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Introduction

During five days in November 2003, new results and exciting
hypotheses in the nucleocytoplasmic transport field were dis-
cussed intensely at the base of the Etha volcano in the beautiful
Sicilian town of Taormina, Italy. The main underlying theme that
emerged was that the term ‘nucleocytoplasmic transport’ is no
longer limited to the events that occur in close proximity to the
nuclear pore complex (NPC)—the channel through which all
macromolecules enter and exit the nucleus (for a review, see
Fahrenkrog & Aebi, 2003)—but that it also encompasses the
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events that occur from the time the cargo molecule is first synthe-
sized until it is delivered to its site of action. The basic mecha-
nisms of protein transport have been known for some time, but
the meeting provided important new evidence of how larger and
more complex cargoes are transported. An obvious example was
the series of talks that followed the fate of messenger RNA
(mRNA) from its synthesis in the nucleus until its delivery to the
ribosomes in the cytoplasm. Importantly, the close integration of
synthesis, processing, packaging and transport is now becoming
evident. In addition, the dynamics and exciting regulatory func-
tions of the NPC itself are being revealed through a range of tech-
nologically advanced approaches. Multifunctionality is also
being recognized for many transport receptors that apparently
regulate crucial cellular processes, such as the cell cycle, in
addition to chaperoning cargo through the nuclear pore. The
field of nucleocytoplasmic transport is therefore expanding to
ask important questions about how dynamic compartmentaliza-
tion regulates crucial cellular processes. Some of the highlights
of the work presented at the meeting are described in this report.

The nuclear pore complex

NPCs (Fig 1) serve as conduits between the nucleus and the cyto-
plasm. The large proteinaceous NPCs are composed of proteins
that are referred to as nucleoporins or Nups, many of which con-
tain phenylalanine—glycine (FG) repeats. Although, in the past,
NPCs have been thought of as large structural complexes that are
static once assembled, evidence is accumulating that these struc-
tures are in fact highly dynamic. Inverse fluorescence-recovery
after photobleaching (iFRAP) experiments from the J. Ellenberg
laboratory (Heidelberg, Germany) systematically analysed the
dynamics of green fluorescent protein (GFP)-tagged nucleoporins
that were expressed at physiological levels in stable cell lines to
reveal that NPC components fall into three classes: the first type
remain bound to the NPC for longer than 30 h (for example,
Nup107 and Nupl33); the second exchange moderately over
2-20 h (for example, Nup62 and Nup98); and the third show only
transient interactions with the NPC in the seconds to minutes
range (for example, Nup50 and Nup153). Although the iFRAP
method can only be applied to GFP-tagged proteins, some of
which might behave differently from endogenous proteins, this
work clearly stimulated discussion of a dynamic NPC. M. Powers
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Fig 1| Structure of the nuclear pore complex. (A) Schematic diagram of the
nuclear pore complex (NPC). The complex has a vertical eightfold
symmetry. The nuclear and cytoplasmic sides differ from each other in that
the nuclear basket projects into the nucleoplasm and eight filaments extend
into the cytoplasm. (B) Field-emission scanning electron microscopy shows
the surface structure of the cytoplasmic (a) and nucleoplasmic (b) faces of
the NPC. The micrographs were kindly provided by M. Goldberg.

(Atlanta, GA, USA) described the dynamics and NPC associations
of Nup98 and Nup153. The mobility of each protein is dependent
on ongoing transcription and the domains that are required for
this dependence were mapped in each nucleoporin. The mecha-
nistic basis for nucleoporin dynamics is not yet known, but one
possibility is that remodelling of the nuclear basket of the pore
might occur during transport and that this results in the temporary
dissociation of some peripheral nucleoporins.

V. Cordes (Stockholm, Sweden) used RNA interference (RNAI)
directed against the nuclear basket protein Tpr, and immunoelectron-
microscopy localization of Tpr subdomains as well as other
nucleoporins, to analyse structurally the nuclear basket of the
NPC. Cordes concluded from these and other experiments that
Tpr molecules are the central architectural elements of the
nuclear basket. By contrast, M. Goldberg (Durham, UK) argued
that none of the proteins that he analysed using field-emission
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scanning microscopy (Nup153, Nup98, lamins, Nup107 and
possibly Tpr) seemed to be essential structural components of the
NPC basket.

