View metadata, citation and similar papers at core.ac.uk

Volume 325, number 1,2, 76-80

FEBS 12393
© 1993 Federation of European Biochemical Societies 00145793/93/$6.00

-
brought to you by .{ CORE

provided by Elsevier - Publisher Connector

June 1993

Minireview

The nuclear pore complex

Eduard C. Hurt

EMBL, Meyerhofstrasse 1, Postfach 1022.09, D-6900 Heidelberg, Germany

Received 25 February 1993

Over the past years, significant progress has been made both in the analysis of the structural and molecular organization of the nuclear pore complex
(NPC) and the mechanism of nuclear transport. In this minireview, I will focus on some of the recent developments in this field. Structural studies
employing high resolution EM have revealed a detailed view of the three-dimensional organization of the NPC. In addition, an isolation procedure
which yields highly enriched NPCs from yeast has given insight into the molecular complexity of the NPC organization. By biochemical,
immunological and genetic approaches, a series of novel pore proteins were identified. Exploiting yeast as a genetic system, several mutants defective
in nuclear import of proteins and export of RNA were selected. By in vitro nuclear transport assays, soluble cytoplasmic factors including NLS
(nuclear localization sequence) binding proteins and heat shock proteins required for nuclear accumulation were found. The aim of the future
research must be to put these various components of the NPC and nuclear transport machinery in a topological and functional context.
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1. GENERAL OVERVIEW

The nucleus is surrounded by a double membrane
which compartmentalizes nuclear and cytoplasmic reac-
tions. Besides its key role in regulating nucleocytoplas-
mic transport, the nuclear membrane provides a struc-
tural support for the attachment of other macromolecu-
lar structures such as the nuclear lamina, nucleoskele-
ton, cytoskeleton and chromatin. Furthermore, the
outer nuclear membrane, which is covered with ribo-
somes and continuous with the ER, is a site for protein
synthesis and protein translocation.

The transport of molecules and macromolecules
across the nuclear membrane occurs through the nu-
clear pore complexes (NPCs). Several aspects of both
the structural organization of the NPC and its role in
nuclear transport reactions have been reviewed exten-
sively [1-10]. It has been estimated that up to one hun-
dred proteins constitute the NPC. How these proteins
are involved in the biogenesis and structural organiza-
tion of the nuclear pore complex and in nucleocytoplas-
mic trafficking remains a challenging question for the
next decade of research.

For molecules to enter the cell nucleus, two mecha-
nisms exist: passive diffusion of small molecules, and
active transport of large macromolecules. The exclusion
limit for diffusion is approximately 40-60 kDa [11]. If
large molecules have to enter the nucleus, they require
active transport which is ATP and temperature depend-
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ent [12]. However, even small and diffusable nuclear
proteins such as histone H1 are actively imported into
the nucleus [13,14].

Targeting sequences on nuclear proteins are responsi-
ble for specific organelle sorting. One of the first nuclear
targeting signals (NLS = nuclear localization sequence)
to be identified was the short, 7 amino acid long se-
quence Pro-Lys-Lys-Lys-Arg-Lys-Val (PKKKRKY) of
SV40 large T antigen which was considered to be the
prototype of a NLS [15]. The model was extended when
a bipartite NLS was found within nucleoplasmin. A
typical feature of the bipartite NLS is two clusters of
basic regions separated by a 10 residue long spacer
sequence [15], although more complex NLS exist
[16,17]. In general, nuclear proteins constitutively enter
the nucleus after synthesis in the cytoplasm; in a few
cases nuclear transport is regulated, i.e. the nuclear pro-
tein is retained in the cytoplasm and only upon a stim-
ulus is transported into the nucleus (for review, see
[18,19)). Modification of NLS (e.g. by phosphorylation/
dephosphorylation [20,21] or masking/demasking
{22,23)) are important mechanisms to regulate nucleocy-
toplasmic transport. The NLS is not proteolytically re-
moved from the nuclear protein after its import. Since
many nuclear proteins are released into the cytoplasm
during mitotic nuclear envelope breakdown, they re-
quire the permanent presence of the NLS to be re-im-
ported into the newly formed nucleus at the end of
mitosis.

