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Transport of Proteins and RNAs Review
in and out of the Nucleus

Laskey, 1998; Gorlich, 1998; Izaurralde and Adam, 1998;
Mattaj and Englmeier, 1998; Pemberton et al., 1998).
Here, we refer to the individual nuclear transport recep-
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tions. These receptors are generally large (90–130 kDa)Philadelphia, Pennsylvania 19104-6148
acidic proteins sharing 15%–25% sequence identity
within a given organism. They all have an N-terminal
RanGTP-binding domain, a C-terminal cargo-bindingEukaryotic cells are equipped with a machinery charged
domain, and the capacity to bind components of thewith the responsibility of transporting a vast number of
NPC (Figure 1A).molecules in and out of the nucleus in a rapid, accurate,

Many classes of cargo contain signals that bind di-and often regulated manner. The cargos for this machin-
rectly to a cognate receptor, but three types have signalsery are diverse, comprising proteins and more elaborate
that bind to the importin b receptor indirectly, via adap-RNA–protein complexes (RNPs). Although the extent
tor proteins. These are proteins with classical basicand complexity of trafficking between the nucleus and
NLSs (either simple or bipartite) that bind the importinthe cytoplasm have long been appreciated, it is only
a family of adaptors (Dingwall and Laskey, 1998; Gorlich,relatively recently that some of the molecular mecha-
1998; Weis, 1998), U snRNAs that bind the snurportinnisms involved have been uncovered.
adaptor (Huber et al., 1998; Palacios et al., 1997), andProteins and some RNPs that need to move between
replication protein A that binds the RIPa adaptor (Jullienthe nucleus and cytoplasm in order to perform their
et al., 1999). As all adaptor-utilizing cargos identified sonormal cell functions are most often recognized by solu-
far are imported by the importin b receptor, they share anble proteins, the nuclear transport receptors. These re-
N-terminal importin b–binding (IBB) domain (Figure 1B).ceptors mediate translocation of cargos through the

A variation of the simple receptor–import cargo mech-nuclear pore complex (NPC), the route for all macromo-
anism is illustrated by the import of histone H1. This islecular traffic across the nuclear membrane. After de-
mediated by a dimeric complex of two receptors, im-positing their cargos in the appropriate compartment,
portin b and importin 7, in which importin 7 behaves likethe unloaded receptors shuttle back through the NPC
an adaptor or coreceptor (Jakel et al., 1999). Importin 7to pick up more cargo. Like many vectorial cellular pro-
can exist in either coreceptor or receptor mode, and ascesses, directionality is imposed on nucleocytoplasmic
a receptor it functions in ribosomal protein import (Jakeltraffic (at least in part) by a nucleotidase, the small
and Gorlich, 1998). This phenomenon of receptors func-GTPase Ran.
tioning in pairs might not be a quirk of importin 7: anotherSeveral experimental approaches, including in vitro
receptor family member, importin 8, heterodimerizesimport and export assays in higher eukaryotic cells, in
with importin b, although a cargo for this complex hasvivo transport studies in frog oocytes and yeast genet-
yet to be identified (Jakel et al., 1999).ics, have been instrumental in the discovery of mole-

The nuclear transport receptor family is therefore cen-cules and mechanisms of nucleocytoplasmic transport.
tral to much of the traffic through the NPC. There are,In this review, we attempt to bring together the large
however, some proteins that are imported into the nu-body of information in a manner accessible to the gen-
cleus apparently without the aid of a soluble receptoreral reader interested in basic cell function. We cover
family member (Tables 1–3). Furthermore, there are twocargos, transporters, route, direction, fuel and translo-
classes of RNA cargo, mRNA and ribosomal subunits,cation mechanisms, and regulation, emphasizing gen-
whose export to the cytoplasm might not be mediatederal principles along the way.
by any member of the receptor protein family (see Export
of RNPs section).Cargos and Transporters

Cargos identify themselves to the nucleocytoplasmic
transport machinery by signals (nuclear localization sig- Simple Signals, Complex Signals
nals, NLSs, and nuclear export signals, NESs) that can Transport signals show considerable variation in com-
be protein- or RNA-based, or a composite of the two. plexity, from short peptide motifs like the classical
The signals in many protein cargos, and in some RNP monopartite basic NLS and the leucine-rich NES, up to
cargos, are recognized by one or more members of the large protein domains, and even multicomponent sig-
nuclear transport receptor family (Tables 1–3). Members nals such as those involved in U snRNA transport (Tables
of this protein family have been given various names, 1–3). Multicomponent signals are so far specific to RNP
including karyopherins (Radu et al., 1995), p97 (Chi et transport, and are therefore readily rationalized: linking
al., 1995), PTACs (Imamoto et al., 1995), importins (Gor- recognition by transport receptors to features of a ma-
lich et al., 1995), transportins (Pollard et al., 1996), ex- ture, fully processed RNP provides a way to ensure
portins (Stade et al., 1997), and Ran-binding proteins that only functional RNPs are transported. Why some
(reviewed in Corbett and Silver, 1997; Dingwall and proteins have short peptide signals and others have

extended domains is more difficult to explain. However,
it has been suggested that receptors can have a second* To whom correspondence should be addressed (e-mail: gdreyfuss@

hhmi.upenn.edu). function—to bind to and hide protein domains that have
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Table 1. Import Signals and Receptors

Import Cargo Cargo Function Import Signal Import Receptor Comments (References)

Proteins with classical Wide ranging Monopartite Impa/impb complex 1 impb and ,6 impa

monopartite or PKKKRKV 1 impb and 1 impa [Sc]
bipartite basic NLS See text for references.

Bipartite
KRPAAIKKAGQAKKKK
Signals are lysine-rich

U snRNA Splicing m3G cap Snurportin/impb Export and import of U snRNA
complex may be specific to multicellular

eukaryotes. See Table 2. (1, 2)
Sm core domain N/K

Replication protein A Replication Not delineated RIPa/impb complex No RIPa homologue in Sc. (3)
70 kDa subunit

Histone H1 Chromosome Extended basic-rich Imp7/impb complex Imp7/impb complex can bind IBB
structure and domain and H1 simultaneously, but
function 2-cargo complex may not be

efficiently imported. H1 binds,
but is not imported by, impa/
impb. (4)

HIV-1 Rev Viral RNA export RQARRNRRRRWR (Rev) Impb Transcription-sensitive NLS. NLS
HTLV-1 Rex factors overlaps RNA-binding domain.
HIV-1 Tat Viral transcription Signals are arginine-rich NLS and IBB bind overlapping

factor sites on impb.
Rev and Rex shuttle, using

leucine-rich NESs. (5, 6)

Ribosomal proteins Translation Extended arginine-rich Kap123p/Yrb4p [Sc] TRN1 can bind M9 and ribosomal
(including [Sc]) domains protein simultaneously, but

Kap121p/Pse1p 2-cargo complex may not be
[Sc]/imp5 efficiently imported. (7–9)

impb, imp7, TRN1

Cyclin B1 Cell cycle Within aa 121-373 Impb Cyclin B1 and IBB bind different
regions of impb.

Within aa 1-161 Import in vitro does not Cyclin B1/CDC2 shuttles (B1
need soluble factors has leucine-rich NES). (10, 11)

5S rRNA Translation Ribosomal protein L5 Possibly impb Export and import of 5S rRNA is
specific to oocyte. See Table 2.
(12, 13)

SR proteins Splicing SR domains TRN-SR Transcription-sensitive NLS.
Some SR proteins shuttle; see

Table 2. (14, 15)

Lhp1p [Sc] Biogenesis of RNA 113 aa spanning RNA- Sxm1p/Kap108p [Sc] Lhp1p is the [Sc] homolog of La
pol III transcripts binding domain N/K if adaptor required protein, but human La is

imported by impa/impb. (16)

Npl3p [Sc] Yeast hnRNP protein 120 aa spanning RGG box Mtr10p/Kap111p [Sc] Npl3p shuttles. (17–19)
RNA-binding domain

Hog1p [Sc] Signal transduction Uncharacterized Nmd5p/Kap119p [Sc] (20, 21)
MAP kinase.

TFIIS [Sc] RNA pol II Uncharacterized
transcription
elongation factor.

TBP [Sc] Transcription Uncharacterized Kap114p [Sc] Kap121p and Kap123p may play
minor role in TBP import.