An exciting piece of work that addressed the important issue
of how macromolecules are translocated through the NPC was
presented by S. Wente (Nashville, TN, USA), who asked which
elements are required for a functional NPC. Using a genetic
approach in Saccharomyces cerevisiae, her laboratory systemati-
cally deleted the FG-repeat region of each of the 11 FG-repeat-
containing nucleoporins. This region of the nucleoporins is located
in the central aqueous channel of the NPC and extends from the
tips of the cytoplasmic filaments to the distal ring of the nuclear
basket. The FG repeats have been proposed to either function as
initial docking sites for the transport receptors or to create a cen-
tral meshwork within the NPC to form a permeability barrier that
can be overcome by the highly hydrophobic transport receptors
(for a review, see Fried & Kutay, 2003). The Wente laboratory
created a minimal NPC in living yeast cells with approximately
one-third of the normal complement of FG nucleoporins by sys-
tematically combining the FG-repeat-region-deleted mutants
until it was not possible to delete another domain and still main-
tain viability. Surprisingly, the FG mass that was deleted did not
correlate with either the severity of the analysed transport defects
or the effects on cell viability. Equally unexpectedly, the deletion
of all FG-repeat domains that were located exclusively on the
cytoplasmic or nucleoplasmic sides of the NPC resulted in viable
cells with no gross transport defects. By contrast, only specific
subsets of the FG-repeat domains that were located on both sides
of the NPC could be deleted. This thorough analysis indicates
that there are distinct functions for different FG nucleoporins in
specific transport pathways.

The nuclear envelope

The nuclear envelope not only accommodates the NPC, but also
separates the genetic material from the site of translation.
However, during each cell cycle, both nuclear envelope break-
down and reassembly occur. It is therefore of great interest to
identify and characterize the components of the nuclear envelope
and the integral membrane components of the pore, as they could
give us some insight into how these processes are regulated. How
proteins are targeted to the inner nuclear membrane was
addressed by several genome-wide approaches. A. Hopper’s labo-
ratory (Hershey, PA, USA) used the S. cerevisiae gene-deletion
collection to analyse the targeting of an inner nuclear envelope
protein, Trm1, which was fused to GFP. They found that a hetero-
trimeric amino-terminal acetyltransferase is essential for
Trm1-GFP localization to the inner nuclear membrane. A large-
scale genome-wide RNAI approach in Caenorhabditis elegans
was performed by |. Mattaj’s laboratory (Heidelberg, Germany) to
identify the proteins that are involved in nuclear assembly. The
screen identified many genes that had already been implicated in
this process, the products of which include the Ran system pro-
teins (Fig 2), Nups and nuclear envelope proteins, including
emerin. In addition, they identified new molecules, such as
Mel28, which is an inner nuclear membrane protein that binds to
chromatin. One hypothesis is that Mel28 might have a role in
chromatin condensation. Whereas Mattaj focused on nuclear
envelope assembly, K. Ullman’s group (Salt Lake City, UT, USA)
addressed the mechanism of nuclear envelope breakdown using
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Xenopus egg extracts. They reported that the recruitment of the
coat protein 1 (COPI) complex to the nuclear envelope by
Nup153 is an important first step to induce vesiculation and
nuclear envelope breakdown (Liu et al, 2003).