Export of rRNA, mRNA, snRNA and tRNA from
the nucleus or import of snRNP into the nucleus, occurs
through the nuclear pore complexes; RNA transport
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resembles protein transport in many respects being re-
ceptor-mediated, ATP-consuming and inhibited by
wheat germ agglutinin [24,25). Although RNA trans-
port requires signals on the RNA moiety (e.g. a mono-
methyl cap on the snRNA for export [26] or trimethyl
cap on the snRNP for import [27,28], proteinaceous
components bound to RNA are also required. In the
case of mRNA export, carrier proteins which shuttle
between the nucleus and the cytoplasm have been impli-
cated to play a crucial role [29].

2. THE NUCLEAR PORE COMPLEX (NPC)

2.1. Structural analysis of the NPC

Our current knowledge of the 3D pore structure
stems from studies using a variety of electron micro-
scopical techniques [30-33]. The pore complex has a
diameter of 80-100 nm and a molecular mass of 125
MDa [32]. The nuclear pore complex consists of an
outer and an inner coaxial ring with eight subunits ar-
ranged in octagonal symmetry and a central ring whose
eight spokes protrude into the pore channel. In the cen-
ter of the pore, a central plug (called the transporter) is
frequently seen, and is proposed to control the active,
NLS-mediated nucleocytoplasmic transport [31]. Re-
cently, in addition to the large central pore, eight
smaller peripheral channels have been noticed in the
NPC which could be the main routes for passive diffu-
sion of ions and small molecules through the pore com-
plex [33]. By high resolution scanning electron micros-
copy, both surfaces of the nuclear envelope have been
visualized in greater detail revealing structures adherent
to the nuclear pore complex. At the nucleoplasmic face,
a basket-like structure (called ‘fishtraps’) attached to the
nucleoplasmic ring [34-36] and a novel, highly regular
fibrous network of filaments, termed the nuclear enve-
lope lattice (NEL) attached to the distal ring of the inner
basket structure became visible [36]. The functional role
of the baskets and NEL is unknown, but could be in-
volved in RNP export.

2.2. Isolation of nuclear pores and pore components

Recently, a method was pioneered which allows the
purification of mg quantities of highly enriched NPCs
from yeast both on the basis of negative stain electron
microscopy and coenrichment of characterized pore
protein antigens [37]. Yeast might be the organism of
choice to get purer pore complex preparations, because
it might lack a nuclear lamina or, if existing, the nuclear
lamina could be less tightly associated with the pore
complexes. The purified nuclear pore complexes exhibit
a disc-shaped structure with the central transporter sur-
rounded by an annulus of octagonal symmetry. It is
estimated that the purified pore preparation contains
between 50 and 100 individual pore proteins.

Pore components were first identified by raising anti-
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bodies against (partially) purified nuclear pore proteins
and screening for antibodies which react with pore pro-
teins by indirect immunofluorescence. By this ap-
proach, a protein spanning the nuclear membrane at the
NPC, called gp210 [38], and cytoplasmatically located
pore proteins termed nucleoporins were found [39,40].
Vertebrate nucleoporins are characterized by N-acetyl
glucosamin sugar modification (GlcNAc) and therefore
bind the lectin wheat germ agglutinin. Interestingly,
wheat germ agglutinin and monoclonal antibodies
against nucleoporins inhibit nuclear transport [41-43].
Nucleoporins carrying GlcNAc residues therefore are
essential components of the nuclear import machinery.

One prominent nucleoporin p62 [39] has been cloned
from a variety of organisms including rat, human,
mouse and Xenopus [44-46]. P62 can be divided into
three parts consisting of a N-terminal domain with 12
repeats similar to those found in the yeast pore proteins
NSP1 [47] and NUP1 [48], an adjacent Ser/Thr rich
sequence followed by a unique carboxy-terminal do-
main which is organized into amphiphilic heptad re-
peats with the potential to form coiled-coil interaction.