Dissociation of TBP-receptor is
stimulated by dsDNA. (22, 23)

TFIIA [Sc] Transcription Uncharacterized Pdr6p/Kap122p [Sc] (24)

b-catenin Transcription Not delineated, spans ARM Import in vitro does not Shuttles. (25, 26)
regulation in signal repeats need soluble factors
transduction (Wnt
pathway)
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a propensity to make inappropriate or premature inter- nucleoporins (Nups) that assemble in multiple copies to
form a baroque structure, the precise architecture ofactions (Jakel et al., 1999).
which, studied by various forms of electron microscopy,
is still not clear (Ohno et al., 1998; Yang et al., 1998;Many Signals, Many Receptors
Stoffler et al., 1999). The membrane-spanning portionThere are many signals and many receptors, and the
of the NPC is symmetrical, but the extremities of theactual numbers depend on the organism. The genome
structure that extend into the cytoplasm and nucleo-of S. cerevisiae encodes 14 receptors, which can be
plasm are quite different in form and protein compositionrecognized by sequence homology, and one importin a
(Figure 2). The longitudinal center of the NPC is perfora-adaptor (Corbett and Silver, 1997; Pemberton et al.,
ted by an aqueous, possibly gated, channel through1998; Wozniak et al., 1998). Nine of these are import
which translocation occurs. The diameter of the channelreceptors, four are export receptors, and one is unchar-
appears to be flexible, and can expand from z10 nm toacterized. Only four of the yeast receptors are essential
z25 nm to translocate large cargos (Dworetzky et al.,proteins, but several of those that are not essential do
1988). The characterization of both yeast and highernevertheless transport essential cargos. The explana-
eukaryotic Nups allows some general features to betion for this apparent contradiction is that each cargo
ascribed to this family of proteins (Stoffler et al., 1999).is not necessarily dedicated to one receptor, and each
They are often large proteins with generic protein–receptor is not necessarily dedicated to one type of
protein interaction domains of the coiled-coiled and leu-cargo. Not surprisingly, multicellular eukaryotes are
cine zipper type. Significantly, about half of the Nupsequipped with more receptors and adaptors than S.
described so far contain multiply repeated (at least 6)cerevisiae. Nuclear transport receptor genes identified
phenylalanine-glycine (FG) motifs. The FG repeats mightin higher organisms are currently similar in number to S.
not be diagnostic for Nups, because not all proteinscerevisiae, but this situation is likely to change. However
containing FG repeats are localized to the NPC. How-many more receptor genes there are in higher eukary-
ever, as the other proteins identified so far as havingotes compared to yeast, it is likely that yet further recep-
this motif also have features suggestive of roles intor complexity is generated by the presence of variants
nucleocytoplasmic trafficking, the FG motif could bewith peptide inserts, which could transport different car-
predictive of a role in transport. The perception of thegos (Siomi et al., 1997). At least six importin a family
NPC as a static structure has recently been questionedmembers exist in higher eukaryotes. They are anywhere
by reports that some of its components are mobile withinbetween 45% and 85% identical to one another, and
the NPC, a point we return to when considering modelshave different expression patterns and signal prefer-
of translocation below (Nakielny et al., 1999; Zolotukhinences (Mattaj and Englmeier, 1998). Snurportin and RIPa

adaptors are also unique to multicellular eukaryotes and Felber, 1999).
(Huber et al., 1998; Jullien et al., 1999).

The overall number of signals appears to be approxi-
mately similar to the number of receptors (Tables 1–3). Direction
The bidirectional class of signal is intriguing. Whether The Ran GTPase cycle is key to promoting the direction-
by coincidence or reflecting a biological significance, ality of transport. Ran is localized predominantly inside
virtually all bidirectional signals, i.e., those whose NLS the nucleus at steady state, and, like all small GTPases,
and NES activities cannot be separated, are found in it has very low nucleotide hydrolysis and exchange ac-
mRNA-binding proteins, and no export receptor has tivities on its own (Melchior and Gerace, 1998; Moore,
been identified for this type of signal. 1998). These are strongly stimulated by a GTPase-acti-

vating protein (RanGAP) and by a guanine nucleotide
exchange factor (RanGEF). Central to the issue of direc-Route
tionality, these Ran regulators have restricted subcellu-Macromolecules cross the nuclear membrane through
lar localizations: RanGAP and its coactivator, Ran-bind-aqueous channels formed by nuclear pore complexes
ing protein 1 (RanBP1), are largely cytoplasmic, and are(NPCs) (Figure 2). These elaborate protein structures of
also partially located at the cytoplasmic filaments of thesome 66 MDa (S. cerevisiae) or 125 MDa (higher eukary-
NPC, where they bind to Nup358/RanBP2 (Mahajan etotes) are composed of up to about 50 (S. cerevisiae) or

100 (higher eukaryotes) different proteins termed al., 1998; Matunis et al., 1998; and references therein).

Proteins are higher eukaryotic unless indicated otherwise. [Sc], Saccharomyces cerevisiae. N/K, not known.
References: (1) Palacios et al., (1997) EMBO J. 16, 6783–6792; (2) Huber et al., (1998) EMBO J. 17, 4114–4126; (3) Jullien et al. (1999) EMBO
J. 18, 4348–4358; (4) Jakel et al. (1999) EMBO J. 18, 2411–2423; (5) Palmeri and Malim (1999) Mol. Cell. Biol. 19, 1218–1225; (6) Truant and
Cullen (1999) Mol. Cell. Biol. 19, 1210–1217; (7) Rout et al. (1997) Cell 89, 715–725; (8) Schlenstedt et al. (1997) EMBO J. 16, 6237–6249; (9)
Jakel and Gorlich (1998) EMBO J. 17, 4491–4502; (10) Moore et al. (1999) J. Cell Biol. 144, 213–224; (11) Hagting et al. (1999) Curr. Biol. 9,
680–689; (12) Murdoch and Allison (1996) Exp. Cell Res. 227, 332–343; (13) Rudt and Pieler (1996) EMBO J. 15, 1383–1391; (14) Caceres et
al. (1997) J. Cell Biol. 138, 225–238; (15) Kataoka et al. (1999) J. Cell Biol. 145, 1145–1152; (16) Rosenblum et al. (1998) J. Cell Biol. 143,
887–899; (17) Pemberton et al. (1997) J. Cell Biol. 139, 1645–1653; (18) Senger et al. (1998) EMBO J. 17, 2196–2207; (19) Lee et al. (1996)
Genes Dev. 10, 1233–1246; (20) Ferrigno et al. (1998) EMBO J. 17, 5606–5614; (21) Albertini et al. (1998) J. Cell Biol. 143, 1447–1455; (22)
Pemberton et al. (1999) J. Cell Biol. 145, 1407–1417; (23) Morehouse et al. (1999) Proc. Natl. Acad. Sci. USA 96, 12542–12547; (24) Titov and
Blobel (1999) J. Cell Biol. 147, 235–246; (25) Fagotto et al. (1998) Curr. Biol. 8, 181–190; (26) Yokoya et al. (1999) Mol. Biol. Cell 10, 1119–1131.
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Table 2. Export Signals and Receptors

Export Cargo Cargo Function Export Signal Export Receptor Comments (References)

Proteins with Wide-ranging LALKLAGLDI (NES in PKI, the CRM1/exportin 1 Cell-permeable fungal metabolite
leucine-rich NES inhibitor of cAMP-dependent leptomycin B specifically inhibits
(including [Sc]) protein kinase). CRM1 (including [Sp]).

Signals are generally leucine-rich. NES has no clear consensus
sequence. (1–8)

U snRNA Splicing m7G cap binds CBC CRM1/exportin 1 Export of U snRNA may be specific
CBC or proteins that interact to multicellular eukaryotes.

with it contain NES. (1, 5, 9, 10)

5S rRNA Translation Possibly mediated by TFIIIA CRM1/exportin 1 Export of 5S rRNA outside context
or ribosomal protein L5 of ribosomal subunits is unique to

oocytes. (1, 11)

Snurportin 1 Adaptor protein Large region (,150 aa) CRM1/exportin 1 The snurportin-CRM1 interaction
for U snRNA is the strongest cargo-CRM1
import interaction so far. (12)

tRNA Translation Mainly acceptor and TCC arms. Exportin t/ los1p Sole case so far of transport receptor
Mature 59 and 39 termini also [Sc] binding directly to RNA cargo.
important. (13–16)

Impa (including Adaptor for impb Large region (z140 aa) CAS/Cse1p [Sc] (17–21)
[Sc]) receptor

Pho4p [Sc] Transcription Uncharacterized Msn5p [Sc] Export is regulated, Msn5p binds only
factor to phosphorylated forms of Pho4p

and Far1p. (22, 23)
Far1p [Sc] Regulates cell

cycle and
cytoskeleton
during mating

mRNA Gene expression mRNA export factors include: N/K See bidirectional table and text for
Shuttling hnRNP proteins further information.
(and Sc)

Rae1p (and [Sp]/Gle2p [Sc]/ N/K
mrnp41

Mex67p [Sc]/TAP N/K
Dbp5p/Rat8p (and [Sc]) CRM1/exportin 1

SR proteins Splicing SR domain and RNA-binding N/K (24)
ASF/SF2, SRp20, activity

9G8

Proteins are higher eukaryotic unless indicated otherwise. [Sc], Saccharomyces cerevisiae. [Sp], Schizosaccharomyces pombe. N/K, not
known.
References: (1) Fischer et al. (1995) Cell 82, 475–483; (2) Wen et al. (1995) Cell 82, 463–473; (3) Bogerd et al. (1996) Mol. Cell. Biol. 16, 4207–4214;
(4) Wolff et al. (1997) Chem Biol. 4, 139–147; (5) Fornerod et al. (1997) Cell 90, 1051–1060; (6) Stade et al. (1997) Cell 90, 1041–1050; (7) Fukuda
et al. (1997) Nature 390, 308–311; (8) Ossareh-Nazari et al. (1997) Science 278, 141–144; (9) Jarmolowski et al. (1994). J. Cell Biol. 124, 627–635;
(10) Izaurralde et al. (1995) Nature 376, 709–712; (11) Guddat et al. (1990) Cell 60, 619–628; (12) Paraskeva et al. (1999) J. Cell Biol. 145,
255–264; (13) Zasloff (1983) Proc. Natl. Acad. Sci. USA 80, 6436–6440; (14) Arts et al. (1998) EMBO J. 17, 7430–7441; (15) Kutay et al. (1998)
Mol. Cell 1, 359–369; (16) Lund and Dahlberg, (1998) Science 282, 2082–2085; (17) Kutay et al. (1997) Cell 90, 1061–1071; (18) Herold et al.
(1998) J. Cell Biol. 143, 309–318; (19) Hood and Silver (1998) J. Biol. Chem. 273, 35142–35146; (20) Kunzler and Hurt (1998) FEBS Lett. 433,
185–190; (21) Solsbacher et al. (1998) Mol. Cell. Biol. 18, 6805–6815; (22) Kaffman et al. (1998) Nature 396, 482–486; (23) Pines (1999) Nat. Cell
Biol. 1, E73–E79; (24) Caceres et al. (1998) Genes Dev. 12, 55–66.

