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Transport pathways of macromolecules between the nucleus and

the cytoplasm
Stephen A Adam

Transport between the nucleus and cytoplasm involves both
stationary components and mobile factors acting in concert
to move macromolecules through the nuclear pore complex.
Multiple transport pathways requiring both unique and shared
components have been identified. In the past 18 months,
new findings have shed light on the nature of some of the
mobile components of these pathways. New receptor—cargo
pairs for both import and export pathways have been
identified extending the breadth of known transport
pathways. Surprising findings on the role of Ran and energy
in transport have changed our way of thinking about the
mechanism of movement through the nuclear pore.

Addresses

Department of Cell and Molecular Biology, W129, 303 East Chicago
Avenue, Northwestern University Medical School, Chicago, IL 60611,
USA; e-mail: s-adam@nwu.edu

Current Opinion in Cell Biology 1999, 11:402-406
http://biomednet.com/elecref/0955067401100402
© Elsevier Science Ltd ISSN 0955-0674

Abbreviations

arm armadillo

GDI guanine nucleotide dissociation inhibitor
IBB domain importin {3 binding domain

MAP kinase mitogen-activated protein kinase

m3G trimethyl guanosine

NES nuclear export signal

NLS nuclear localization signal

NTF2 nuclear transport factor 2

RanBP1 Ran binding protein 1

RCC1 regulator of chromosome condensation 1
Introduction

A family of transporter proteins known as importins or
exportins (both also called karyopherins) mediates the
movement of proteins and RNA between the cytoplasm
and nucleus [1-3]. Proteins or RNAs to be transported
(cargo) contain nuclear localization signal (NLS)
sequences or nuclear export signal (NES) sequences that
are recognized by importins or exportins, respectively. The
interaction of a cargo with its transporter is modulated by
the small G'TPase Ran [1,2,4-6]. For importins, the bind-
ing of cargo and RaneG'TP is antagonistic and for exportins
the binding of cargo and RaneGTP is co-operative. The
nucleotide bound state of Ran, in effect, determines the
identity of the compartment (RaneG'TP in the nucleus and
RaneGDP in the cytoplasm) and allows the transporter to
bind or release the cargo in the proper compartment. A
number of accessory factors in the Ran G'TPase cycle
— including RCC1 (the nuclear nucleotide exchange fac-
tor), RanGAP (the cytoplasmic RaneGTPase activating
protein), RanBP1 and the nuclear transport factor 2
(N'TF2) — assist in the transport pathway by maintaining

Ran in its proper GTP or GDP bound states or by modu-
lating the interaction of Ran with the transporters. In the
yeast Saccharomyces cerevisiae, 14 members of the
importin/exportin family are predicted from the genomic
sequence [3]. Fewer transporters have been identified in
higher eukaryotes but it seems likely that many more
transporters will be found in coming years as more genom-
ic sequence data become available. The redundancy of
transporter use and some intriguing differences between
yeast and higher eukaryotes in several pathways poses
interesting questions on the evolution of both transporters
and the signal sequences they recognize [7,8].

Importins and exportins

The importin/exportin family of proteins shares several
features including an amino-terminal Ran-binding domain
and the ability to shuttle between the cytoplasm and
nucleus. Because of the sequence similarity of these pro-
teins, particularly within the amino-terminal Ran-binding
domain, the identification of putative transporters in the
sequence databases has preceded their functional charac-
terization. In the past year, cargoes for several previously
uncharacterized transporters have been identified. A list-
ing of characterized transporters is shown in Table 1.

Unique among this family of transporters is the exporter for
tRNA called exportin-t in higher eukaryotes [9°°,10°*] and
Loslp in yeast [11°,12]. The unique feature of this trans-
porter is its direct binding to the tRNA: the first transporter
to recognize an RNA rather than a protein localization sig-
nal. LOS7 had previously been implicated genetically in
tRNA processing but a direct demonstration of its function
had not been made. Like other exporters, the interaction of
exportin-t with its cargo and RaneGTP is co-operative.
Exportin-t alone binds tRNA weakly but in the presence of
RaneGTP the affinity of both exportin-t and RaneGTP for
tRNA increases 100-fold. Consistent with its role in trans-
porting mature tRNA molecules to the cytoplasm,
exportin-t binds 10-fold more tightly to mature tRNAs than
to bacterially expressed precursor tRNAs. As no other RNA-
binding proteins appear to be directly involved in tRNA
export, this difference in affinity would ensure that mature
tRNAs are preferentially exported to the cytoplasm. Loslp
is not essential in yeast, suggesting that other transporters
may provide redundancy in the tRNA export pathway [13].

Several other transporter pathways have been delineated in
the past year. A previously uncharacterized transporter
homolog, the §. cerevisiae MSN5 gene product, was shown to
be an exportin for the yeast transcription factor Pho4p [14°].
The export sequence of Pho4p is regulated by phosphory-
lation as only phosphorylated Pho4p binds Msn5p. This is
the first demonstration that an NES can be regulated by
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Table 1

Nuclear transporters.

