplexes in vertebrate NPCs and two in
yeast NPCs have been identified {(see below). The
functional role of such subcomplexes and/or of indi-
vidual NPC polypeptides is still speculative. The
proposed role of some of these proteins is based on
their identification with distinet structural compo-
nents of the NPC. For example, the cytoplasmic fil-
aments have been proposed to represent “docking
sites” for proteins to be imported into the nucleus.
Following is a description of the presently identified
members of these three groups of NPC proteins, the
localization of some of their epitopes as recognized
by specific antibodies in the 3-D structure of the
NPC, and the few so far characterized NPC subcom-
plexes.

INTEGRAL MEMBRANE PROTEINS OF THE NPC

The first NPC protein identified in rat liver NEs
was gp2l10Q, a transmembrane glycoprotein bearing
N-linked high mannose oligosaccharides thus bind-
ing the lectin concanavalin A (ConA) (Gerace et al.,
1982; Wozniak et al., 1989; Greber ef al., 1990). As
illustrated in Fig. 1, the topology of gp210 as deter-
mined by the use of site-specific antibodies and pro-
teolytic digestions (Greber et al., 1990) has revealed
that gp210 consists of a large (—~95% of its total
mass) NHy-terminal domain residing in the lumen
of the NE, a single, 21-residue-long transmembrane
segment, and a short, 58-residue-long COOH-
terminal domain associated with the NPC. The
transmembrane segment of gp210 has been shown

to be sufficient for targeting this protein to the nu-
clear membrane (Wozniak and Blobel, 1992). Based
on the topology of gp210 (see Fig. 1), there have been
speculations that the lumenal domain of this protein
forms part of the “knobs” or “lumenal” subunits that
have been shown to extend from the spokes radially
into the lumen of the NE (Jarnik and Aebi, 1991;
Hinshaw et al., 1992; Akey and Radermacher, 1993).
For its possible functional task, gp210 has been pro-
posed to act as a membrane anchor for the NPC and/
or to have a topogenic role in membrane folding dur-
ing nuclear pore formation (Greber et al., 1990;
Jarnik and Aebi, 1991; Gerace, 1992; Hinshaw et al.,
1992), Semewhat unexpectedly, an antibody di-
rected against the lumenal domain of gp210 inhibits
both passive diffusion of small molecules and medi-
ated nuclear import of proteins (Greber and Gerace,
1992),

A second integral membrane protein of the NPC,
POM121, has recently been identified in rat NEs
and cloned and sequenced (Hallberg et al., 1993).
Similar to some of the peripheral membrane glyco-
proteins of the NPC (see below and Table I),
POM121 binds wheat germ agglutinin (WGA), a lec-
tin that recognizes O-linked N-acetylglucosamine
(GlcNac) residues. Moreover, the amino acid se-
quence of POM121 has revealed the presence of a
repetitive pentapeptide motif XFXFG (where X in-
dicates any amine acid) which is also present in the
members of the O-linked NPC glycoprotein family
as well as some yeast NPC proteins (see below and
Table I). As illustrated in Fig. 1, the primary se-
quence of POM121 has revealed a 44-residue-long
transmembrane domain sandwiched between a
short NHy-terminal tail (28 residues long) and a
long COOH-terminal domain, Since the latter con-
tains the repetitive XFXFG motifs, it has been pre-
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dicted that the small NH,-terminal tail resides in
the lumen of the NE {see Fig. 1). Thus, in contrast to
gp210, most of the mags of POM121 is predicted to
reside within the NPC proper. While antibodies di-
rected against POM121 clearly labeled the NPC, the
exact location of this protein within the NPC re-
mains to be determined. Very much like gp210,
POM121 has been proposed to function as a mem-
brane anchor of the NPC.

Using the isolation procedure of yeast NPCs (Rout
and Blobel, 1993) in combination with the biochem-
ical approach used to identify gp210 (Gerace et al.,
1982), an integral membrane protein of yeast NPCs,
POM152, has recently been identified (Wozniak et
al., 1994). As does gp210, POM152 reacts with
ConA. However, the deduced amine acid sequence of
POM152 does not share any similarity with either
gp210 or POM121-—except for a 19-residue-long re-
gion adjacent to the NH,-terminal side of the trans-
membrane segment being similar to POM121. Anal-
ysis of the amino acid sequence of POM152 indicated
that this protein contains a 20-residue-long trans-
membrane domain between residues 175 and 196.
Since the COOH-terminal domain (residues 196—
1337) of POM152 contains three putative sites for
N-linked glycosylation with at least one of them be-
ing glycosylated, in analogy to gp210 (see above),
this domain has been proposed to reside in the lu-
men of the NE (see Fig. 1). However, the exact to-
pology of this protein remains to be established.

PERIPHERAL MEMBRANE PROTEINS OF THE NPC
O-Linked Glycoproteins

A group of at least eight NPC glycoproteins that
are modified at up to 10-20 sites with O-linked
N-acetylglucosamine, and therefore bind WGA, has
originally been identified in rat liver NEs (Snow et
al., 1987; Holt et al., 1987; Davis and Blobel, 1987).
These proteins, estimated by SDS-PAGE, have mo-
lecular masses of 45, 54, 58, 62, 100, 145, 180, and
210 kDa, and they are present in roughly 1-10 cop-
ies per NPC (Holt et al., 1987). Since both monoclo-
nal antibodies to these proteins (Dabauvalle et al.,
1988a; Featherstone et al., 1988) and WGA (Finlay
et al., 1987; Dabauvalle et al., 1988b) inhibit import
of nuclear proteins, it has been speculated that these
O-linked glycoproteins might be involved in medi-
ated nuclear import. As summarized in Table I, the
62- and 180-kDa O-linked glycoproteins have now
been cloned and sequenced and termed p62 (Starr et
al., 1990; Carmo-Fonseca et al., 1991; Cordes et al.,
1991) and NUP153 (Sukegawa and Blobel, 1993;
McMorrow et al., 1994). The ~210-kDa glycoprotein
originally identified by Snow et al., (1987) has re-
cently been demonstrated to be a homologue of hu-
man CAN (Kraemer ef al., 1994), a putative onco-

gene product associated with myeloid leukemogen-
esis (Von Lindern et al., 1992). Hence, this protein
has been termed CAN/NUP214. Consistent with be-
ing peripheral membrane proteins, two of these
O-linked glycoproteins—NUP153 and CAN/
NUP214—have now been localized to distinct pe-
ripheral components of the NPC (see below).