RanGEF, on the other hand, is a nuclear protein associ- and the import receptors return to the cytoplasm as
RanGTP–receptor complexes (Rexach and Blobel, 1995;ated with chromatin (Ohtsubo et al., 1989). This distribu-

tion predicts that nuclear Ran is mostly GTP-loaded and Gorlich et al., 1996; Izaurralde and Adam, 1998; Hieda
et al., 1999). Export receptors respond in the oppositecytoplasmic Ran is GDP-loaded (Figure 3). It should

be noted, however, that the amounts of RanGTP and way. They bind cargo with much higher affinity in the
presence of RanGTP (Fornerod et al., 1997; Kutay etRanGDP in the nucleus and the cytoplasm have not

been determined, so the RanGTP gradient is currently al., 1997; Arts et al., 1998). When this trimeric complex
encounters RanGAP and RanBP1 on the cytoplasmicpredicted rather than established. The RanGTP-binding

domain of the transport receptors provides them with side of the NPC, it disassembles, releasing export cargo
into the cytoplasm (Kutay et al., 1997; Gorlich, 1998;a sensor that informs them of their subcellular location.

In the case of import receptors, RanGTP binding in the Kehlenbach et al., 1999) (Figure 4). This cycle would
result in a nucleus depleted of Ran. However, the NTF2nucleus triggers dissociation of the import receptor–

cargo complex, thus releasing cargo into the nucleus, protein binds RanGDP in the cytoplasm, and, by virtue
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Table 3. Shuttling Signals and Receptors

Shuttling cargo Cargo Function Bidirectional Signal Receptors Comments (References)

hnRNP A1, A2, F Role in mRNA export M9 (,40 aa domain rich Import receptor TRN1 NLS and NES functions of M9
Nab2p, and in glycine and aromatic Kap104p [Sc] cannot be separated by

Nab4p/Hrp1p [Sc] residues) extensive mutagenesis (1). M9
Export receptor N/K not well conserved at primary

sequence level (2, 3). M9 is
transcription sensitive NLS (4).

Nup153 NPC protein and role M9 Import receptor TRN1 (5, 6)
in mRNA export Export receptor N/K

hnRNP K Role in mRNA export KNS (,40 aa) KNS import in vitro KNS is transcription-sensitive
does not need NLS. HnRNP K also contains
soluble factors. classical basic NLS (7).

Export receptor N/K

Mex67p [Sc]/TAP Role in mRNA export ,80 aa at C terminus of TAP N/K (8–10)

HuR RNA-binding protein HNS (,30 aa) N/K HNS shows sequence similarity
with role in mRNA to M9, and is transcription
stability sensitive NLS (11)

This table lists shuttling cargos that contain a bidirectional signal that confers both import and export. Proteins are higher eukayrotic unless
indicated otherwise. [Sc], Saccharomyces cerevisiae. N/K, not known.
References: (1) Bogerd et al. (1999) J. Biol. Chem. 274, 9771–9777; (2) Siomi and Dreyfuss (1995) J. Cell Biol. 129, 551–560; (3) Siomi et al.
(1998) Mol. Cell. Biol. 18, 4141–4148; (4) Siomi et al. (1997) J. Cell Biol. 138, 1181–1192; (5) Enarson et al. (1998) Chromosoma 107, 228–236;
(6) Nakielny et al. (1999) EMBO J. 18, 1982–1995; (7) Michael et al. (1997) EMBO J. 16, 3587–3598; (8) Bear et al. (1999) Mol. Cell. Biol. 19,
6306–6317; (9) Braun et al. (1999) EMBO J 18, 1953–1965; (10) Kang and Cullen (1999) Genes Dev. 13, 1126–1139; (11) Fan and Steitz (1998)
Proc. Natl. Acad. Sci. USA 95, 15293–15298.

of its ability to interact with Nups, delivers Ran back the nucleus is strictly temperature-dependent (New-
meyer et al., 1986; Newmeyer and Forbes, 1988; Rich-into the nucleus (Ribbeck et al., 1998; Smith et al., 1998).

In some cases, Ran apparently acts cooperatively with ardson et al., 1988). Identification of the Ran GTPase as
an essential protein import factor suggested that theother factors to promote cargo unloading in the nucleus.

For example, dissociation of import receptor–cargo temperature dependence reflected a RanGTP hydroly-
sis–driven translocation mechanism (Melchior and Ger-complexes containing some hnRNP protein cargos or

TBP, can be stimulated by their target nucleic acids ace, 1998; Moore, 1998). However, recent persuasive
evidence shows that this is not the case. First, some(Senger et al., 1998; Lee and Aitchison, 1999; Pemberton

et al., 1999). Cargo loading and unloading in the correct export cargo–receptor complexes are exported in cells
in which RanGTP has been depleted and replaced by acellular compartment solves only part of the directional-

ity problem. Receptors loaded with cargo still need to Ran mutant that binds GTP, but cannot hydrolyze it
(Izaurralde et al., 1997b; Richards et al., 1997). Second,get to the NPC and travel the length of the NPC, a

distance of some 200 nm. Ran may also function in unloaded receptors can translocate in and out of the
nucleus by a mechanism that shows no requirementNPC targeting and release of transport complexes, as

RanGTP facilitates export complex–NPC interactions, for RanGTP hydrolysis or indeed any other nucleotide
triphosphate (NTP) hydrolysis (Kose et al., 1997; Naki-and, in general, destabilizes import complex–NPC inter-

actions (Rexach and Blobel, 1995; Delphin et al., 1997; elny and Dreyfuss, 1998). Finally, cargo–receptor com-
plexes, like unloaded receptors, can translocate in bothShah and Forbes, 1998; Askjaer et al., 1999; Kehlenbach

et al., 1999; Nakielny et al., 1999). The asymmetric struc- directions through the NPC without the use of NTP hy-
drolysis (Schwoebel et al., 1998; Englmeier et al., 1999;ture of the NPC at its extremities (Figure 2) is thought

to contribute to directionality of translocation (Keminer Nachury and Weis, 1999; Ribbeck et al., 1999). The con-
clusion that the transport machinery has the capacityet al., 1999). However, a role for the NPC in directionality

is questioned by a report that inverting the RanGTP to move protein cargos through the NPC without energy
input in the form of NTP hydrolysis should perhaps begradient across the nuclear membrane in vitro allows

the direction of traffic to be reversed (Nachury and Weis, greeted not with surprise, but as a reflection of our
general ignorance of translocation mechanisms across1999).
cellular membranes through aqueous channels. The en-
ergy needed in vivo to effect cargo concentration inFueling and Mechanics

The fueling of nuclear translocation is a controversial either the nucleus or cytoplasm is provided in the form
of GTP hydrolysis by Ran in the cytoplasm, which isissue that has been a recent focus of experimental scru-

tiny. In the following consideration of translocation ener- essential for the release of exported cargo and Ran from
export receptors, and for release of Ran from importgetics, we distinguish between events in the cytoplasm/

nucleus and events within the body of the NPC. receptors, that are exported as RanGTP-receptor com-
plexes. Thus, GTP hydrolysis outside the NPC providesEarly studies of nuclear import established that cargo

binds to the cytoplasmic face of the NPC in a tempera- the energy for cargo accumulation against a concentra-
tion gradient, but there is no evidence that it, or anyture-independent manner, but accumulation of cargo in
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Figure 2. The Nuclear Pore Complex (NPC)

A model of the higher eukaryotic NPC, based on electron micro-
scopic structural studies. The symmetrical membrane-spanning
portion (pink) contains an aqueous, possibly gated, central channel
through which translocation occurs, and a central plug (blue) of