A cDNA for a nuclear pore complex protein NUP153
from rat liver cells has recently been cloned and se-
quenced that shares degenerate pentapeptide repeats as
found in p62 and yeast nucleoporins (see also later) [49].
NUP153 is exclusively localized on the nucleoplasmic
side of the pore complex. Interestingly, it contains four
zinc finger motifs which mediate binding to rat genomic
DNA in a zinc-dependent fashion. It is therefore possi-
ble that this nucleoporin could be a DNA-binding sub-
unit of the NPC that may link nuclear pores to specific
DNA chromosomal sequences. It has been speculated
that NUP153 is involved in the 3-dimensional organiza-
tion of the genome allowing gene gating of transcribable
genes to distinct nuclear pore complexes [50].

Yeast nuclear envelope proteins were identified which
react with the monoclonal antibodies against mammal-
ian nucleoporins [51]. Among these were the pore pro-
teins NUP1 [48], NUP2 [52], NUP49, NUP100 and
NUP116 [53]. Besides, the nuclear pore protein NSP1
[47] was identified in yeast by raising antibodies against
the insoluble nuclear fraction [54]. NSP1 seems to be the
homologue of vertebrate nucleoporin p62 [45]. Nucleo-
porins NUP49 and NUP116 are identical to NSP49 and
NSP116 which had been found independently in a ge-
netic screen [55]. This genetic approach provided in vivo
evidence that distinct members of the nucleoporin fam-
ily physically interact or share overlapping function in
nuclear pore complexes.

The yeast nucleoporins reveal a diagnostic modular
domain structure with many conserved repeat se-
quences. Comparison of the known members suggests
to group them into two subfamilies: nucleoporins
NSP1, NUPI1 and NUP2 share in their central domain
repeated ‘GFSFG’ motifs whereas NUP49/NSP49,
NUP116/NSP116 and NUP100 have as a common re-
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peat sequence the ‘GLFG’ motif [53,55]. Whether this
distinction also signifies a common functional role re-
mains to be shown.

2.3. Targeting of components to the nuclear pore com-
plex

As shown for the pore protein NSP1, the carboxy-
terminal domain carries all the information to target
attached passenger proteins, such as cytosolic DHFR,
to the nuclear pores [56). For this process, not a short
targeting signal, rather than the entire 220 amino acid
long carboxy-terminal domain is required. This domain
is organized into amphiphilic heptad repeats suggesting
that coiled-coil interaction with another protein at the
pore could mediate targeting to and assembly into the
pore complex. For vertebrate p62, a similar targeting
mechanism to the pore can be expected.

The glycoprotein gp210 is located in the ‘pore mem-
brane’, i.e. at the nuclear pore complex where outer and
inner nuclear membrane are joining. It has a large cis-
ternal domain facing the perinuclear space, followed by
a single transmembrane sequence and a 58-residue long
cytoplasmic tail [57,58]. The large, luminal domain of
gp210 does not contain sorting signals, whereas the
transmembrane domain and, albeit weaker, the cyto-
plasmic carboxy-terminal segment are sufficient for tar-
geting to the pore membrane [59]. It was suggested that
the transmembrane helix forms a homo- or heterodimer
thereby constituting the mechanism of pore targeting.
The cytoplasmic gp210 tail may assist in nuclear pore
targeting by binding to other peripheral pore proteins
[59]. Interestingly, the mitotic gp210 which is dispersed
throughout the mitotic cytoplasm remains associated
with nucleoporins.

3. MECHANISM OF NUCLEAR TRANSPORT

3.1. A role of nuclear pore proteins in nuclear transport
and pore biogenesis

Forbes and co-workers used polyclonal antibodies
against p62 to immunodeplete it from Xenopus nuclear
reconstitution extracts [60]. P62 depleted nuclei still
contained nuclear pores, but were found to be defective
in nuclear transport. A strict linear correlation between
the amount of immuno-depleted p62 and the efficiency
of transport of proteins into nuclei was observed. In
independent studies, not only nuclear transport, but
also the formation of nuclear pores was inhibited upon
immunodepletion of p62 from Xenopus nuclear recon-
stitution extracts [61].