As illustrated in Fig. 2a, the cDNA-deduced
amino acid sequences of the three O-linked NPC gly-
coproteins thus far cloned and sequenced revealed
the presence of several copies of a more or less de-
generate pentapeptide (XFXFG) motif which is con-
sidered to be a diagnostic feature for the members of
the O-linked NPC glycoprotein family and may ac-
count for their mutual interactions within NPC sub-
complexes (see below). This repeated motif is clus-
tered in each protein: within the NH,-terminal half
of p62 and within the COOH-terminal domain of
NUP153 and CAN/NUP214. As indicated in Fig. 2a,
in addition to the NH,-terminal domain containing
multiple copies of the XFXFG motif, the COOH-
terminal half of p62 contains heptad repeats remi-
niscent of two-stranded a-helical coiled-coil confor-
mations. Recently, p62 has been expressed in
Escherichia coli and the recombinant protein visu-
alized in the EM after glycerol spraying/rotary
metal shadowing (Buss ef al., 1994). Accordingly,
recombinant p62 appears as a ~35-nm-long rod-
shaped molecule with a slight protuberance at the
NH,-terminal end, thus confirming the a-helical
coiled-coil conformation of the COCH-terminal do-
main of p62. In addition, circular dichroism of re-
combinant p62 has indicated that its repetitive
NH,-terminal domain may have a cross-p conforma-
tion (Buss et al., 1994). NUP153 is unique among
the O-linked NPC glycoproteins identified and char-
acterized to date in that its primary sequence har-
bors four zinc finger motifs, each containing two
pairs of cysteine residues (Cys,—Cysg) (Sukegawa
and Blobel, 1993; McMorrow et al., 1994), Since this
type of zine finger motif is found in DNA-binding
proteins (reviewed by Coleman, 1992), a fragment of
NUP153 containing these four motifs was expressed
in E. eoli and demonstrated to bind DNA in a zince-
dependent manner (Sukegawa and Blobel, 1993).
This result has given rise to speculations about a
possible role of NUP153 in gating transcribable
genes to. NPCs (Sukegawa and Blobel, 1993). An-
other possibility is that the zinc finger motifs of
NUP153 might bind RNA in vive, thus facilitating
nuclear export of RNAs. In addition to the XFXFG
repetitive motif, CAN/NUP214 contains multiple
copies of the tripeptide motif FGQ that is also
present in two yeast NPC proteins, i.e., NUP100 and
NUP/NSP116 (see below; Wente et al., 1992; Wim-
mer et al., 1992), and of the degenerate tetrapeptide
motif SVFG and the tripeptide motif FGG that have
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so far not been found in other NPC proteins. CAN/
NUP214 also contains a leucine zipper motif that
may function as a protein—protein dimerization do-
main (Von Lindern et al., 1992),

Non-O-Linked Proteins

A group of at least 30 proteins that do not contain
GlcNac have recently been identified in rat liver
NEs (Radu et al., 1993). This group of proteins has
been separated from the O-linked NPC glycopro-
teins by WGA-Sepharose affinity chromatography
and further purified on an SDS-hydroxylapatite col-
umn (Radu et al., 1993). Two of these proteins—
NUP155 (Radu et al., 1993) and NUP107 (Radu et
al., 1994)—have been cloned and sequenced, and
their deduced amino acid sequences do not reveal
any of the repetitive sequence motifs (i.e., the
XFXFG motif) which seem to be a diagnostic feature
for the O-linked NPC glycoproteins (see Table I and
Fig. 2a). As illustrated schematically in Fig. 2b, like
CAN/NUP214 (see above), NUP107 contains a leu-
cine zipper motif at its COOH-terminal end which
has been suggested to induce dimerization with a
second leucine zipper-containing polypeptide (Radu
et al., 1994). Anti-peptide antibodies against both
NUP155 (Radu et al., 1993) and NUP107 (Radu et
al., 1994) were raised and used to label several types
of cultured cells by immunofluoresce microscopy and
immuno-EM. Both antibodies labeled the NPCs of
these cells, thus documenting that NUP155 and
NUP107 are bona fide NPC proteins. Unfortunately,
the ultrastructure of these NPCs has not yet been
revealed; thereby, localization of these two proteins
to distinct NPC components remains to be deter-
mined.

Using autoimmune antibodies, two new non-O-
linked NPC proteins have recently been identified:
(i) NUP180, a 180-kDa polypeptide identified in Xe-
nopus oocyte NEs using a serum from a patient with
overlap connective tissue disease (Wilken et al.,
1993); and (11) p265, a 265-kDa protein identified in
rat liver NEs using both monoclonal and autoim-
mune antibodies (Byrd et al., 1994). The latter pro-
tein has been demonstrated to represent the rat ho-
mologue of human Tpr (¢ranslocated promoter re-
gion), a ~265-kDa protein whose NH,-terminal
domain appears in oncogenic fusions with the met,
trk, and raf proto-oncogenes (Mitchell and Cooper,
1992). Consistent with being a non-O-linked NPC
protein, the amino acid sequence of Tpr lacks the
repetitive XFXFG pentapeptide motif diagnostic for
the O-linked NPC glycoproteins (see Table I). As
illustrated in Fig. 2b, based on its deduced amino
acid sequence Tpr contains an over 1600-residue-
long region predieted to form an a-helical eoiled-coil
via its heptad repeats (Mitchell and Cooper, 1992). It
has further been shown that p2685 is very prone to

proteolysis with a major ~175-kDa proteolytic prod-
uct (Byrd et al., 1994), suggesting that this product
might be identical to NUP180, the 180-kDa non-O-
linked NPC polypeptide identified by Wilken et al.,
(1993). However, recent cloning and sequencing of
NUP180 has not revealed any similarity with the
primary sequence of Tpr/p265 (M,-C. Dabauvalle,
personal communication). As we will discuss below,
both NUP180 and Tpr/p265 have been localized to
the cytoplasmic periphery of the NPC (see Figs. 4
and 5).