SGD name Importin/exportin Other names Substrates

KAP95 Importin Importin 31/Karyopherin 31 Importin a/Karyopherin a — classical NLS pathway,
Arginine-NLSs, ribosomal proteins

KAP104 Importin Transportin, Importin 32/Karyopherin 32 mRNA binding proteins — M9 NLS, Nab2p

PSE1 Importin RanBP5/KAP121/Karyopherin 33 Ribosomal proteins

KAP123 Importin YRB4/Karyopherin 4 Ribosomal proteins

SXM1 Importin KAP108 (RanBP7/RanBP87?)* Lhp1p, ribosomal proteins

MTR10 Importin KAP111 Hrp1p, NpI3p

NMD5 Importin (RanBP7/RanBP87?)* Hog1p MAP kinase

CSE1 Exportin CAS/KAP109 Importin o/Karyopherin a — IBB domain

CRM1 Exportin Exportin 1/Xpo1/Kap124 Leucine-rich NESs

LOS1 Exportin Exportin-t tRNA

MSN5 Exportin ? Pho4p

PDR6 ? ? ?

YGL241W ? ? ?

YPL125W ? ? ?

The Saccharomyces Genome Database (SGD) designations for the 14 predicted transporter genes are in the left column. The transporters listed
under ‘Other names’ include transporters identified in vertebrates and S. cerevisiae. These represent only a partial list of names used to describe
the proteins but are the most widely used. *It is not clear from the sequence analysis which of these proteins (if either) is the direct homolog.

phosphorylation of adjacent amino acids as has been
demonstrated for NLSs [15]. Ferrigno and coworkers [16]
demonstrated that the putative transporter NmdSp is
required for nuclear localization of the phosphorylated
Hoglp (high osmolarity glycerol 1) MAP kinase and that
the export of the dephosphorylated protein requires
exportin 1 (Xpolp/Crm1p). Although a direct interaction of
Hoglp with either transporter has not been demonstrated,
none of the other yeast transporter homologs are required
for translocation of the protein. In yeast, Cselp has also
been confirmed in functional assays as the yeast homolog of
the human importin a exporter CAS [17,18].

The classical nuclear localization signal pathway
The family of importin o proteins functions as adapters to
link proteins containing the ‘classical’ NLSs to importin 31
[2]. Although there is a single importin O in S. cerevisiae,
higher eukaryotes have multiple members of this family
that exhibit both NLS-binding specificity and tissue-spe-
cific expression [19-22]. All importin Os are characterized
by a large central domain of 8-10 armadillo (arm) repeats
flanked by relatively short amino and carboxyl termini. An
amino-terminal domain, rich in basic amino acid residues,
called the importin B binding (IBB) domain acts as an NLS
by binding importin O to importin B1 [23,24]. The acidic
carboxyl terminus of the protein is required for export of
importin O by the exportin CAS [25°].

Although importin O was the first transport factor identi-
fied and sequenced, its characterization has lagged behind
that of other factors. The mechanism for the recognition of
NLSs by importin 0 has been an enigma because of the
diversity in the sequence of NLSs recognized by the
importin d family. The structural basis for recognition of at
least one type of NLS by one of the importin O family is
now known from crystallographic analysis of the arm

repeat domain bound to an NLS peptide [26°°]. The arm
repeat domain of importin o forms a superhelical rod-like
structure with each repeat folding into a three-helix bun-
dle. The packing arrangement of the individual repeat
bundles forms a surface groove that accommodates the
cargo NLS in an extended [-strand conformation.
Recognition of the NLS by hydrophobic and electrostatic
contacts between amino acids in the NLS and in the
groove of the importin a7m repeat structure provides the
basis for selectivity and strength of the interaction.
Biochemical evidence supports the structural model and
suggests that the organization of the repeats determines
the specificity of each importin a [22,25°].

It appeared initially that the requirement for an adapter
like importin o or Snurportin (see below) distinguished
the importin 31 pathway from other nuclear transport path-
ways in which the transporters bind cargo directly. Now
several proteins that bind importin 1 directly have been
identified. These proteins share an arginine-rich NLS
reminiscent of the IBB domain in importin a [27-29].

Snurportin and U snRNP import

The nuclear import of mature U snRNPs (small nuclear
ribonucleoproteins) requires two signals: the trimethyl
guanosine (m3G) cap and the Sm core. Although not
absolutely required for the import of all U snRNPs in
Xenopus oocytes or somatic cells, the m;G cap accelerates
the kinetics of U snRNP import [2]. A role for importin (31
in the nuclear import of U snRNPs in Xezopus oocytes had
been identified but the precise nature of the recognition of
the RNP by the transport machinery was unclear [30]. This
past year, Huber and coworkers [31°°] provided a link
between the roles of importin B1 and the m;G cap in the
import of U snRNPs with the identification of Snurportinl,
a specific m3G-cap-binding protein. Snurportinl binds to
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the m3;G cap and to importin B acting as an adapter analo-
gous to the role of importin O in classic NLS-mediated
protein import. Like importin O, Snurportinl contains an
IBB domain, however, the remaining carboxy-terminal por-
tion of Snurportinl has no significant homology to
importin O or to any other transport factors. A database
search has identified possible homologs in mouse,
Drosophila and Caenorhabditis elegans suggesting evolution-
ary conservation of Snurportinl function. Surprisingly, the
yeast database does not contain any open reading frames
with significant homology to the human protein. The
nature of the NLS provided by the Sm core proteins
remains to be elucidated.