Expression of the NSPI gene, which encodes the
yeast homologue of p62, was stopped in living cells
using a regulatable promoter. NSP1 depleted cells
showed mislocalization of nuclear reporter proteins in
the cytoplasm [62]. Furthermore, the nuclear pore den-
sity decreased within the nuclear membrane during
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early NSP1 gene repression. However, if the NSPI gene
was switched on again after NSP1 depletion, NSP1 was
targeted to the nuclear pores, the nuclear pore density
increased and nuclear reporter proteins re-accumulated
inside the nucleus. The decrease in pore density could
result either from the fact that NSP1 is a structural
component of the nuclear pores and its depletion causes
a stop in pore biogenesis, or NSP1 could be required for
nuclear transport of crucial structural components of
the nuclear pore complex.

The role of gp210 in pore structure and function was
analyzed by expressing a monoclonal antibody directed
against the luminal domain of gp210 in cultured rat cells
[63]. This antibody was targeted after translocation into
the ER lumen to the nuclear pore complex where it
bound to the luminal domain of gp210. Strikingly, the
antibody bound to gp210 perturbs pore function since
it inhibited NLS-mediated nuclear transport and pas-
sive diffusion through the pore. Gp210 is directly or
indirectly connected to these pore complex components
which mediate nucleocytoplasmic transport.

3.2. Identification of cytoplasmic components required
Jor nuclear transport

In vitro assays, used to measure nuclear transport
were first the Xenopus nuclei reconstitution system
[64,65] and, recently, the use of digitonin-permeabilized
mammalian cells [66]. In vitro systems allowed enrich-
ment for translocational intermediates and assessment
of the need for soluble factors in the nuclear transport
reaction [66,67). By this approach, a 55 kDa NLS recep-
tor was identified which specifically binds nuclear local-
ization sequences in the cytoplasm thereby stimulating
nuclear accumulation of proteins [68]. Another 70 kDa
NLS-binding protein initially purified and character-
ized in yeast (called NBP) was found to be conserved
throughout evolution [69]. Antibodies against the NBP
inhibited nuclear transport in various in vitro assays
including semi-permeabilized Drosophila tissue culture
cells [69]. This indicates that the NBP phosphoprotein
acts as a receptor for NLS and is required for nuclear
accumulation of proteins. Anti-idiotype antibodies
against the SV40 large T-antigen NLS allowed to iden-
tify several nuclear pore proteins conserved from yeast
to man [70].

Moore and Blobel recently expanded the analysis of
factors required for nuclear import and used the perme-
abilized system in combination with fractionated Xeno-
pus cytosol [71]. Two fractions were obtained which
mediated distinct steps in nuclear transport. One frac-
tion reconstituted association of the substrate with the
nuclear envelope, the other was promoting the translo-
cation of the bound karyophile in an ATP-dependent
fashion across the nuclear pore complex. Purification of
the active component(s) of each of the cytosolic frac-
tions should give insight into the molecular mechanism
of nuclear transport.
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Since nucleocytoplasmic transport requires ATP, it
was suspected that heat shock proteins could be one of
the ATP-consuming components [72]. In the permeabil-
ized cell system, immunological depletion of hsc70 and
hsp70 caused inhibition of nuclear transport [72]. Nu-
clear transport activity, however, was restored by addi-
tion of either purified hsc70 or hsp70. Furthermore,
antibodies against hsc70 inhibited nuclear accumula-
tion of karyophilic proteins [73]. Since heat shock pro-
teins can shuttle between the nuclear and cytoplasmic
compartment, they may indeed act as shuttling carriers
for nuclear proteins during the translocation process.
The molecular role of HSPs in nuclear transport is not
clear, but they may help to keep the NLS exposed on
the transported protein or in the correct conformation
so that interaction of the NLS receptor(s) is facilitated
[7]. In favour of this model is that bacterially expressed
and purified hsc70 can bind to the intact, but less well
to a mutant NLS of SV40 large T antigen [73].