Yeast NPC Proteins

The use of antibodies against vertebrate NPC pro-
teins in concert with the design of genetic screens
has allowed identification of at least nine yeast NPC
proteins (see Table I; reviewed by Fabre and Hurt,
1994; Rout and Wente, 1994). The number of these is
expected to rapidly grow, now that a procedure to
bulk-isolate NPCs from yeast has been developed
{Rout and Blobel, 1993). As mentioned above, one of
these nine identified yeast NPC proteins, POM152,
is an integral membrane protein (see Fig. 1 and Ta-
ble I). The rest of them can be classified into three
groups based on the occurrence of highly repetitive
sequence motifs (see Table I and Fig. 3). First is the
XFXFG family which contains several copies of a
more or less degenerate pentapeptide motif
(XFXFQ) clustered in the central part of each pro-
tein (see Fig. 3a). While this XFXFG motif is a di-
agnostic feature for the vertebrate O-linked NPC
glycoproteins (see above and Fig. 2a), it is not clear
whether any of these yeast NPC proteins are in fact
glycosylated. Members of this XFXFG family in-
clude NSP1 (Hurt, 1988), NUP1 (Davis and Fink,
1990), and NUP2 {Loeb et al., 1993). A second group
represents the GLFG family which contains multi-
ple copies of a degenerate tetrapeptide motif (GLFG)
within the NH,-terminal domain (see Fig. 3b).
Members of this group include NUP/NSP49,
NUP100, NUP/NSP116, and NUP145 (Wente et al.,
1992; Wimmer et al., 1992; Fabre et al., 1994; Wente
and Blobel, 1994). Finally, the third group is defined
by the yeast nucleoporin interacting component
NIC96 (se Fig. 3¢) that has not revealed any repet-
itive sequence motifs and forms a complex with
NSP1 and NUP49 (Grandi et al., 1993).

Although most of the vertebrate and yeast NPC
proteins contain short repetitive sequence motifs, in
particular the XFXFG motif, no obvious relation-
ship has yet been depicted between these vertebrate
and yeast proteins. The only exception is NSP1 that
has been considered the yeast homologue of verte-
brate p62: both proteins have the same domain
structure (see Figs. 2a and 3a) with 50% similarity
in their COOH-terminal domains {Carmo-Fonseca et
al.,, 1991; Fabre and Hurt, 1994).
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the yeast POM152, have thus far been cloned and sequenced. They all reveal a distinct stretch of hydrophobic residues that is predicted
to be a transmembrane segment traversing the pore membrane. gp210 contains a large NH,-terminal demain residing in the lumen of
the NE and a small COOH-terminal tail associated with the NPC. In contrast, POM121 consists of a short NH,-terminal tail residing in
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end—associated with the NPC. Very much like gp210, most of the mass of yeast POM152 is predicted to reside in the lumen of the NE.
In addition, the amino acid sequence of POM152 contains eight repetitive segments, each 24 residues long, with the consensus sequence
C-G----V--.L-G--PF---Y, The N-linked glycosylated residues of gp210 occur in the lumenal domain close to the nuclear membrane (Greber
et al., 1990). By analogy, the N-linked glycosylated sites of POM152 are speculated to be located in the lumenal domain too (Wozniak ef
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Ag illustrated in Fig. 3b, three members of the
GLFG family, NUP100, NUP/NSP116, and NUP145,
contain highly homologous sequence regions includ-
ing an RNA-binding motif (Fabre et al., 1994). Frag-
ments of NUP/NSP116 and NUP145 including the
RNA-binding motif have been expressed as fusion
proteins in E. coli, and these have been demon-
strated to bind RNA in vitro (Fabre et al., 1994),
Based on these results, it has been suggested that
NUP/NSP116 and NUP145 may play a role in RNA
recognition and/or transport through the NPC (Fa-
bre and Hurt, 1994; Fabre et al., 1994).

Using mutant strains, the genes for several yeast
NPC proteins have been shown to be essential for
cell growth (reviewed by Fabre and Hurt, 1994).
Some of these yeast mutants have been examined in
the EM to determine whether they perturb the
structure of the NPC and/or the NE (Wente and Blo-
bel, 1993, 1994). Accordingly, a membrane seal was
formed over the cytoplasmic face of the NUP/
NSP116-deficient NPCs which did not block nuclear
export but caused the export substrate to accumu-
late within the cytoplasmic membrane herniations
covering the NPCs (Wente and Blobel, 1993). Simi-
larly, deletion/disruption of the NH,-terminal end of
NUP145 yielded yeast nuclei with clusters of nu-
merous NPCs interconnected by a network of NE
herniations (Wente and Blobel, 1994). Based on

these results, it has been proposed that NUP/
NSP116 and NUP145 are possibly involved in estab-
lishing specifice NPC-NE interactions and/or medi-
ating NPC biogenesis {Wente and Blobel, 1993,
1994).

TOWARD THE MOLECULAR ARCHITECTURE OF
THE NPC

As documented in Fig. 4, epitopes of five different
NPC proteins have recently been localized within
the 3-D NPC architecture. Three of these proteins—
p62, NUP153, and CAN/p2560—are members of the
O-linked glycoprotein family (see Fig. 2a and Table
I). Due to the relatively strong cross-reactivity of
some of the antibodies against NPC proteins, the
localization of p62 has remained ambiguous (Cordes
et al., 1991; Panté and Aebi, 1993). To resolve this
ambiguity, we have recently produced a monoclonal
antibody, RL31, which reacts specifically with rat
p62 (Guan et al., manuscript in preparation). As il-
lustrated in Fig. 4a, RL31 labels both the nuclear
and cytoplasmic periphery of the central plug or
channel complex of rat liver NPCs, albeit the label-
ing at the nuclear periphery is more frequent. This
localization is consistent with the supposed involve-
ment of the p62 complex for nuclear import of pro-
teins (Finlay et al., 1991).