The links between the inner nuclear membrane and gene
expression emerged as another theme of the meeting owing to
talks from several speakers, including R. Goldman (Chicago, IL,
USA) and P. Silver (Boston, MA, USA). The lamins that underlie
the inner nuclear envelope are important for many cellular
events, including DNA replication and transcription (for a review,
see Goldman et al, 2002). Goldman reported on several recent
studies that link Emery-Dreifuss muscular dystrophy (EDMD) and
the premature ageing disease Hutchinson-Gilford progeria syn-
drome (HGPS) to mutations in lamin A (Eriksson et al, 2003).
Fibroblast analysis of EDMD and HGPS patients showed notable
alterations in nuclear architecture with respect to the nuclear
lamins, the lamina and the nuclear envelope/pore complex.
Therefore, it seems that the lamins and their binding partners
might act as a complex scaffold for organizing factors that could
be responsible for genomic instability and ageing. This functional
link lends credence to the idea that the inner nuclear envelope
and nuclear pores might be functionally and physically linked to
chromatin and, hence, to gene expression. P. Silver’s laboratory
took this a step further by carrying out a modified genome-wide
chromatin immunoprecipitation (ChIP) analysis to examine the
interaction of each nucleoporin with specific regions of the
genome. Interestingly, they found that distinct subsets of nucleo-
porins associate with specific regions of the chromatin, which
indicates that the nucleus and, in particular, the chromatin are
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Fig 2| Cargo binding and release from the karyopherins is controlled by
Ran. The asymmetric distribution of the GTPase-activating protein
(RanGAP) and the guanine-exchange factor (RanGEF) generate a high
RanGTP concentration in the nucleus and a high RanGDP concentration
in the cytoplasm, respectively. Import cargoes bind to their receptors in
the cytoplasm in the absence of RanGTP. In the nucleus, RanGTP binds to
the import complex and triggers the release of the import cargoes.

By contrast, export complexes form obligate trimeric complexes that
contain receptor, cargo and RanGTP. Export complexes are dissociated in
the cytoplasm where they encounter the RanGAP, and the RanGTP is
hydrolysed to RanGDP.
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strictly ordered in a eukaryotic cell. For example, they found that
a yeast homologue, MIp1, of the nuclear basket protein Tpr, asso-
ciates with highly transcribed genes. Indeed, the use of global
genomic and proteomic approaches was another exciting under-
lying theme of the meeting. These approaches should help to
unlock the intricacies of the many cellular processes that are
linked to nucleocytoplasmic transport.

The Ran cycle and its roles

The Ran GTPase is the driving force for nuclear transport (for a
review, see Fried & Kutay, 2003). Whereas the cytoplasmic
GTPase-activating protein (RanGAP) maintains a high RanGDP
concentration in the cytoplasm, the nuclear guanine-exchange
factor (RanGEF) ensures a high RanGTP concentration in the
nucleus. The different nucleotide-bound states of Ran regulate
cargo binding to a conserved family of transport receptors that are
known as importins, exportins or, more generally, karyopherins
(Fig 2). Although the general mode of action of Ran in the regula-
tion of cargo/receptor binding has been explained, several
intriguing questions remain about Ran function. For example,
what happens during mitosis, when the nuclear envelope breaks
down and all components can intermingle? Also, are there other
transport-independent functions for the components of the Ran
cycle? Several researchers approached these questions from different
directions and revealed interesting new insights.

M. Dasso (Bethesda, MD, USA) addressed the role of Ran and
Ran-binding proteins during mitosis. Both RanGAP and RanBP2,
which is a Ran-binding protein that is part of the NPC in inter-
phase and a scaffold for the GAP, bind to kinetochores during
mitosis (Joseph et al, 2002). M. Dasso’s laboratory asked how
these proteins are recruited to kinetochores. They found that two
proteins, Hecl and Nuf2, are required for proper kinetochore
localization of RanGAP and RanBP2. Furthermore, using RNAI
experiments, they found that RanBP2 is essential for the kineto-
chore targeting of the mitotic checkpoint proteins Madl and
Mad2. They suggest a model in which the attachment of micro-
tubules to the kinetochores is unstable in the absence of the
RanBP2-RanGAP complex. In another intriguing potential link
between Ran and the cell cycle, F. Melchior (Munich, Germany)
reported cyclin B/Cdk1-dependent phosphorylation of RanGAP
before nuclear envelope breakdown. This phosphorylation per-
sists throughout mitosis. Although functional analysis has not
yet revealed a cellular role for this modification, it might clearly
regulate the function of the RanGAP.