NLS-mediated nuclear transport of proteins is
blocked by wheat germ agglutinin and monoclonal anti-
bodies which recognize O-linked glycoproteins [41-43].
To test whether cytosolic factors required for in vitro
import of nuclear proteins directly bind to nucleo-
porins, O-linked glycoproteins released from the nu-
clear envelope were immobilized on Sepharose beads
with bound wheat germ agglutinin or specific antibodies
[74]. A cytosolic fraction depleted of components which
bound to immobilized nuclear pore proteins was no
longer active in supporting nuclear transport and it was
suspected that a 180 kDa O-glycosylated protein is one
of the factors which is involved in cytosol inactivation.
The factor bound to the nucleoporins is not the 55 kDa
NLS receptor.

Noppl40 is a nucleolar protein which upon
phosphorlyation can bind NLS [75]. Nopp140 shuttles
between the nucleolus and the cytoplasm and thus could
be another mobile receptor transporting components
between the nucleolus and the cytoplasm [76]. Interest-
ingly, shuttling seems to occur on tracks inside the nu-
cleus extending from the nucleolus, crossing the nucleo-
plasm and some of them being connected to the nuclear
pore complexes. It was discussed that Noppl40 is a
chaperone-like molecule for import into and/or export
of preribosomal particles from the nucleolus following
specific intranuclear tracks [76].

3.3. Genetic screens for nuclear transport mutants
Mutants defective in nuclear protein import were
found in yeast using an elegant genetic selection ap-
proach [77]. To identify proteins that are involved in
recognition of nuclear localization signals, conditional-
lethal npl (for nuclear protein localization) mutants were
isolated that missorted a conjugate between a mitochon-
drial protein fitted with a NLS to the mitochondria. In
a wild-type cell, the NLS-conjugate was targeted into
the nucleus. The genes corresponding to three comple-
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mentation groups were cloned. npll is allelic to sec63
[78], a known gene required for translocation across the
ER membrane; npll mutants are defective in nuclear
retention rather than nuclear transport. Mutants of
npl3 [79] and npl6 [10] alter the uptake of proteins into
the nucleus with no apparent defect in nuclear retention.
NPL3 encodes a nuclear protein with a glycine/arginine
rich sequence typically found in several nucleolar pro-
teins, and an RNA binding sequence [79]. It was sug-
gested that the mutant NPL3 protein could bind to
components of the nuclear transport machinery thereby
interfering with the import of other karyophiles. NPL3
is allelic to NOP3, a gene which encodes a yeast protein
shown to be also required for rRNA processing and
ribosome biogenesis [80].

In a genetic approach similar to that reported by
Silver and colleagues exploiting mistargeting of a NLS-
cytochrome ¢ fusion protein into mitochondria, the
NIPI gene was found to be required for nuclear trans-
port in yeast [81]. In the nip! mutant, nuclear accumula-
tion of a lacZ nuclear reporter protein was impaired;
how cytoplasmic NIP1 is involved in nuclear transport
mechanisms remains unclear.

Recently, an assay was developed which allows the
detection of mRNA within yeast cells by in situ hybrid-
ization [82,83]. Applying this assay, a collection of tem-
perature-sensitive mutants was screened for aberrant
patterns of mRNA distribution, e.g. for nuclear accu-
mulation of mRNA [82], or a ‘suicide’ selection proce-
dure was developed to enrich for mutants which cannot
export mRNA [83]. In fact, a known mutant which is
defective in mRNA export, rnal-1, turned out to accu-
mulate poly(A)* mRNA at the nuclear periphery in the
cells if shifted to the non-permissive temperature [82].
By screening a bank of ts yeast strains for nuclear
mRNA accumulation at the restrictive condition, the
ratl-1 mutant was found which exhibited mRNA accu-
mulation inside the nucleus in discrete spots and at the
nuclear periphery [82]. The cloned RATI gene encodes
a 116 kDa protein with homology to exoribonucleases.
Thus, mRNA metabolism is somehow linked to mRNA
export, but it seems less likely that RAT1 is directly
involved in RNA trafficking.
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