Using a polyclonal antibody raised against a fu-

al., 1994). For more information about these proteins, see Table [ and references therein. Fig. 2. Schematic diagram of the domain
architecture of the cloned and sequenced peripheral membrane proteins of the NPC deduced from their amino acid sequences. Depending
on the content of O-linked N-acetylglucesamine (GlcNac) residues, two families of peripheral membrane proteins of the NPC have been
distinguished: (a) O-linked glycoproteins which contain several copies of a more or less degenerate pentapeptide motif XFXFG and {b)
non-0-linked proteins which do not contain any repetitive sequence motifs. In addition, p62 contains a COOH-terminal a-helical coiled-
coil domain, and NUP153 harbors four zinc finger motifs. In the case of CAN/NUP214/p250, the repetitive XFXFG motif alternates with
repetitive SVFG, FGQ, and FGG motifs. The amino acid sequences of the three members of the non-O-linked protein family are unique.
In the case of Tpr/p265, it contains a ~1600-residue-long «-helical coiled-coil domain near its NH,-terminal end. For more information
about these proteins, see Table I and references therein. Fi6. 3. Schematic diagram of the domain architecture of the cloned and
sequenced yeast NPC proteins deduced from their amino acid sequences. Depending on the occurrence of highly repetitive motifs in their
amino acid sequences, three families of yeast NPC proteins have been distinguished: (a} the XFXFG family which contains several copies
of a more or less degenerate pentapeptide motif XFXFG clustered in the central part of each protein; (b) the GLFG family whose members
contain several copies of a degenerate tetrapeptide motif GLFG within their NHy-terminal domain; and {¢) the third family includes the
yeast nucleoporin interacting component NIC98 which does not contain any repetitive sequence motifs and forms a complex with NSP1
and NUP48 (Grandi et al,, 1993). Three members of the GLFG family—NUP100, NUP116, and NUP145—contain related domains
including an RNA-binding motif. For more information about these proteins, see Table I and references therein. Fig. 5. Schematic
diagram summarizing the immunolocalization of characterized NPC protein epitopes within the 3-D architecture of the consensus model
of the NPC. The major structural components of the NPC include the basic framework (i.e., the spoke complex), the central plug or channel
complex, the cytoplasmic and nuclear rings, and the cytoplasmic filaments and nuclear basket. The 52-MDa basic framework of the NPC
has been adapted from a conical tilt reconstruction of negatively stained detergent-released NPCs (Hinshaw et al., 1992). The cytoplasmic
filaments and nuclear basket have been modeled based on EM data obtained by Ris (1991), Jarnik and Aebi (1991), and Goldberg and
Allen (1992}, In this consensus model of the NPC, we have also pictured a cytoplasmic and a nuclear ring in addition to the two tenuous
rings defined by the ring domain of the spoke complex {see Hinshaw et al., 1992). The central plug or channel complex has been modeled
as a transparent ellipsoidal particle to indicate the fact that its definite structure remains elusive. Tpr/p265, CAN/NUP214/p250, and
NUPI180 exhibit epitopes residing in the cytoplasmic filaments (see Figs. 4¢, 4d, and 4e; Byrd et al., 1994; Panté ef al., 1994; Wilken ef
al., 1993), whereas NUP153 exhibits an epitope at the terminal ring of the nuclear basket (see Fig. 4b; Panté et al., 1994). p62 epitopes
are exposed at both the cytoplasmic and nuclear periphery of the central plug or channel complex (see Fig. 4a). The transmembrane
glycoprotein gp210 exhibits several epitopes in the lumen of the NE (Greber et al., 1990} where based on its topology most of its mass
resides (see Fig, 1; Greber ef al., 1990). Epitopes for the transmembrane glycoproteins POM121 and POM152 are shown too, but these
should not be taken literally as their exact localization remains to be determined. In contrast to gp210, most of the mass of POM121 is
predicted to reside within the NPC proper (Hallberg ef al., 1993}, Very much like gp210, most of the mass of yeast POM152 is predicted
to reside in the lumen of the NE (Wozniak et al., 1994).
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FIG. 4. Immunolocalization of NPC proteins. Selected exam-
ples of labeled NPC cross-sections revealing localization of
epitopes of (a) p62 at both the ¢ytoplasmic and nuclear periphery
of the central plug or channel complex (using the monoclonal
RL31 antibody: Guan et al.,, manuscript in preparation); (h)
NUP153 at the terminal ring of the nuclear basket (using an
anti-peptide antibody; Panté et al., 1994); {¢) CAN/NUP214/p250
at the cytoplasmic filaments (using a polyclonal anti-p250 anti-
body; Panté et al., 1994); (d) NUP180 at the cytoplasmic ring or
cytoplasmic filaments (using affinity-purified antibodies from a
serum of a patient with overlap connective tissue disease; Wilken
et al., 1993); and (e) Tpr/p265 at the cytoplasmic filaments {using
the monoclonal RL:30 antibody; Byrd et al., 1994). In all cases, the
antibodies were directly conjugated to 8-nm colloidal gold, and
the NEs were labeled prior to embedding and thin sectioning. The
rightmost example of (e) is an NPC that has been double-labeled
with RL31 (anti-p62) conjugated to 8-nm colloidal gold and RL30
{anti-Tpr/p265) conjugated to 14-nm colloidal gold. (a and e} Rat
liver NEs; (b, ¢, and d) Xenopus oocyte NEs; ¢ marks the cyto-
plasmic, and n marks the nuclear side of the NE. Scale bar,
100 nm.