The role of Ran in transport

Probably the biggest change in our thinking about the
mechanism of nuclear transport revolves around the role of
the small G'TPase Ran and the utilization of energy in the
process [4-6]. Early models of transport suggested that
G'TP hydrolysis by Ran directly provided the energy for
transport. These models were based on observations that
nonhydrolyzable analogs of GTP or mutant forms of Ran
that could not efficiently hydrolyze G'TP inhibited protein
import. In the past couple of years, a number of studies
have suggested that G'TP hydrolysis by Ran does not pro-
vide the energy for transport but simply regulates the
assembly and disassembly of transport complexes (as
described in the introduction). Schwoebel and coworkers
[32°] recently carried out a biochemical study that supports
this model and which accounts for many of the confusing
aspects of nucleotide utilization during transport observed
in 772 Vitro transport assays.

In a somewhat surprising development, three groups inde-
pendently showed that importin (31, transportin or
exportin-t could enter the nucleus in the absence of other
transport factors, including Ran [10°°,33,34]. These results
suggested that individual transporters could move through
the nuclear pore by energy-independent mechanisms.
Could transporter—cargo complexes also move through the
pore without energy or might the addition of cargo to the
transporter now change the requirement for Ran?
Recently, two very careful studies directly addressed the
role of Ran in transporter—cargo translocation [35°%,36°].
Amazingly, when single import events are observed, Ran is
dispensable for some transporter—cargo combinations.
Export of cargo requires Ran due to the co-operativity of
Ran and cargo binding to the exportins but G'TP hydroly-
sis is not required. Hydrolysis of GTP by Ran is apparently
only required to restore the competence of the transporters
for multiple rounds of transport.

NTF2 as a transporter for Ran

How does a cell maintain a concentration gradient of Ran
between the nucleus and cytoplasm? Ran is small
enough to diffuse readily through the nuclear pores and
the numerous export pathways move a molecule of Ran
from the nucleus to the cytoplasm with each export

event. Combined diffusion and export would be predict-
ed to rapidly deplete Ran from the nucleus in the
absence of a counterbalancing Ran import system.
Although some experiments suggest that Ran may be
imported along with importin B1 [37], this pathway alone
would not account for the inward movement of Ran nec-
essary to maintain the high concentration of Ran in the
nucleus. Two groups have reported recently that the
RaneGDP-binding protein N'TF2 transports RaneGDP
from the cytoplasm to the nucleus [38%,39°]. They sug-
gest that Ran sequestration in the nucleus also requires
that RaneGTP be generated from the imported Ran and
that RaneG'T'P associate with one of the many exportins
known to accumulate in the nucleus. This model is con-
sistent with the high affinity of N'TF2 for RaneGDP and
low affinity for RaneG'TP, the direct interaction of N'TF2
with nucleoporins and the ability of overexpression of
Ran to overcome the loss of N'TF2 in yeast (reviewed in
[6]). NTF2 may have additional functions in transport as
it interacts with other import factors and has recently
been shown to act as a guanine nucleotide dissociation
inhibitor (GDI) [40]. Microinjection of NTF2Z into
Xenopus oocytes regulates the functional size of the
nuclear pore during oogenesis, suggesting that either
Ran or NTF2 might play a role in pore complex structure
or dynamics during transport [41].

Conclusions and future perspectives

Pathways for most of the yeast transporters have now
been identified. LLagging behind is the identification of
the cognate pathways in higher eukaryotes, a task that
may be more difficult due to possible evolutionary diver-
gence in transporters or localization sequences. The
greatest problem facing us is to understand how trans-
porters interact with the NPC during translocation and
progress has begun to be made in this area. A number of
lines of evidence suggest that some pathways may over-
lap in the pore but just how extensively pathways
through the pore are shared is unknown. We are also
gaining a better understanding of how transport works on
a mechanistic level with increasingly fine characteriza-
tion of specific protein—protein interactions. Further
characterization of some of the accessory proteins of the
transport pathway, such as RanBP1 and NTF2, will
undoubtedly provide insights into the roles of both the
transporters and pore complex components in transport.
A big question remaining is just how energy is utilized in
transport. Is the energy derived from transporter recy-
cling used to drive import or export pathways against a
concentration gradient? Do the changes in pore confor-
mation during transport of large structures require an
input of energy from some unknown source? Perhaps the
permeabilized cell assay has uncoupled some energy-
requiring step in transport that can only be studied in a
more intact system. Now that many transport factors and
pathways have been identified, the challenges are to
understand their paths through the pore complex and
how they are regulated.
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