An area of increasing interest is the direct or indirect involve-
ment of nucleoporins in mitosis. V. Doye (Paris, France)
described studies that analysed the role of the Nup107-complex
constituents in Schizosaccharomyces pombe. In this yeast, dele-
tion of Nup120 impairs mMRNA export and NPC distribution, and
also leads to septation defects, chromosome missegregation and
abnormal spindles. Whereas in human cells a fraction of the
entire Nup107-160 complex, including Nup96 and Secl3, is
targeted to kinetochores during mitosis, a similar localization
for the homologous proteins in S. pombe could not be demon-
strated. In this yeast, however, Nup120 deletion also leads to
an altered nuclear accumulation of Ran, which might underlie
the reported aberrations in cell-cycle-dependent processes. It
will be interesting to determine how these phenotypes can be
functionally explained.
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Nuclear transport
The separation of the nucleus and the cytoplasm necessitates selec-
tive macromolecular transport, which is mediated by the Ran sys-
tem and the nuclear transport receptors or karyopherins (Fig 2).
There are 14 karyopherins in S. cerevisiae and more than 20 in
humans (for a review, see Fried & Kutay, 2003). An interesting
guestion that was addressed by several researchers concerned the
specificity of these receptor-mediated transport pathways.

Multiple cargoes have been identified for several karyopherins.
At the meeting, G. Schlenstedt (Homburg, Germany) reported on
the identification of a cargo for Kap120, which was previously the
only yeast karyopherin for which no cargo had been described.
He showed that Kap120 is the importer for Rpfl—an essential
protein that is involved in ribosome biogenesis. Interestingly, two
other karyopherins, Nmd5 and Kapl114, can participate in the
nuclear import of Rpfl, revealing another import pathway by
which several nonessential karyopherins cooperate to assure the
import of an essential nuclear protein. I. Macara (Charlottesville,
VA, USA) provided evidence for another interesting import path-
way. His group found that importin 11, which is the human homo-
logue of Kap120, specifically imports ubiquitin-loaded UbcM2,
which is a class Il ubiquitin E2 ligase. Therefore, in this context,
ubiquitin could function as a new type of nuclear localization sig-
nal (NLS) that is active only when conjugated to UbcM2. Such a
mechanism would ensure that only the ubiquitylated charged ver-
sion of the ubiquitin ligase would be imported into the nucleus,
therefore ensuring the efficient and preferential modification of
substrates within the nucleus.

A new export pathway was examined by D. Gorlich
(Heidelberg, Germany). His group identified exportin 6 (Exp6) as
a new karyopherin family member from higher eukaryotes and
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showed that it mediates the nuclear export of profilin—actin com-
plexes. Profilin therefore functions not only as the nucleotide-
exchange factor for actin, but also as a cofactor for actin export.
Calculations of the actin concentration in the nucleus resulted in
an estimate of approximately 1% of the total nuclear protein con-
centration. Therefore, the Gérlich laboratory postulated that
nuclear export of actin is an essential mechanism for cells to pre-
vent toxic concentrations of the protein from accumulating in the
nucleus (Stuven et al, 2003).

Two groups reported that exportin 5 (Exp5), which is another
member of the karyopherin family, mediates the nuclear export of
short microRNA (miRNA) precursors (pre-miRNAs). miRNAs are
22-24-nucleotide-long RNAs that function as regulators of
eukaryotic gene expression. They are generated by sequential pro-
cessing of longer precursor RNAs in the nucleus and the cyto-
plasm. Using small interfering RNA (siRNA) or oligonucleotides
directed against Exp5, B. Cullen’s laboratory (Durham, NC, USA)
showed that loss of Exp5 function causes the nuclear accumula-
tion of miRNA (Yi et al, 2003). In a collaboration, the groups of
E. Lund & J. Dahlberg (Madison, WI, USA) and U. Kutay (Zurich,
Switzerland) showed that Exp5 binds directly and specifically to
correctly processed pre-miRNAs in a RanGTP-dependent manner
(Lund et al, 2004). Therefore, Exp5, in addition to being an export
factor, is central to miRNA biogenesis and might help to coor-
dinate nuclear and cytoplasmic processing steps, which again
indicates complex regulatory roles for the karyopherins.