Figure 1. Nuclear Transport Receptors and Adaptors unclear composition and function. The cytoplasmic filaments (pur-
Most known soluble transport receptors are large (90–130 kDa), ple) and nuclear basket (orange) are involved in the initial and termi-
acidic proteins that are related by amino acid sequence. They consti- nal stages of translocation. The locations of some nucleoporins
tute a protein family referred to here as the nuclear transport recep- (Nups), as determined by immuno–electron microscopy, are indi-
tor family. Importin b and transportin, the first receptors to be de- cated. The gray portion represents the double membrane of the
scribed, mediate the import of basic NLS-bearing cargos and nuclear envelope. (This figure was adapted from Pante and Aebi,
M9-bearing cargos, respectively. The figure depicts the domain 1996.)
structure of the receptors (A), and of the adaptor proteins that medi-
ate the interaction of several cargos with importin b (B). IBB is the

association of receptor–cargo complexes with particularimportin b–binding domain.
Nups triggers dissociation of a Nup–receptor–cargoThe structures of an adaptor, importin a, and two import receptors,

importin b and transportin, were recently reported (Mattaj and Conti, complex that moves through the pore as a unit (Nakielny
1999). The ARM repeats of importin a and the HEAT repeats of et al., 1999; Zolotukhin and Felber, 1999).
receptor proteins form nonglobular, superhelical structures, pre- It is unclear whether cargos move through an individ-
senting extended surfaces that are perfectly designed for making

ual NPC in both directions at the same time, or whethermultiple contacts with cargos and regulatory molecules.
each NPC is endowed with an internal communication
system such that it knows to accept transport com-
plexes at one entrance only. We favor a mechanismother NTP hydrolysis, is needed to propel transport com-

plexes through the channel of the NPC. in which there is no one-way system within the pore
(Feldherr and Akin, 1994). Rather, the NPC can accom-We are left with temperature dependence as the single

undisputed property relating to the energetics of move- modate cargos moving in both directions at the same
time, so that they can pass each other en route. Clearly,ment through the NPC. Based on recent observations,

we suggest one model, and refer the reader to excellent exceptions to this are very large cargos such as ribo-
somal subunits and mRNPs (Daneholt, 1997), and thesediscussions of alternatives/variations to this (Kiseleva

et al., 1998; Ohno et al., 1998; Pemberton et al., 1998; might translocate to the exclusion of all else. The many
more contacts made by such large cargos with the chan-Nachury and Weis, 1999; Talcott and Moore, 1999). In-

teractions between members of the receptor family and nel of the NPC could prevent smaller cargos from making
productive interactions with Nups, resulting in a bull-the FG-rich domains of Nups have been reported, lead-

ing to the expectation that these are central to the trans- dozer effect. But what keeps cargos moving forward,
and stops them moving randomly over the FG platform?location process (Ohno et al., 1998). Although hydropho-

bic, at least some Nup FG domains are exposed in the It is possible that the simple effect of cargos coming in
behind them and thus covering the FG surface, givingNPC. It is possible that temperature-sensitive receptor

interactions with these FG domains, and temperature- the leading cargo no option but to move forward, is
sufficient to prevent random movement within the pore.sensitive conformational changes of the NPC, together

facilitate movement through the NPC. This translocation Ran-mediated termination mechanisms at the nuclear
and cytoplasmic faces of the NPC would expose FGmechanism assumes mobile receptor–cargo complexes

and stationary Nups. However, since some Nups are surfaces, providing the opportunity for forward move-
ment onto the free surface. This mechanism assumesmobile within the body of the NPC, it is possible that
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Although this vision of the mechanics, fueling, and
directionality of translocation through the NPC does not
involve NTP hydrolysis, it should be emphasized that it
is largely based on studies of simple protein cargo–
receptor complexes. As we move on to describe the
transport of RNPs, it will become evident that the mech-
anism of their movement is even less clear than that of
protein cargos, and could have different energy require-
ments.

Export of RNPs
The vast majority of cellular RNA molecules are synthe-
sized in the nucleus, and most of these need to move
into the cytoplasm in order to perform their functions.
These exported RNAs can be grouped into four major
classes: mRNA, rRNA (in the form of ribosomal subunits
and 5S rRNA), U snRNA, and tRNA. All classes of RNA
exist as, and are exported as RNPs, and these can be
many-fold the mass of simple protein cargos (Nakielny

Figure 3. The Ran GTPase Cycle et al., 1997; Mattaj and Englmeier, 1998). RNA export
Ran is maintained as RanGTP in the nucleus by the activity of the involves movement from the site of transcription to the
Ran GTP-GDP exchange factor (RanGEF or RCC1) and as RanGDP NPC, and translocation through the NPC. Although not
in the cytoplasm by the RanGTPase activating protein (RanGAP). without controversy, current evidence favors models in
RanBP1 in the cytoplasm and RanBP1-like domains on the cyto- which RNA diffuses from point of synthesis through the
plasmic fibrils of the NPC are coactivators of RanGAP (not shown).

nucleus to point of exit, at least in the case of mRNPsThe structures of RanGDP, RanGEF, RanGAP and a RanGTP-
(Daneholt, 1999). Little is known about mechanisms ofRanBP1 domain complex have been solved, providing structural
intranuclear movement of the other classes of RNP com-explanations for some of the biochemical properties of Ran and

its regulators, and highlighting the importance of the C-terminal plex, but a role for Ran has been proposed (Dahlberg
extension of Ran, which is unique among small GTPases. This and Lund, 1998).
C-terminal region functions as a novel molecular switch (Macara, A property of the export of all classes of RNA cargo
1999).

is that of selective saturability. Each type of RNA blocks
its own export when present in excess, but not that

that receptor-NPC contacts made by import complexes of the others, indicating the existence of class-specific
are different from those made by export complexes, at export factors (Bataille et al., 1990; Jarmolowski et al.,
least at the extremities of the NPC. Support for this is 1994; Pokrywka and Goldfarb, 1995). Another general
provided by reports that import and export receptors feature of RNP transport is the ability of transport ma-
do indeed make distinct contacts with Nups in vitro chineries to discriminate between immature and mature
(Shah and Forbes, 1998; Askjaer et al., 1999; Kehlenbach RNPs. This ensures that nonfunctional RNPs do not get
et al., 1999), anti-Nup antibodies block some transport into the cytoplasm, where they would have potentially
pathways while others are immune (Powers et al., 1997; deleterious effects. The mechanisms involved in this
Ullman et al., 1999), and some Nup mutations specifi- aspect of transport fidelity have been most closely stud-
cally inhibit import or export (Corbett and Silver, 1997; ied for tRNA, as described below, but similar principles

could apply to the export of other RNPs.Segref et al., 1997).

Figure 4. The Differential Effects of RanGTP
on Nuclear Import and Nuclear Export Recep-
tor-Cargo Complexes

Import receptors bind their cargos in a
RanGTP-independent manner and RanGTP
causes dissociation of these complexes.
They are thus permitted to form in the cyto-
plasm and dissociate in the RanGTP-rich nu-
cleus. Export receptors form stable com-
plexes with their cargos only in the presence
of RanGTP. These ternary complexes are
thought to be the export unit, and dissociate
in the cytoplasm and/or on the cytoplasmic
filaments of the pore where RanGAP activity
converts the RanGTP to RanGDP.
Crystal structures of import receptors bound
to cargo (importin b–IBB complex) and bound
to Ran (transportin-RanGppNHp and importin
b–RanGppNHp complexes) suggest how Ran

may mediate cargo unloading (Macara, 1999; Mattaj and Conti, 1999). Ran contacts an acidic loop in the central region of the receptor
molecules, and this interaction is probably responsible, at least in part, for cargo displacement. Structures of export receptors have not yet
been reported.
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U snRNA, rRNA, and tRNA (or histone 39 end) stimulate mRNA export, but neither
structure appears to be essential for transport (reviewedExport of U snRNA, 5S rRNA, and tRNA are all mediated

by members of the nuclear transport receptor family in Nakielny et al., 1997). However, the observation that
Balbiani ring transcripts invariably move through theof proteins (Table 2). How ribosomal subunits exit the

nucleus is largely unexplored territory, although the Ran- NPC with 59 end in the lead indicates that the cap struc-
ture and the CBC play some role in translocation, per-GTPase cycle and certain Nups are involved (Hurt et al.,

1999; Moy and Silver, 1999). haps to initiate association with the NPC, and thereby
increase the efficiency of translocation of large mRNPsFor U snRNA export, the 59 m7G cap structure is

essential, and some of the molecules involved are now (Visa et al., 1996). This inessential role for the CBC in
mRNA export contrasts with its critical role in U snRNAknown. Export is mediated by CRM1, together with the

cap binding complex (CBC, comprising a heterodimer export (Izaurralde et al., 1995, 1997b). The other RNA
element that affects mRNA transport, the intron, is con-of CBP80 and CBP20) and possibly other factors (Jar-

molowski et al., 1994; Izaurralde et al., 1995; Fornerod siderably more influential. If an RNA molecule contains
introns, it does not normally exit the nucleus, due to aet al., 1997). Following export and dissociation of the

export factors, U snRNAs undergo several maturation saturable retention mechanism (Nakielny et al., 1997).
Insights from Viruses. Efforts to understand how re-steps in the cytoplasm, and are then reimported to the

nucleus by snurportin/importin b (see Cargos and Trans- troviruses export their intron-containing RNA genomes
and mRNAs led to the identification of a bona fide RNAporters section).

5S rRNA export outside the context of ribosomal sub- export factor. The complex retrovirus, human immuno-
deficiency virus (HIV) employs a small viral proteinunits is a phenomenon that is specific to oocytes, where

it is exported and stored in the cytoplasm until vitello- termed Rev to accomplish this (reviewed in Pollard and
Malim, 1998). Rev is an RNA-binding protein that inter-genesis, when there is an increased demand for ribo-

somes. At this time it is reimported and incorporated into acts with the Rev response element in the viral RNA. A
leucine-rich NES in Rev links the viral RNA to the cellularribosomal subunits (reviewed in Nakielny et al., 1997).