sion protein expressed from a NUP153 ¢DNA con-
struct, NUP153 has been unequivocally localized to
the nuclear periphery of the NPC (Sukegawa and
Blobel, 1993). However, in this labeling study
NUP153 could not be identified with a particular
NPC component(s). Recently, more specific localiza-

tion of NUP153 has been achieved. Using an anti-
body raised against an extract of nuclear matrix pro-
teins that by immunoblotting recognized NUP153,
Cordes et al., (1923) have loc lized this protein to
intranuclear NPC-attached filaments which, among
other structures, may represent nuclear baskets
that have been disrupted during sample prepara-
tion. More specifically, Panté et al., (1994) have
identified NUP153 as a constituent of the nuclear
basket with at least one of its epitopes residing in
the terminal ring (see Fig. 4b). This localization for
NUP153 together with its four zinc finger motifs is
consistent with the stabilizing effect of Zn?* on the
nuclear baskets (Jarnik and Aebi, 1991): in the pres-
ence of 0.5 mM ZnCl, well-formed baskets are ob-
served, whereas when divalent cations are chelated
by 2 mM EGTA or EDTA, the nuclear baskets be-
come destabilized and are disrupted. Surprisingly, if
after destabilization by EDTA or EGTA divalent
cations are again added, the nuclear baskets re-
form—most efficiently with Zn?" (Jarnik and Aebi,
1991). These findings indicate that the zinc finger
motifs of NUP153, in addition to binding DNA or
RNA (Sukegawa and Blobel, 1993), may have a role
in maintaining the structural integrity of the nu-
clear baskets and therefore could be directly in-
volved in the active transport of proteins, RNAs, or
RNP particles through the NPC. We are currently
testing this hypothesis using an anti-peptide anti-
body against the zinc finger motifs.

CAN/NUP214 has also been expressed as a fusion
protein, and a polyclonal antibody raised against
this fusion protein labeled the cytoplasmic periph-
ery of the NPC (Kraemer et al., 1994), However, this
labeling was not specific enough to identify CAN/
NUP214 with a distinct NPC component(s). Using a
monoclonal antibody called QES, Panté et al., (1994)
have identified a ~250-kDa O-linked NPC glycopre-
tein, termed p250, in extracts of BHK cells. As il-
lustrated in Fig. 4c¢, a polyclonal antibody raised
against p250 specifically labeled the cytoplasmic fil-
aments of Xenopus oocyte NPCs. On immunoblots,
p250 is also recognized by the monoclonal RL1 an-
tibody used by Snow et al., (1987) (B. Burke and R.
Bastos, personal communication). In addition, p250
is recognized by polyclonal antibodies raised against
NH,- and COOH-terminal peptides synthesized
based on the deduced amino acid sequence of cloned
human CAN (B. Burke and R. Bastos, personal com-
munication). Taken together, these data show that
p250 corresponds to the originally identified ~210-
kDa O-linked NPC glycoprotein (Snow et al., 1987)
that has recently been demonstrated to represent a
homologue of human CAN and termed CAN/
NUP214 (Kraemer et al., 1994).

Epitopes of at least two other—both non-O-
linked—NPC proteins have been localized to the cy-
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toplasmic filaments of the NPC: (i) NUP180 (Fig. 4d;
Wilken et al., 1993), and (ii) Tpr/p265 (Fig. 4e; Byrd
et al., 1994). Based on the ~1600-residue-long a-he-
lical coiled-coil domain of Tpr/p265 (see Fig. 2b;
Mitchell and Cooper, 1992), it is conceivable that
this protein, together with CAN/NUP214/p250 (see
Fig. 4¢; Panté et al., 1994) and NUP180 (Wilken et
al., 1993), forms the backbone of the cytoplasmic fil-
aments.

As summarized in Fig. 5, epitopes of six NPC pro-
teins have thus far been localized within the 3-D
NPC architecture. However, we want to emphasize
that due to the unknown native conformation of
these proteins, it is difficult to map their entire ex-
tent within the NPC. For example, whereas at least
one epitope of NUP153 resides in the terminal ring
of the nuclear baskets (see Fig. 4b), this protein
could be part of the terminal ring and/or the fila-
ments forming the nuclear baskets. Similarly, due
to their size, the constituent proteins of the cytoplas-
mic filaments, i.e.,, CAN/NUP214/p250, Tpr/p265,
and NUP180, beyond spanning the length of a cyto-
plasmic filament, might extend into the cytoplasmic
ring.

As can be appreciated from Fig. 5, with the excep-
tion of the transmembrane glycoprotein gp210, the
epitopes of NPC proteins that have thus far been
identified with distinct structural components of the
NPC are localized at either the cytoplasmic or the
nuclear periphery of the NPC. Therefore, the con-
stituent proteins of the 52-MDa basic framework of
the NPC (i.e., the spoke complex) remain to be iden-
tified. Thus far, gp210 is the only NPC protein which
has been identified as a eonstituent of the basic
framework of the NPC (Greber et al., 1990).

ISOLATION AND CHARACTERIZATION OF DISTINCT
SUBCOMPLEXES OF THE NPC

When assembled in the NPC, several NPC pro-
teins may mutually interact to form distinct sub-
complexes. In vertebrate species, it was first re-
ported that some of the soluble NPC proteins con-
tained in in vitre nuclear reconstitution extracts
from Xenopus oocytes form a supramolecular com-
plex with a molecular mass of 254 kDa which con-
tains p68, the Xenopus homologue of rat p62, to-
gether with several other NPC proteins (Dabauvalle
et al., 1990). The rat homologue of this supramolec-
ular complex has also been isolated and character-
ized at the molecular level (Finlay et al., 1991; Kita
et al., 1993; Buss and Stewart, 1995). It consists of
p62 interacting with two other proteins of molecular
mass 58 (p58) and 54 (p54) kDa. The estimated mo-
lecular mass of the p62 complex is 200-600 kDa
with no consensus on its subunit stoichiometry (Fin-
lay ef al., 1991; Kita et al., 1993; Buss and Stewart,
1995). To resolve these ambiguities, we have devel-

oped a modified procedure to isolate the p62 complex
from rat liver NEs (Guan ef al., manuscript in prep-
aration). In addition to p58 and p54, p62 in this su-
pramolecular complex is associated with a 45-kDa
NPC protein having a peptide map similar to p58.
However, pd5 is only revealed when extreme cau-
tion is taken to avoid proteolysis during isolation.
When examined in the EM after negative staining
or glycerol spraying/rotary metal shadowing, this
complex appears as a ~15-nm-diameter particle
(Guan et al., manuscript in preparation). We are cur-
rently investigating its molecular mass and subunit
stoichiometry by quantitative scanning transmis-
sion EM (STEM).