MRNA export

Bulk mRNA export is independent of both the Ran system and the
karyopherins (for a review, see Fried & Kutay, 2003). Perhaps
because of the numerous processing events that must occur before
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Fig 3 | Recent developments in our understanding of messenger RNA export in Saccharomyces cerevisiae. During transcription, mRNA export factors are
recruited to the precursor mMRNA. The helicase Dbp5 interacts with components of the transcription factor complex IIH (TFIIH). Sus1 tethers some mRNAs
to the nuclear pore complex (NPC) with Sac3 and Thp1 during transcription, through its association with the Spt/Ada/Gcn5/acetyltransferase (SAGA)
complex. The transcription and export (TREX) complex consists of Sub2, Yral and the THO complex, which functions in transcription and elongation.
Yral and Npl3 recruit Mex67, which docks the mRNA through Mtr2 to the NPC. Nab2 interacts with Mlp proteins, which act as an mRNA quality control
checkpoint before the translocation of the messenger ribonucleoprotein complexes. Apart from Npl3, two novel SR-type mRNA-binding proteins, Gbp2
and Hrb1 are part of the exported mesenger ribonucleoprotein (MRNP) complex. CBC, cap-binding complex.
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the export of a mature message, mRNA export seems to be inti-
mately linked to transcription, processing and translation. Several
talks touched on this linkage of early and late events in mRNA bio-
genesis (Fig 3). C. N. Cole (Hanover, NH, USA) discussed his
recent results on the RNA helicase Dbp5, which could link its pre-
viously known function in the late steps of mMRNA export to early
steps in MRNA biogenesis. He described genetic interactions
between DBP5 and factors that are involved in early transcription
events, such as the TFIIH complex (Estruch & Cole, 2003).

The transcription and export (TREX) complex is a conserved
multisubunit factor containing proteins that are required for
MRNA export (Sub2/UAP56 and Yral/Aly) and transcription
elongation (the THO complex). TREX might function to recruit
the mRNA-export machinery to the mRNA by a transcription-
coupled mechanism. Mutations in TREX-complex components in
S. cerevisiae cause pleiotropic phenotypes, such as impaired
transcription elongation, mRNA-export defects and increased
transcription-associated recombination. A. Aguilera (Seville,
Spain) presented data that indicated an important function for
Hpr1, which is a component of the THO complex, in preventing
the formation of DNA-RNA hybrids during transcriptional elon-
gation (Huertas & Aguilera, 2003). Further compelling evidence
for the coupling of early transcriptional events to mRNA export
was provided by E. Hurt’s laboratory (Heidelberg, Germany). In a
synthetic lethal screen with a yral mutant, they identified a
mutant of susl. Susl is associated with the Spt/Ada/Gcn5/
acetyltransferase (SAGA) complex, which functions in the tran-
scriptional regulation of a subset of yeast genes. Susl also inter-
acts with two NPC-associated proteins: Thpl and Sac3.
Interestingly, Susl, which is localized to the nucleus and the
nuclear rim, remains in the nuclear interior in sac3-deletion
mutants, indicating that Susl is involved in tethering some genes
to the NPC to specifically enhance the export of their messages
(Rodriguez-Navarro et al, 2004).