Export of 5S rRNA can involve either of two 5S rRNA– CRM1 export pathway. Rev is therefore an RNA export
factor that mediates export of viral RNA that in its ab-binding proteins, TFIIIA and L5. Export is probably medi-

ated by CRM1, because excess leucine-rich NES blocks sence is retained in the nucleus (Pollard and Malim,
1998). Simple retroviruses, although also containingtransport (Table 2). TFIIIA is proposed to be the protein

that bridges receptor and RNA, but this has yet to be special RNA elements to mediate export of intron-con-
taining RNA, do not encode RNA export factors, anddemonstrated directly (Mattaj and Englmeier, 1998 and

references therein). Other proteins must be involved, instead use cellular proteins. The components of such
a pathway in type D retroviruses, such as Mason-Pfizerbecause 5S rRNA mutants that no longer bind TFIIIA

are nevertheless exported. monkey virus, have recently been characterized (Bear
et al., 1999 and references therein). They employ a viralThe tRNA export pathway is so far unique among RNP

transport pathways in that no bridging RNA-binding pro- RNA export element called the constitutive transport
element (CTE). The cellular protein TAP binds specifi-tein is involved. Instead, a member of the receptor fam-

ily, termed exportin-t in higher eukaryotes and los1p in cally to the CTE and mediates export of the RNP (Gruter
et al., 1998). Another protein, RNA helicase A, has alsoS. cerevisiae, binds directly to tRNA (Arts et al., 1998;

Kutay et al., 1998; Sarkar and Hopper, 1998). An obligate been suggested to be an effector of CTE function (Tang
et al., 1997).order of nuclear tRNA processing events, involving

splicing, end trimming and modification, and aminoacy- Soluble mRNA Export Factors. A large number of can-
didate molecules that exhibit properties suggestive oflation, appears to be part of the mechanism that ensures

nonfunctional tRNAs do not get into the cytoplasm, in a role in exporting mRNA have been described. Many
of these putative mRNA export factors were uncoveredhigher eukaryotes at least. The last step, aminoacyla-

tion, produces charged tRNAs that are exported more in yeast in searches for mutants in which poly(A) RNA
accumulates in the nucleus or in screens for geneticefficiently than uncharged ones (Arts et al., 1998; Lund

and Dahlberg, 1998). Exportin-t participates in the fidel- interactions with Nups. The former approach to identi-
fying mRNA export factors, although valuable, is slightlyity of export, because it can discriminate between tRNAs

with immature and mature termini, binding only to the tempered by the fact that poly(A) RNA includes other
RNAs in addition to mRNA, for example pre-mRNA andlatter (Arts et al., 1998). Charging could also affect the

affinity of the tRNA–exportin interaction. other transcripts that might never leave the nucleus. It
can also be difficult to ascribe a direct transport functionmRNA

Visualizing mRNP Export. Translocation of very large to genes unearthed in such screens, since proteins that
function in other cellular processes, such as RNA metab-mRNPs, such as the Balbiani ring mRNP of the insect

Chironomus tentans, can be visualized by electron mi- olism, impinge on export without being components of
the machinery. Here, we describe the stronger candi-croscopy (Daneholt, 1997). This 50 nm diameter mRNP

is dramatically reorganized during translocation to pro- dates from higher eukaryotes and yeast. Significantly,
they are all RNA-binding proteins of one sort or another.duce an elongated particle of about 20 nm in diameter,

an acceptable size for the NPC channel. The NPC basket In higher eukaryotes, the hnRNP protein family was
the first group of proteins to be implicated in mRNAstructure also undergoes large structural changes, in-

cluding a widening of the distal ring aperture, similar to export, and this suggested the concept that RNA-bind-
ing proteins hold the key to mRNA export. These pre-the opening of an iris (Kiseleva et al., 1998; Stoffler et

al., 1999). mRNA/mRNA-binding proteins are very abundant com-
ponents of the nucleus, and a large number of the 20RNA Elements. Both the 59 m7G cap and 39 poly(A) tail



Review
685

or so major hnRNP proteins, although predominantly appears to participate in cellular mRNA transport, be-
nuclear, shuttle rapidly in and out of the nucleus (Pinol- cause excess CTE inhibits export of nonviral mRNAs,
Roma and Dreyfuss, 1991, 1992; Krecic and Swanson, and this effect can be overcome by TAP (Pasquinelli et
1999). Several lines of evidence support the idea that al., 1997; Gruter et al., 1998). How TAP/Mex67p func-
these proteins participate in mRNA export: they are tions in cellular mRNA export is not yet clear, but several
bound to mRNA in both compartments (Pinol-Roma and of its properties seem relevant. First, TAP/Mex67p has a
Dreyfuss, 1992); their export is mediated by NESs that novel type of RNA-binding domain, a leucine-rich repeat
are not part of the RNA-binding domain (Michael et al., domain, that mediates its high-affinity interaction with
1995; Pollard et al., 1996); excess of the shuttling hnRNP the CTE (Braun et al., 1999; Kang and Cullen, 1999).
A1 protein specifically blocks mRNA export (Izaurralde This domain has been proposed to bind cellular mRNA
et al., 1997a); an A1-like hnRNP protein is associated indirectly, acting as a protein interaction motif to target
with translocating Balbiani ring transcripts all the way TAP to mRNPs (Braun et al., 1999). Second, TAP shuttles
through the NPC and into the cytoplasm (Daneholt, between the nucleus and the cytoplasm (Bear et al.,
1997) and mutants in yeast shuttling hnRNP proteins 1999; Braun et al., 1999; Kang and Cullen, 1999; Katahira
have an mRNA export block (Lee et al., 1996). They et al., 1999). Finally, it has the ability to interact with
therefore remain good contenders as mRNA export fac- Nups (Segref et al., 1997; Katahira et al., 1999). Taken
tors and certainly figure in this process. together, this information suggests that TAP mediates

The role of shuttling hnRNP proteins in mRNA export export by virtue of its capacity to interact with both
cannot be considered in isolation from the remaining

mRNPs and the NPC, and to shuttle in and out of the
hnRNP proteins, which are restricted to the nucleus of

nucleus. Two small proteins, which are unrelated at theinterphase cells (Pinol-Roma and Dreyfuss, 1992). These
primary structure level, also need to be incorporatedproteins are retained in the nucleus not because they
into a model of TAP/Mex67p function. In S. cerevisiae,lack an NES, but rather because they carry a nuclear
Mtr2p forms a complex with Mex67p and mediates NPCretention signal (NRS). The NRS overrides the function
association of Mex67p (Santos-Rosa et al., 1998 andof hnRNP protein NESs (Nakielny and Dreyfuss, 1996).
references therein), and in higher eukaryotes TAP bindsConsequently, mRNPs approaching the NPC associated
to p15, a protein with similarity to NTF2 (Katahira et al.,with both nonshuttling and shuttling hnRNP proteins
1999).cannot exit the nucleus. This might be one part of the

The last protein that we describe, Dbp5p (also knownmechanism by which cells prevent export of unpro-
as Rat8p), is particularly interesting because it is one ofcessed or partially processed transcripts. The removal
very few enzymes to be implicated in nucleocytoplasmicof the NRS-bearing nonshuttlers from the mRNA must
transport. Dbp5p was also identified in screens forbe essential, and carefully regulated, to allow functional
mRNA export factors in yeast (Snay-Hodge et al., 1998;mRNA to be exported. This removal process has been
Tseng et al., 1998). The gene encodes a DEAD boxvisualized: dissociation of several hnRNP proteins from
protein, and, like several other members of this family,mRNPs prior to or during export can be discerned by
Dbp5p is an ATP-dependent RNA helicase (Tseng et al.,electron microscopy of Balbiani ring transcripts (Dane-
1998; Schmitt et al., 1999). Helicase activity appears toholt, 1997; Sun et al., 1998).