Using the monoclonal QES antibody, Panté et al.,
(1994) have identified two distinct NPC subcom-
plexes in extracts of BHK cells in addition to the p62
complex. While this antibody recognizes p62,
NUP153, and p250 on Western blots, it immunopre-
cipitates three additional polypeptides, p54, p58,
and p75, which were found to be associated with p62
(p54 and p58) and p250 (p75). Furthermore, in these
extracts NUP153 existed as a homooligomer of =1
MDa, most Iikely representing an octamer. As sev-
eral of its epitopes have been located to the terminal
ring of the nuclear baskets (see Fig. 4b; Panté et al.,
{1994}, it is conceivable that the octameric NUP153
complex defines the basic framework of the eight-
fold symmetrical terminal ring.

In yeast, Hurt (1990) has expressed the a-helical
COOH-terminal domain of NSP1 and found that the
fusion protein was targeted to yeast NEs. Based on
this observation, he proposed that NSP1 might spe-
cifically interact with other yeast NPC proteins
{Hurt, 1990). Indeed, NSP1 has now been shown to
form a complex with three other proteins, NIC96,
NSP49, and a novel yeast NPC protein of 54 kDa
that has not yet been cloned and sequenced (Grandi
et al,, 1993). Recently, a second subcomplex has been
identified in yeast NPCs (Belanger et al., 1994). It
consists of NUP1 and NUP2 interacting with Srpl,
the product of a gene previously identified as a sup-
pressor of mutants defective in RNA polymerase I
(Yano et al., 1992).

CONCLUSIONS AND FUTURE PROSPECTS

By now 18—mnine veriebrate and nine yeast—of
the approximately 100 polypeptides of the NPC have
been identified, characterized, and cloned and se-
quenced (see Table I). The epitopes of several of
these NPC proteins have been localized to distinct
structural components of the NPC by immuno-EM
(see Fig. 4); thus, the molecular architecture of the
NPC is slowly but definitely taking shape (Fig. 5).
However, even if several copies (i.e., 8 or 16 because
of the 822 symmetry of the basic framework of the
NPC) of the proteins thus far identified reside in the
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NPC, they represent only ~15% of the entire NPC
mass. Therefore, we have to go a long way before the
complete architecture of the NPC will be unveiled at
the molecular level. Toward this goal, the recent
success to bulk-isolate NPCs from yeast (Rout and
Blobel, 1993) has opened the possibility of more sys-
tematically identifying the proteins constituent of
yeast NPCs. Most importantly, this system offers the
possibility of combining molecular genetics ap-
preaches with biochemical, structural, and func-
tional analyses of the NPC.

The next step toward a more complete molecular
architecture of the NPC has to delineate individual
NPC proteins within the 3-D structure of the NPC
and analyze their conformation and specific interac-
tions with other proteins residing within distinct
NPC components or subcomplexes. Moreover, to ul-
timately reconstitute functional NPCs in vitro, we
also have to mass-isoclate and molecularly character-
ize distinct NPC components or subcomplexes, e.g.,
the spoke complex, the cytoplasmic and nuclear
rings, the cytoplagmic filaments, the nuclear basket,
and the central plug or channel complex, determine
their 3-D molecular architecture, and decipher their
functional task(s) in passive or mediated nucleocy-
toplasmic transport. Toward this goal, several NPC
subcomplexes have now been identified: i.e., the p62
complex, the p250—p75 complex, the NUP153 ho-
mooligomer, the yeast NSP1 complex, and the yeast
NUP1-NUP2-Srpl complex. However, the struc-
tural and functional analyses of these NPC subcom-
plexes at the molecular level has only begun and
will require joint efforts to be completed within a
reasonable time frame.
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Science Foundation and the Human Frontier Science Program
(HFSP).

REFERENCES

Akey, C. W., and Radermacher, M. (1993} Architecture of the
Xenopus nuclear pore complex revealed by three-dimensional
cryo-electron microscopy. . Cell Biol. 122, 1-19.

Belanger, K. D., Kenna, M. A, Wei, S, and Davis, L. {1994) Ge-
netic and physical interactions between Srplp and nuclear pore
complex proteins NUP1lp and NUP2p, J. Cell Biol. 126, 619-
630,

Buss, F., Kent, H., Stewart, M., Bailer, 5. M., and Hanover, J. A.
(1994) Role of different domains in the self-association of rat
nucleoporin p62, J. Cell Sci. 107, 631-638.

Buss, ¥., and Stewart, M. (1995) Macromolecular interactions in

the nucleoporin p62 complex of rat nuclear pores: Binding of
nuecleoporin p54 to the rod domain of p62, J. Cell Biol. 128,
251-261.

Byrd, D., Sweet, D. J., Panté, N., Konstantinov, K. N, Guan, T.,
Saphire, A. C. 5., Mitchell, P. J., Cooper, C. S., Aebi, U., and
Gerace, L. (1994) Tpr, a large coiled coil protein whose amino
terminus is involved in activation of oncogenic kinases, is lo-
calized to the cytoplasmic surface of the nuclear pore complex,
J. Cell Biol. 127, 15615-1526.

Carmo-Fonseca, M., Kern, H., and Hurt, E. C. (1991) Human nu-
cleoporin p62 and the essential yeast nuclear pore protein
NSP1 show sequence homology and a similar domain organi-
zation, Eur. . Cell Biol. 55, 17-30.