Eukaryotic cells have developed complex surveillance mech-
anisms to ensure that only properly processed messages are
exported from the nucleus and only correct mMRNAs are translated
into proteins. The nonsense-mediated decay (NMD) system rec-
ognizes and degrades mRNAs that prematurely terminate transla-
tion during a ‘pioneer’ round of translation (Maquat, 2002).
R. Reed (Boston, MA, USA) reported on the identification of a
homologue of the translation initiation factor elF4A, which asso-
ciates with nuclear mRNAs and co-immunoprecipitates with the
cap-binding protein CBP80; this factor might therefore partici-
pate in the pioneer round of translation and, hence, in NMD.
A. Corbett (Atlanta, GA, USA) presented data obtained by her
group that implicate two nuclear basket proteins, MIpl and
MIp2, which are yeast homologues of human Tpr, in mRNA sur-
veillance. They identified a functional interaction between the
Mlp proteins and the mRNA-binding protein Nab2 (Green et al,
2003). Using a LacZ reporter, they went on to show that
unprocessed pre-mRNA can exit the nucleus in mlp mutants. In
their model, MlIp proteins act as a checkpoint at the NPC by pref-
erentially concentrating export-competent ribonucleoproteins
(RNPs) at the pore. A similar model (Galy et al, 2004) was
mentioned by U. Nehrbass (Paris, France), who then went on to
discuss his work linking the MIp proteins to chromatin and, pos-
sibly, to the control of gene expression. F. Stutz (Geneva,
Switzerland) reported on her group’s observation that mutations
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in YRAL result in decreased mRNA levels. Deletion of Mip pro-
teins in a yral mutant restores MRNA levels, but increases mRNA
leakage into the cytoplasm. They propose that Mlp proteins
might contribute to mRNP surveillance by retaining improperly
assembled mRNP particles at the nuclear periphery. mRNP reten-
tion might, in turn, negatively affect mMRNA synthesis or stability.
In fact, RNAI studies from the Cordes laboratory also revealed
that mammalian Tpr is not essential for NLS-mediated import or
nuclear export signal (NES)-dependent export. However, it did
have an impact on mRNA export, with the loss of Tpr apparently
resulting in facilitated export of both intron-less and intron-
containing MRNAs. Together, the quality-control mechanisms at the
NPC by means of MIp/Tpr seem to represent a new checkpoint
along the mRNA journey from biogenesis to translation.

Many laboratories presented evidence for the intimate linkage
between events that occur before mRNA export from the nucleus,
but there was also evidence for crosstalk between later events:
mMRNA export and translation. H. Krebber (Marburg, Germany)
described her finding that significant amounts of the serine/
arginine (SR)-type shuttling mRNA-binding proteins, Npl3, Gbp2
and Hrbl (Hacker & Krebber, 2004), are associated with ribo-
somes during translation and might deliver the exported mRNAs
to the translation machinery. P. Prekker from C. Guthrie’s labora-
tory (San Francisco, CA, USA) discussed the antagonistic phos-
phatase for the SR-specific protein kinase Sky1, which the Guthrie
laboratory identified as being protein phosphatase 1-type,
termed Glc7. Their data indicate a model in which Glc7 dephos-
phorylates RNA-bound Npl3 in the nucleus, which subsequently
allows Mex67 to bind Npl3 and promote the export of the
mMRNP to the cytoplasm (Gilbert & Guthrie, 2004). Another link
between nuclear export and translation was presented by
M.-L. Hammarskjold (Charlottesville, VA, USA). She showed that
the heterotrimeric mRNA-export receptor composed of the TAP
and p15/NXT proteins enhances the translation of proteins from
the exported constitutive-transport element (CTE) RNA. Pulse-
chase experiments showed that TAP and NXT significantly
increase the rate of protein synthesis. Furthermore, TAP, but not
NXT, is detected in polyribosomes, which indicates a role for
these mMRNA-export factors in translation (Jin et al, 2003).

In summary, the expanding nuclear transport field is bringing
together topics and expertise from a wide range of research areas.
This multidisciplinary approach is contributing to an enhanced
understanding of a range of crucial cellular processes. It is also
providing insight into how transport into and out of the nucleus
contributes to the regulation of numerous cellular functions,
including gene expression, protein translation, cell division and
nuclear dynamics. The meeting in Sicily left its participants confi-
dent that the field of nucleocytoplasmic transport will continue to
expand and be a source of exciting ideas that will help to “read
the instruction manual for the cell”.
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