Three other candidate mRNA export factors appear be important for its mRNA export function, because
to be associated with mRNA, Gle2p, TAP, and Dbp5p. mutants of human Dbp5p lacking ATPase and RNA un-
Gle2p (also known as Rae1p or mRNP41), was first iden- winding activities specifically block mRNA export when
tified in a screen for mRNA export mutants in S. pombe injected into Xenopus oocytes (Schmitt et al., 1999).
(Brown et al., 1995; Murphy et al., 1996; Pritchard et al., Dbp5p localizes in the cytoplasm and on the cyto-
1999 and references therein). Gle2p localizes to NPCs plasmic fibrils of the NPC, and it can shuttle in and out
and contains several copies of the WD motif, which is of the nucleus (Snay-Hodge et al., 1998; Tseng et al.,
involved in targeting it to the NPC via a specific interac- 1998; Hodge et al., 1999; Schmitt et al., 1999). The
tion with Nups that contain a Gle2p-binding sequence Dbp5p–NPC interaction is inhibited by ATP, suggesting
(GLEBS) domain (Bailer et al., 1998; Pritchard et al., that it could be regulated by nucleotide binding and
1999). Importantly, overexpression of the GLEBS do- hydrolysis (Schmitt et al., 1999). This information sug-
main in Xenopus oocytes inhibits association of Gle2p gests appealing mechanisms for Dbp5p in mRNA ex-
with the NPC and inhibits mRNA export, and mRNA

port. First, by mediating changes in both RNA–RNA and
export is restored by overexpression of Gle2p (Pritchard

RNA–protein interactions, helicase activity might unfoldet al., 1999). Two other properties of this protein are
this class of cargo, which can be quite massive, to createrelevant in considering its role in mRNA export: although
mRNPs of dimensions compatible with the maximumit does not contain an obvious RNA-binding motif, Gle2p
aperture of the NPC. In this capacity, helicases wouldcan be cross-linked to poly(A) RNA (Kraemer and Blobel,
function in NPC translocation in an analogous way to1997), and it shuttles in and out of the nucleus (Pritchard
hsp ATPases in translocation across the ER and mito-et al., 1999).
chondrial membranes, during which protein cargosTAP originally came to light as a candidate mRNA
must be unfolded to fit through the translocation chan-export factor in S. cerevisiae. Temperature-sensitive
nels of these membranes. Second, Dbp5p might termi-mutations in the essential MEX67 gene cause a rapid
nate mRNP transport, by facilitating release of mRNPsand specific mRNA export defect at the restrictive tem-
from the cytoplasmic side of the NPC. In this model, theperature (Segref et al., 1997). Mex67p is the yeast homo-
helicase would play a role similar to that of RanGTPlog of TAP, the higher eukaryotic protein that mediates

export of CTE-containing viral RNPs (above). TAP also hydrolysis that triggers release of simpler export cargo
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Figure 5. A Model for mRNA Export

Role of hnRNP proteins, TAP and Dbp5.
mRNPs approach the nuclear pore complex
(NPC) associated with both nuclear export
signal (NES)-bearing shuttling and nuclear re-
tention signal (NRS)-bearing nonshuttling
hnRNP proteins and TAP (1). Since NRSs
override NESs, the mRNP cannot be exported
until the nonshuttlers have been removed.
When this happens, NESs are activated, and
participate in propelling the mRNP through
the NPC (2), either via yet to be identified
soluble NES receptors, or by direct interac-
tion with FG domains (yellow balls) within the
NPC. The RNA helicase Dbp5 may function
to remodel the mRNP in the nucleus so that
it can fit into the NPC, and also in the cyto-
plasm, to release the mRNA from the NPC,
to dissociate shuttling export factors, and to
produce an mRNA that is functional for trans-
lation.

complexes from the NPC. Finally, Dbp5p could restruc- Regulating Transport
A number of cellular processes are regulated at the levelture the mRNP when it emerges in the cytoplasm, con-
of nucleocytoplasmic transport. The specific cargos,comitantly releasing export factors such as shuttling
mechanisms and physiological rationale for controllinghnRNP proteins, allowing them to return to the nucleus
their localization and trafficking have been the focusfor further rounds of mRNP export, and creating an
of several recent reviews (Mattaj and Englmeier, 1998;mRNP that is functional for translation.
Hood and Silver, 1999; Pines, 1999). Here, we will outlineA Model for mRNA Export. A concept of where, when,
the emerging principles of regulation and highlight someand how these potential mRNA export factors could
unresolved aspects of traffic control.function in mRNA export is shown in Figure 5. Notably

Global regulation is suggested by observations thatabsent from this perusal of mRNA export factors is any
the rate of transport and the maximum aperture of themember of the nuclear transport receptor family. Some
NPC translocation channel vary according to the physio-evidence has implicated CRM1 in mRNA export, but this
logical state of the cell (Feldherr and Akin, 1994; Feldherrcould reflect an indirect role (Hodge et al., 1999; Neville
et al., 1998). An increase in both of these parameters isand Rosbash, 1999). NESs have been described in
seen as cells pass from quiescence to proliferating tohnRNP proteins and in TAP/Mex67p, and Gle2p and
transformed (Feldherr and Akin, 1994), and during oo-Dbp5p are shuttling proteins. Perhaps soluble proteins
genesis (Feldherr et al., 1998). Changes in NPC capacitywith different properties to those of the nuclear transport
during oogenesis appear to be mediated in part by NTF2receptor family interact with these signals, or the NESs
(Feldherr et al., 1998), the protein that mediates importon the exported mRNPs interact directly with compo-
of Ran (see Direction section). Beyond this, the mecha-nents of the NPC during the translocation. Although
nisms involved in global regulation have not been inves-the Dbp5p helicase might promote reorganization of
tigated, but might involve changes to the Ran systemmRNPs, either in the nucleus at the beginning of translo-
and/or components of the NPC, and regulated expres-cation or in the cytoplasm following translocation, it is
sion of receptors could also contribute.probably not solely responsible. It is quite likely that

The second type of control involves highly specificposttranslational modifications of mRNA-binding pro-
regulatory mechanisms that affect the localization of

teins such as hnRNP proteins, also facilitate the struc-
individual protein cargos at particular stages of both

tural changes that accompany mRNP export (Pinol- mitotic and meiotic cell cycles (Ohno and Mattaj, 1999;
Roma and Dreyfuss, 1993; Soulard et al., 1993; Shen et Pines, 1999), in signaling pathways and during develop-
al., 1998). ment (Hood and Silver, 1999). Phosphorylation plays a

The large structural changes in the NPC and in the major role, and it is the cargos and their binding proteins
translocating cargo that are evident during translocation that are the targets of kinases and phosphatases. The
of mRNPs such as the Balbiani ring transcripts, might outcome of these changes in phosphorylation is altered
seem difficult to reconcile with a mechanism of transport cargo–receptor affinity. This can be a direct effect, for
that does not directly involve NTP hydrolysis. NTP hy- example, the yeast transcription factor Pho4p must be
drolysis could well be necessary to effect their reorgani- phosphorylated to be recognized by its export receptor
zation in the nucleoplasm prior to translocation, and for and dephosphorylated to bind its import receptor, or
restructuring them into a functional form in the cyto- indirect, as when phosphorylation of the cytoplasmic
plasm. It also remains possible that mRNP translocation retention factor IkB disrupts its interaction with the tran-
is different from simple protein translocation, and uses scription factor NFkB, allowing the NLS of NFkB to be
NTP hydrolysis to bring about NPC deformations and recognized by import receptors (Mattaj and Englmeier,
movement within the body of the NPC. That is, the trans- 1998). Although phosphorylation is predominant, it
port machinery might be able to vary its energy con- might not be the only posttranslational modification in-

volved in traffic control. Methylation of arginine residuessumption according to cargo load.
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reviewer who provided suggestions for condensing and improvinghas also been found to have an effect on the export of
the manuscript. We hope colleagues will accept our sincere apolo-some yeast hnRNP proteins (Shen et al., 1998).
gies for omitting, due to space limitations, many citations of veryTraffic control is not restricted to protein cargos. Sev-
important contributions to the field. Work on nuclear transport in

eral cases of regulated RNA transport have been uncov- this laboratory was supported by grants from the National Institutes
ered (Mattaj and Englmeier, 1998). For example, in yeast of Health and the Human Frontier Science Program Organization.

Gideon Dreyfuss is an Investigator of the Howard Hughes Medicalcells stressed by elevated temperature and other cellular
Institute.insults, export of most mRNAs is blocked, but mRNAs

encoding heat shock (hs) proteins continue to be trans-
Referencesported into the cytoplasm (Saavedra et al., 1997 and

references therein). Selective export of hs mRNA is de- Arts, G.J., Kuersten, S., Romby, P., Ehresmann, B., and Mattaj, I.W.
pendent on cis-acting signals in the hs mRNA molecules (1998). The role of exportin-t in selective nuclear export of mature

tRNAs. EMBO J. 17, 7430–7441.that can confer export on heterologous mRNAs, which
would otherwise be retained in the nucleus. The export Askjaer, P., Bachi, A., Wilm, M., Bischoff, F.R., Weeks, D.L., Ogniew-

ski, V., Ohno, M., Niehrs, C., Kjems, J., Mattaj, I.W., and Fornerod, M.pathway taken by hs mRNAs under stress conditions
(1999). RanGTP-Regulated interactions of CRM1 with nucleoporinsappears to be distinct from the general mRNA export
and a shuttling DEAD-box helicase. Mol. Cell. Biol. 19, 6276–6285.pathway. General and hs mRNA export show differential
Bailer, S.M., Siniossoglou, S., Podtelejnikov, A., Hellwig, A., Mann,requirements for two proteins, the hnRNP protein Npl3p
M., and Hurt, E. (1998). Nup116p and nup100p are interchangeable

and an FG-containing protein, Rip1p. Npl3p is essential through a conserved motif which constitutes a docking site for the
for general but not hs mRNA export, while Rip1p is mRNA transport factor gle2p. EMBO J. 17, 1107–1119.
essential for transport of hs but not general mRNA (Lee Bataille, N., Helser, T., and Fried, H.M. (1990). Cytoplasmic transport
et al., 1996; Saavedra et al., 1997; Stutz et al., 1997). of ribosomal subunits microinjected into the Xenopus laevis oocyte

nucleus: a generalized, facilitated process. J. Cell Biol. 111, 1571–Identifying the stress-activated signaling pathways that
1582.ultimately result in selective export of hs mRNAs, and
Bear, J., Tan, W., Zolotukhin, A.S., Tabernero, C., Hudson, E.A., andthe molecules that directly hinder general mRNA trans-
Felber, B.K. (1999). Identification of novel import and export signalsport and facilitate hs mRNA export will be very interest-
of human TAP, the protein that binds to the constitutive transporting. On the way to these goals, Npl3p dissociates from
element of the type D retrovirus mRNAs. Mol. Cell Biol. 19, 6306–

mRNA in stressed cells, although whether this phenom- 6317.
enon is the effector of the mRNA export block is unclear Braun, I.C., Rohrbach, E., Schmitt, C., and Izaurralde, E. (1999). TAP
(Krebber et al., 1999). binds to the constitutive transport element (CTE) through a novel