Coleman, J. E. {1992) Zinc proteins: Enzymes, storage proteins,
transcription factors, and replication proteins, Arnnu. Rev. Bio-
chem. 61, 897-946,

Cordes, V., Waizenegger, 1., and Krohne, G. (1991) Nuclear pore
complex glycoprotein p62 of Xenopus laevis and mouse: cDNA
cloning and identification of its glycosylation region, Eur, J.
Cell Biol. 55, 31-47.

Cordes, V., Reidenbach, 8., Kéhler, A., Stuurman, N., van Driel,
R., and Franke, W. W. (1993) Intranuclear filaments contain-
ing a nuclear pore complex protein, J. Cell Biol. 123, 1333
1344.

Dabauvalle, M.-C., Benevente, R., and Chaly, N. (1988a) Mono-
clonal antibodies to a M, 68,000 pore complex protein interfere
with nuclear protein uptake in Xenopus oocytes, Chromosoma
97, 193-197.

Dabauvalle, M.-C., Schultz, B., Scheer, U, and Peters, R. (1988h)
Inhibition of nuclear accumulation of karyophilic proteins by
microinjection of the lectin WGA, Exp. Cell Res. 174, 291-296.

Dabauvalle, M.-C., Loos, K., and Scheer, U. (1990) Identification
of a soluble precursor complex essential for nuclear pore assem-
ble in vitro, Chromosoma 100, 5666,

Davis, L. I, and Blobel, G. (1986) Identification and character-
ization of a nuclear pore complex protein, Cell 45, 699-709.
Davis, L. I, and Blobel, G. (1987) The nuclear pere complex con-
tains a family of glycoproteins that includes p62: Glycosylation
through a previously unidentified cellular pathway, Proc. Natl.

Acad. Sci. USA 84, 7552-7556.

Davis, L. I., and Fink, G. R. (1990) The NUP1 gene encodes an
essential component of the yeast nuclear pore complex, Cell 61,
965-978.

Fabre, E., and Hurt, E. C. (1994} Nuclear transport, Curr. Opin.
Cell Biol. 6, 335-342.

Fabre, E., Boelens, W. C., Wimmer, C., Mattaj, I. W, and Hurt,
E. C. (1994) Nupl4b6p is required for nuclear export of mRNA
and binds homopolymeric RNA in vitro via a novel conserved
motif, Cell 78, 275289,

Featherstone, C., Darby, M. K., and Gerace, L. (1988) A mone-
clonal antibody against the nuclear pore complex inhibits nu-
cleocytoplasmie transport of protein and RNA in vivo, J. Cell
Biol. 107, 1289-1297.

Finlay, D. R., Newmeyer, D). D., Price, T. M., and Forbes, D. J.
(1987) Inhibition of in vitro nuclear transport by a lectin that
binds to nuclear pores, JJ. Cell Biol. 104, 189-200,

Finlay, D. R., Meier, E., Bradley, P., Horecka, J., and Forbes,
D.J. (1991) A complex of nuclear pore proteins required for
pore function. J. Cell Biol. 114, 169-183.

Gerace, L. (1992) Molecular trafficking across the nuclear pore
complex, Curr. Opin. Cell Biol. 4, 637-645.

Gerace, L., Ottaviano, Y., and Kondor-Koch, C. (1982) Identifica-
tion of a major polypeptide of the nuclear pore complex, J. Cell
Biol. 95, 826-837.

Goldberg, M. W., and Allen, T. D. (1992) High resolution scan-



NUCLEAR PORE COMPLEX 189

ning electron microscopy of the nuclear envelope: Demonstra-
tion of a new, regular, fibrous lattice attached to the baskets of
the nucleoplasmic face of the nuclear pores. J. Cell Biol. 119,
1429-1440.

Goldie, K. N., Panté, N., Engel, A, and Aebi, U. (1894) Exploring
native nuclear pore complex structure and conformation by
scanning force microscopy in physiological buffers, J. Vac. Sei.
Technol. B 12, 14821485,

Grandi, P., Doye, V., and Hurt, E. C. (1993) Purification of NSP1
reveals complex formation with ‘GLFG’ nucleoporins and a
novel nuclear pore protein NIC96, EMBQ J. 12, 3061-3071.

Greber, U. F., and Gerace, L. (1992) Nuclear protein import is
inhibited by an antibody to a lumenal epitope of a nuclear pore
complex glicoprotein, J. Cell Biol. 116, 15-30.

Greber, U. F., Senior, A., and Gerace, L. (1990) A major glyco-
protein of the nuclear pore complex is a membrane-spanning
polypeptide with a large lumenal domain and a small cytoplas-
mic tail, EMBO J. 9, 14951502,

Hallberg, E., Wozniak, R. W., and Blebel, G. (1993) An integral
membrane protein of the pore membrane domain of the nuclear
envelope contains a nucleoporin-like region. J. Cell Biol. 122,
513-521.

Hinshaw, J. E., Carragher, B. 0., and Milligan, R. A, {1992) Ar-
chitecture and design of the nuclear pore complex, Cell 69,
1133-1141.

Holt, G. D., Snow, C. M., Senior, A., Haltiwanger, R. 8., Gerace,
L., and Hart, G. W, (1987) Nuclear pore complex glycoproteins
contain cytoplasmically disposed O-linked N-acetylglu-
cosamine. J. Cell Biol. 104, 1157-1164.

Hurt, E. C. (1988) A novel nucleoskeletal-like protein located at
the nuclear periphery is required for the life cycle of Saccha-
romyces cerevisiae, EMBO J. 7, 4323—4334.

Hurt, E. C. (1990) Targeting of a cytosolic protein to the nuclear
periphery. J. Cell Biol. 111, 2829-2837.

Jarnik, M., and Aebi, U. (1991) Toward a more complete 3-D
structure of the nuclear pore complex, JJ. Struct. Biol. 107, 291
308.

Kita, K., Omata, 8., and Horigome, T. (1993) Purification and
characterization of a nuclear pore glycoprotein complex con-
taining p62, J. Biochem. Tokyo 113, 377-382.