Finally, one particularly intriguing form of transport RNA-binding motif that is sufficient to promote CTE-dependent RNA
export from the nucleus. EMBO J. 18, 1953–1965.regulation, the molecular mechanism of which remains

elusive, ties the nuclear localization of some of the major Brown, J.A., Bharathi, A., Ghosh, A., Whalen, W., Fitzgerald, E., and
Dhar, R. (1995). A mutation in the Schizosaccharomyces pombenuclear mRNA binding proteins to the transcriptional
rae1 gene causes defects in poly(A)1 RNA export and in the cytoskel-activity of RNA polymerase II (Pinol-Roma and Dreyfuss,
eton. J. Biol. Chem. 270, 7411–7419.1991). In cells treated with pol II inhibitors, many of
Chi, N.C., Adam, E.J., and Adam, S.A. (1995). Sequence and charac-the abundant mRNA-binding proteins, e.g., hnRNP A1,
terization of cytoplasmic nuclear protein import factor p97. J. Cell

redistribute and accumulate in the cytoplasm. The cou- Biol. 130, 265–274.
pling of the output of newly synthesized mRNA to the Corbett, A.H., and Silver, P.A. (1997). Nucleocytoplasmic transport
nuclear content of the RNA-binding proteins that partici- of macromolecules. Microbiol. Mol. Biol. Rev. 61, 193–211.
pate in its processing and transport to the cytoplasm is Dahlberg, J.E., and Lund, E. (1998). Functions of the GTPase Ran
an ingenious regulatory circuit. This control appears to in RNA export from the nucleus. Curr. Opin. Cell Biol. 10, 400–408.
operate at the level of nuclear transport, most likely via Daneholt, B. (1997). A look at messenger RNP moving through the

nuclear pore. Cell 88, 585–588.import but possibly also via export. It is conceivable
that either the cargos themselves and/or their cognate Daneholt, B. (1999). Pre-mRNP particles: from gene to nuclear pore.

Curr. Biol. 9, R412–R415.NTRs become modified such that high affinity cargo–
Delphin, C., Guan, T., Melchior, F., and Gerace, L. (1997). RanGTPreceptor interactions are prevented. At least for the M9-
targets p97 to RanBP2, a filamentous protein localized at the cyto-bearing proteins, such as hnRNP A1 and Nup153, the
plasmic periphery of the nuclear pore complex. Mol. Biol. Cell 8,M9 nuclear transport signal is sufficient to confer tran-
2379–2390.

scription-dependent nuclear localization, indicating that
Dingwall, C., and Laskey, R.A. (1998). Nuclear import: a tale of two

M9 itself is the sensor (Siomi et al, 1997; Nakielny et al., sites. Curr. Biol. 8, R922–R924.
1999). It is likely that specific posttranslational modifica- Dworetzky, S.I., Lanford, R.E., and Feldherr, C.M. (1988). The effects
tions play a role in transducing the green light/red light of variations in the number and sequence of targeting signals on
signal from the mRNA production machinery. Unraveling nuclear uptake. J. Cell Biol. 107, 1279–1287.
this mechanism should illuminate some fundamental as- Englmeier, L., Olivo, J.C., and Mattaj, I.W. (1999). Receptor-mediated

substrate translocation through the nuclear pore complex withoutpects of how cells utilize the dynamic transport machin-
nucleotide triphosphate hydrolysis. Curr. Biol. 9, 30–41.ery to so precisely regulate the level of each component
Feldherr, C.M., and Akin, D. (1994). Role of nuclear trafficking inin the nucleus, and of how they deliver specific RNAs
regulating cellular activity. Int. Rev. Cytol. 151, 183–228.to the cytoplasm.
Feldherr, C., Akin, D. and Moore, M.S. (1998). The nuclear import
factor p10 regulates the functional size of the nuclear pore complex
during oogenesis. J. Cell Sci. 111, 1889–1896.Acknowledgments
Fornerod, M., Ohno, M., Yoshida, M., and Mattaj, I.W. (1997). CRM1

We are most grateful to Dr. Ueli Aebi and Dr. Brian Burke for the is an export receptor for leucine-rich nuclear export signals. Cell
90, 1051–1060.drawing of the NPC on which Figure 2 is based, and to an anonymous



Cell
688

Gorlich, D. (1998). Transport into and out of the cell nucleus. EMBO Keminer, O., Siebrasse, J.P., Zerf, K., and Peters, R. (1999). Optical
J. 17, 2721–2727. recording of signal-mediated protein transport through single nu-

clear pore complexes. Proc. Natl. Acad. Sci USA 96, 11842–11847.Gorlich D., Kostka, S., Kraft, R., Dingwall, C., Laskey, R.A., Hartmann,
E., and Prehn, S. (1995). Two different subunits of importin cooperate Kiseleva, E., Goldberg, M.W., Allen, T.D., and Akey, C.W. (1998).
to recognize nuclear localization signals and bind them to the nu- Active nuclear pore complexes in Chironomus: visualization of trans-
clear envelope Curr. Biol. 5, 383–392. porter configurations related to mRNP export. J. Cell Sci. 111,

223–236.Gorlich, D., Pante, N., Kutay, U., Aebi, U., and Bischoff, F.R. (1996).
Identification of different roles for RanGDP and RanGTP in nuclear Kose, S., Imamoto, N., Tachibana, T., Shimamoto, T., and Yoneda,
protein import. EMBO J. 15, 5584–5594. Y. (1997). Ran-unassisted nuclear migration of a 97-kD component

of nuclear pore-targeting complex. J. Cell Biol. 139, 841–849.Gruter, P., Tabernero, C., von Kobbe, C., Schmitt, C., Saavedra, C.,
Bachi, A., Wilm, M., Felber, B.K., and Izaurralde, E. (1998). TAP, the Kraemer, D., and Blobel, G. (1997). mRNA binding protein mrnp 41
human homolog of Mex67p, mediates CTE-dependent RNA export localizes to both nucleus and cytoplasm. Proc. Natl. Acad. Sci. USA
from the nucleus. Mol. Cell 1, 649–659. 94, 9119–9124.
Hieda, M., Tachibana, T., Yokoya, F., Kose, S., Imamoto, N., and Krebber, H., Taura, T., Lee, M.S., and Silver, P.A. (1999). Uncoupling
Yoneda, Y. (1999). A monoclonal antibody to the COOH-terminal of the hnRNP npl3p from mRNAs during the stress-induced block
acidic portion of Ran inhibits both the recycling of Ran and nuclear in mRNA export. Genes Dev. 13, 1994–2004.
protein import in living cells. J. Cell Biol. 144, 645–655. Krecic, A.M., and Swanson, M.S. (1999). hnRNP complexes: compo-
Hodge, C.A., Colot, H.V., Stafford, P., and Cole, C.N. (1999). Rat8p/ sition, structure, and function. Curr. Opin. Cell Biol. 11, 363–371.
Dbp5p is a shuttling transport factor that interacts with Rat7p/ Kutay, U., Bischoff, F.R., Kostka, S., Kraft, R., and Gorlich, D. (1997).
Nup159p and Gle1p and suppresses the mRNA export defect of Export of importin alpha from the nucleus is mediated by a specific
xpo1-1 cells. EMBO J. 18, 5778–5788. nuclear transport factor. Cell 90, 1061–1071.
Hood, J.K., and Silver, P.A. (1999). In or out? Regulating nuclear Kutay, U., Lipowsky, G., Izaurralde, E., Bischoff, F.R., Schwarzmaier,
transport. Curr. Opin. Cell Biol. 11, 241–247. P., Hartmann, E., and Gorlich, D. (1998). Identification of a tRNA-
Huber, J., Cronshagen, U., Kadokura, M., Marshallsay, C., Wada, specific nuclear export receptor. Mol. Cell 1, 359–369.
T., Sekine, M., and Luhrmann, R. (1998). Snurportin1, an m3G-cap- Lee, D.C., and Aitchison, J.D. (1999). Kap104p-mediated nuclear
specific nuclear import receptor with a novel domain structure. import. Nuclear localization signals in mRNA-binding proteins and
EMBO J. 17, 4114–4126. the role of Ran and RNA. J. Biol. Chem. 274, 29031–29037.
Hurt, E., Hannus, S., Schmelzl, B., Lau, D., Tollervey, D., and Simos, Lee, M.S., Henry, M., and Silver, P.A. (1996). A protein that shuttles
G. (1999). A novel in vivo assay reveals inhibition of ribosomal nu- between the nucleus and the cytoplasm is an important mediator
clear export in ran-cycle and nucleoporin mutants. J. Cell Biol. 144, of RNA export. Genes Dev. 10, 1233–1246.
389–401.