Kraemer, D., Wozniak, R. W., Blobel, G., and Radu, A. (1994) The
human CAN protein, a putative oncogene product associated
with myeloid leukemogenesis, is a nuclear pore complex pro-
tein that faces the cytoplasm, Proc. Natl. Acad. Sci. USA. 91,
1519-1523.

Loeb, J. D.J., Davis, L., and Fink, G. F. (1993) NUP2, a novel
veast nucleoporin, has functional overlap with others proteins
of the nuclear pore complex, Mol. Biol. Cell 4, 209-222.

McMorrow, 1. M., Bastos, R., Horton, R., and Burke, B. (1994}
Sequence analysis of a cDNA encoding a human nuclear pore
complex protein, hnupl53, Biochim. Biophys. Acta 1217, 218
223.

Mitchell, P.J., and Cooper, C. 8. (1992) Nucleotide sequence
analysis of human #pr cDNA clones, Oncogene 7, 383--388.

Oberleithner, H., Brinckmann, E., Schwab, A., and Krohne, G.
(1994) Imaging nuclear pores of aldosterone-sensitive kidney
cells by atomic force microscopy, Proc. Natl. Acad. Sci. USA 91,
9784-9788.

Panté, N., and Aebi, U. (1993) The nuclear pore complex, J. Cell
Biol. 122, 977-984.

Panté, N., and Aebi, U, {(1994) Towards understanding the 3-D
structure of the nuclear pore complex at the molecular level,
Curr, Opin. Struct. Biol. 4, 187-196.

Panté, N., Bastos, R., McMorrow, 1., Burke, B., and Aebi, U.

(1994) Interactions and three-dimensional localization of a
group of nuclear complex proteins. JJ. Cell Biol. 126, 603—617.

Radu, A., Blobel, G., and Wozniak, R. W. (1993) Nupl55 is a
novel nuclear pore complex protein that contains neither repet-
itive sequence motifs nor reacts with WGA, J. Cell Biol. 121,
1-9.

Radu, A., Blobel, G., and Wozniak, R. W. (1994) Nupl07 is a
novel nuclear pore complex protein that contains a leucine zip-
per, J. Biol. Chem. 269, 17600-17605.

Reichelt, R., Holzenburg, A., Buhle, E. L., Jarnik, M., Engel, A,
and Aebi, U. (1990} Correlation between structured and mass
distribution of the nuclear pore complex, and of distinct pore
complex components, J. Cell Biol. 110, BB3-894,

Ris, H. (1991) The 3-D structure of the nuclear pore complex as
seen by high voltage electron microscopy and high resolution
low voltage scanning electron microscopy, EMSA Bull. 21, 54-56.

Rout, M. P., and Blobel, G. (1993) Isolation of the yeast nuclear
pore complex, J. Cell Biol. 123, 771-783.

Rout, M. P., and Wente, 8. R. (1994) Pores for thought: Nuclear
pore complex proteins, Trends Cell Biol. 4, 357-365.

Snow, C. M., Senior, A., and Gerace, 1.. (1387) Monoclonal anti-
bodies identify a group of nuclear pore complex glycoproteins,
. Cell Biol. 104, 1143-1156.

Starr, C. M., D'Onofrio, M., Park, M. K., and Hanover, J. A.
(1990) Primary sequence and heterologous expression of nu-
clear pore glycoprotein p62, J. Cell Biol, 110, 1861-1871.

Sukegawa, J., and Blobel, G. (1993} A nuclear pore complex pro-
tein that contains zinc finger motifs, binds DNA, and faces the
nucleoplasm, Cell 72, 29-38.

Von Lindern, M., Fornerod, M., van Baal, 8., Jaegle, M., de Wit,
T., Biujs, A., and Groveld, G. {1992) The translocation (6;9),
associated with a specific subtype of acute myeloid leukemia,
results in the fusion of two genes, dek and can, and the expres-
sion of a chimeric, leukemia-specific dek-can mRNA, Mol. Cell
Biol. 12, 1687-1697.

Wente, S. R., Rout, M. P., and Blobel, G. (1992} A new family of
yeast nuclear pore complex proteins. J. Cell. Biol. 119, 705-723.

Wente, S. R., and Blobel, G. (1993) A temperature-sensitive
NUP116 null mutant forms a nuclear envelope seal over the
yeast nuclear pore complex thereby blocking nucleocytoplasmic
traffic, J. Cell Biol, 123, 275-284.

Wente, S. R., and Blobel, G. (1994) NUP145 encodes a novel yeast
glycine—leucine—phenylalanine—clycine (GLFG) nucleoporin
required for nuclear envelope structure, J. Cell Biol. 125, 955
969.

Wilken, N., Kossner, U., Senécal, J.-L., Scheer, U., and Dabau-
valle, M.-C. {1993) Nup180, a novel nuclear pore complex pro-
tein localizing to the cytoplasmic ring and associated fibrils, J.
Cell Biol. 123, 1345-1354.

Wimmer, C., Doye, V., Grandi, P., Nehrbass, U., and Hurt, E. C.
{1992) A new subelass of nucleoporins that functionally inter-
act with nuclear pore protein NSP1, EMBO J. 11, 5051-5061.

Wozniak, R. W, and Blobel, G. (1992) The single transmembrane
segment of gp210 is sufficient for sorting to the pore membrane
domain of the nuclear envelope, JJ. Cell Biol. 119, 1441-1449.

Wozniak, R. W., Bartnik, E., and Blobel, G. {1989) Primary struc-
ture analysis of an integral membrane glycoprotein of the nu-
clear pare. J. Cell Biol. 108, 2083-2092.

Wozniak, R. W., Blobel, G., and Rout, M. P. (1994) POM152 is an
integral protein of the pore membrane domain of the yeast
nuclear envelope, J. Cell Biol. 125, 3142,

Yano, R., Oakes, M., Yamaghishi, M., Dodd, J. A., and Nomura,
M. (1992) Cloning and characterization of SRP1, a suppressor
of temperature-sensitive RNA polymerase I mutations, in Sac-
charomyces cerevisiae, Mol, Cell. Biol. 12, 5640-5641.