Lund, E., and Dahlberg, J.E. (1998). Proofreading and aminoacyla-
Imamoto, N., Shimamoto, T., Kose, S., Takao, T., Tachibana, T., tion of tRNAs before export from the nucleus. Science 282, 2082–
Matsubae, M., Sekimoto, T., Shimonishi, Y., and Yoneda, Y. (1995). 2085.
The nuclear pore-targeting complex binds to nuclear pores after

Macara, I.G. (1999). Randy couples. Curr. Biol. 9, R436–R439.association with a karyophile. FEBS Lett. 368, 415–419.
Mahajan, R., Gerace, L. and Melchior, F. (1998). Molecular character-Izaurralde, E., and Adam, S. (1998). Transport of macromolecules
ization of the SUMO-1 modification of RanGAP1 and its role inbetween the nucleus and the cytoplasm. RNA 4, 351–364.
nuclear envelope association. J. Cell Biol. 140, 259–270.

Izaurralde, E., Lewis, J., Gamberi, C., Jarmolowski, A., McGuigan,
Mattaj, I.W., and Conti, E. (1999). Cell biology. Snail mail to theC., and Mattaj, I.W. (1995). A cap-binding protein complex mediating
nucleus. Nature 399, 208–210.U snRNA export. Nature 376, 709–712.
Mattaj, I.W., and Englmeier, L. (1998). Nucleocytoplasmic transport:Izaurralde, E., Jarmolowski, A., Beisel, C., Mattaj, I.W., Dreyfuss, G.,
the soluble phase. Annu. Rev. Biochem. 67, 265–306.and Fischer, U. (1997a). A role for the M9 transport signal of hnRNP
Matunis, M.J., Wu, J., and Blobel, G. (1998). SUMO-1 modificationA1 in mRNA nuclear export. J. Cell Biol. 137, 27–35.
and its role in targeting the Ran GTPase-activating protein, Ran-Izaurralde, E., Kutay, U., von Kobbe, C., Mattaj, I.W., and Gorlich,
GAP1, to the nuclear pore complex. J. Cell Biol. 140, 499–509.D. (1997b). The asymmetric distribution of the constituents of the
Melchior, F., and Gerace, L. (1998). Two-way trafficking with Ran.Ran system is essential for transport into and out of the nucleus.
Trends Cell Biol. 8, 175–179.EMBO J. 16, 6535–6547.
Michael, W.M., Choi, M., and Dreyfuss, G. (1995). A nuclear exportJakel, S., and Gorlich, D. (1998). Importin beta, transportin, RanBP5
signal in hnRNP A1: a signal-mediated, temperature-dependent nu-and RanBP7 mediate nuclear import of ribosomal proteins in mam-
clear protein export pathway. Cell 83, 415–422.malian cells. EMBO J. 17, 4491–4502.
Moore, M.S. (1998). Ran and nuclear transport. J. Biol. Chem. 273,Jakel, S., Albig, W., Kutay, U., Bischoff, F.R., Schwamborn, K.,
22857–22860.Doenecke, D., and Gorlich, D. (1999). The importin beta/importin 7
Moy, T.I., and Silver, P.A. (1999). Nuclear export of the small ribo-heterodimer is a functional nuclear import receptor for histone H1.
somal subunit requires the Ran-GTPase cycle and certain nucleo-EMBO J. 18, 2411–2423.
porins. Genes Dev. 13, 2118–2133.Jarmolowski, A., Boelens, W.C., Izaurralde, E., and Mattaj, I.W.
Murphy, R., Watkins, J.L., and Wente, S.R. (1996). GLE2, a Saccharo-(1994). Nuclear export of different classes of RNA is mediated by
myces cerevisiae homologue of the Schizosaccharomyces pombespecific factors. J. Cell Biol. 124, 627–635.
export factor RAE1, is required for nuclear pore complex structureJullien, D., Gorlich, D., Laemmli, U.K., and Adachi, Y. (1999). Nuclear
and function. Mol. Biol. Cell 7, 1921–1937.import of RPA in Xenopus egg extracts requires a novel protein
Nachury, M.V., and Weis, K. (1999). The direction of transportXRIPalpha but not importin alpha. EMBO J. 18, 4348–4358.
through the nuclear pore can be inverted. Proc. Natl. Acad. Sci.Kang, Y., and Cullen, B.R. (1999). The human Tap protein is a nuclear
USA 96, 9622–9627.mRNA export factor that contains novel RNA-binding and nucleocy-
Nakielny, S., and Dreyfuss, G. (1996). The hnRNP C proteins containtoplasmic transport sequences. Genes Dev 13, 1126–1139.
a nuclear retention sequence that can override nuclear export sig-Katahira, J., Strasser, K., Podtelejnikov, A., Mann, M., Jung, J.U.,
nals. J. Cell Biol. 134, 1365–1373.and Hurt, E. (1999). The Mex67p-mediated nuclear mRNA export
Nakielny, S., and Dreyfuss, G. (1998). Import and export of the nu-pathway is conserved from yeast to human. EMBO J. 18, 2593–2609.
clear protein import receptor transportin by a mechanism indepen-Kehlenbach, R.H., Dickmanns, A., Kehlenbach, A., Guan, T., and
dent of GTP hydrolysis. Curr. Biol. 8, 89–95.Gerace, L. (1999). A role for RanBP1 in the release of CRM1 from
Nakielny, S., Fischer, U., Michael, W.M., and Dreyfuss, G. (1997).the nuclear pore complex in a terminal step of nuclear export. J.

Cell Biol. 145, 645–657. RNA transport. Annu. Rev. Neurosci. 20, 269–301.



Review
689

Nakielny, S., Shaikh, S., Burke, B., and Dreyfuss, G. (1999). Nup153 (1998). NTF2 mediates nuclear import of Ran. EMBO J. 17, 6587–
6598.is an M9-containing mobile nucleoporin with a novel Ran-binding

domain. EMBO J. 18, 1982–1995. Ribbeck, K., Kutay, U., Paraskeva, E., and Gorlich, D. (1999). The
translocation of transportin-cargo complexes through nuclear poresNeville, M., and Rosbash, M. (1999). The NES-Crm1p export pathway
is independent of both Ran and energy. Curr. Biol. 9, 47–50.is not a major mRNA export route in Saccharomyces cerevisiae.

EMBO J. 18, 3746–3756. Richards, S.A., Carey, K.L., and Macara, I.G. (1997). Requirement
of guanosine triphosphate-bound ran for signal-mediated nuclearNewmeyer, D.D., and Forbes, D.J. (1988). Nuclear import can be
protein export. Science 276, 1842–1844.separated into distinct steps in vitro: nuclear pore binding and trans-

location. Cell 52, 641–653. Richardson, W.D., Mills, A.D., Dilworth, S.M., Laskey, R.A., and Ding-
wall, C. (1988). Nuclear protein migration involves two steps: rapidNewmeyer, D.D., Lucocq, J.M., Burglin, T.R., and De Robertis, E.M.
binding at the nuclear envelope followed by slower translocation(1986). Assembly in vitro of nuclei active in nuclear protein transport:
through nuclear pores. Cell 52, 655–664.ATP is required for nucleoplasmin accumulation. EMBO J. 5,

501–510. Saavedra, C.A., Hammell, C.M., Heath, C.V., and Cole, C.N. (1997).
Yeast heat shock mRNAs are exported through a distinct pathwayOhno, M., and Mattaj, I.W. (1999). Meiosis: MeiRNA hits the spot.
defined by Rip1p. Genes Dev. 11, 2845–2856.Curr Biol. 9, R66–R69.
Santos-Rosa, H., Moreno, H., Simos, G., Segref, A., Fahrenkrog, B.,Ohno, M., Fornerod, M., and Mattaj, I.W. (1998). Nucleocytoplasmic
Pante, N., and Hurt, E. (1998). Nuclear mRNA export requires com-transport: the last 200 nanometers. Cell 92, 327–336.
plex formation between Mex67p and Mtr2p at the nuclear pores.Ohtsubo, M., Okazaki, H., and Nishimoto, T. (1989). The RCC1 pro-
Mol. Cell. Biol. 18, 6826–6838.tein, a regulator for the onset of chromosome condensation locates
Sarkar, S., and Hopper, A.K. (1998). tRNA nuclear export in sacchar-in the nucleus and binds to DNA. J. Cell Biol. 109, 1389–1397.
omyces cerevisiae: in situ hybridization analysis. Mol. Biol. Cell 9,Palacios, I., Hetzer, M., Adam, S.A., and Mattaj, I.W. (1997). Nuclear
3041–3055.import of U snRNPs requires importin beta. EMBO J. 16, 6783–6792.
Schmitt, C., von Kobbe, C., Bachi, A., Pante, N., Rodrigues, J.P.,

Pante, N., and Aebi, U. (1996). Toward a molecular dissection of
Boscheron, C., Rigaut, G., Wilm, M., Séraphin, B., Carmo-Fonseca,
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