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1. Introduction

Gene expression in eukaryotic cells requires coordinated

—_— nuclear processes (Fig. 1A). These processes include synthesis
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Fig. 1. From the gene to the cytoplasm. (A) Schematic views on diploid nuclei (left) and polytene nuclei (right). In diploid nuclei, transcribing genes with pre-mRNPs are
found in perichromatin regions. The released mRNPs (violet ovals) move by restricted diffusion inside interchromatin channels (arrows). These channels form a network that
opens in the nuclear periphery close to NPCs (two NPCs are depicted at the bottom of the figure). Movement inside channels may influence directionality and efficiency of
the transport from gene to NPC. The mRNPs often are rejected at the NPCs (bent arrow). In polytene nuclei of C. tentans salivary gland cells, the BR mRNPs (green circles) are
released from the gene locus into a large continuous volume of interchromatin and become part of an mRNP pool. The BR mRNPs move in all directions. NXF1 is recruited
in the interchromatin. Eventually the BR mRNPs interact with the NPCs. Also here, the majority of interactions lead to rejection of the BR mRNPs (bent arrow). Fully export
competent BR mRNPs are translocated through the NPC central channel. The processes occurring at the different nuclear compartments are indicated. Folding of the nascent
transcript, assembly into RNA-protein complexes and processing into mRNPs take place at the gene loci. BR mRNPs are released from the gene locus and recruit NXF1, the
major export receptor, in the interchromatin. (B) Schematic view of the docking and translocation of BR mRNPs through the NPC (70). The export competent BR mRNP first
interacts with the basket of the NPC (1). The BR mRNP then moves to the center of the NPC (2). The BR mRNP is rearranged into a ribbon-like structure that is translocated
through the central channel with the 5'-end first, but retain contact with the nuclear ring (3). At the cytoplasmic face, the BR mRNP unfolds into a thinner mRNP fiber (4).

Complexes (NPC) and release of the mRNP into the cytoplasm.
Pre-mRNA processing results in extensive remodeling of the pre-
mRNAs themselves, as a consequence of capping, splicing, 3’-end
cleavage and polyadenylation and in specific cases editing. All of
these processing events require specific interactions of molecu-
lar machineries with the pre-mRNAs and all of them take place
largely cotranscriptionally. The active gene locus thus constitutes a
local environment where essential steps of gene expression occur
[1]. In addition to physical changes of the transcript itself, the
pre-mRNA and subsequently the mRNA bind a multitude of dif-
ferent RNA-binding proteins and additional, associated proteins.
Many of these proteins become part of the pre-mRNP already at
the gene and therefore, the unit that is released from the gene
is an mRNA-protein complex (mRNP). Downstream processes of
gene expression mainly involve the protein components of the
mRNPs. Knowledge about eukaryotic gene expression is therefore

highly dependent upon studies of the formation and behavior of
mRNPs. In particular, we need knowledge about endogenous, gene
specific mRNPs in intact cells, but this knowledge is difficult to
achieve because of experimental limitations. In this review, we
will highlight one biological system, the Balbiani ring (BR) genes
in the salivary glands of the dipteran Chironomus tentans (C. ten-
tans) and their pre-mRNPs/mRNPs [2,3]. The reason is that these
genes express huge pre-mRNPs/mRNPs in large quantities in poly-
tene nuclei. These features make it possible to, in intact cells,
analyze the formation of individual BR pre-mRNPs during tran-
scription, cotranscriptional processing, movement of the BR mRNPs
inside the interchromatin space, docking at the NPCs, passage
through the NPCs and subsequent release into the cytoplasm. A
uniquely detailed spatial and temporal view of the pathway from
the gene to the cytoplasm is therefore possible to obtain for the BR
genes.
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In this review, we focus on the exit of mRNPs from the gene,
movement through the interchromatin and export to the cyto-
plasm. We will use the polytene nuclei and the BR mRNPs as an
illustrative example, but also relate to other specific experimental
systems. Together, knowledge obtained from favorable experimen-
tal biological systems will hopefully provide an up to date view of
intranuclear processes of central importance for eukaryotic gene
expression in general and especially for mRNP export.

2. Formation of pre-mRNPs/mRNPs at the gene
2.1. Pre-mRNA and mRNA binding proteins

EM images of active BR genes in situ [2] as well as of lampbrush
chromosome loops [4], show that the nascent transcripts form
RNA-protein complexes continuously during transcription. Also in
perichromatin regions in diploid interphase nuclei, nascent trans-
cripts form RNA-protein complexes [5]. Structural studies of the
elongating RNA polymerase Il have demonstrated that the nascent
transcript passes through a channel in the polymerase [6]. Very
rapidly after emerging from the polymerase the transcript is pre-
sumably accessible for various proteins that can interact with the
transcript. Interactions between pre-mRNPs, the RNA polymerase
I elongation complex and processing machineries take place and
result in coordination, efficiency and regulation [7]. All subsequent
nuclear gene expression steps thus take place in the context of a
pre-mRNP/mRNP [8].

In the cell, a large number of proteins exist that contain domains
capable of binding to RNA, often combined with other type of
domains that give the proteins various specific functions. RNA-
binding proteins are involved in all gene expression events. The
large repertoire of RNA-binding proteins exists as a result of the
combination of domain organization, achieved by alternative splic-
ing, tissue specific expression and protein modifications [9].

Pre-mRNPs/mRNPs contain both universal and unique pro-
teins. In addition, proteins can be present in different amounts.
For example; cap-binding proteins CBP20 and CBP80, as well as
PABN1 (polyadenylate binding proteinl), are parts of presum-
ably all mRNPs. Exon Junction Complex (EJC) components are
present in mRNPs containing exon-exon junctions. Several pro-
teins, such as SR proteins and hnRNP proteins have varying degrees
of sequence binding specificity and it has been shown that different
pre-mRNPs/mRNPs contain different combinations and amounts
of such proteins [10]. So far, exact measurements of the composi-
tion of endogenous gene specific pre-mRNPs/mRNPs are lacking
largely because of experimental difficulties to purify individual
pre-mRNPs/mRNPs. Analyses of the protein composition of mRNPs,
in vitro assembled in HeLa cell extracts, indicate that a large num-
ber of proteins are present in mRNPs and that splicing influences
the composition [11]. Immuno-EM studies have located a number
of different protein components in the BR pre-mRNPs/mRNPs.

2.2. RNA-folding and RNA-protein assembly

Pre-mRNA has an intrinsic property to fold, presumably influ-
enced by evolution to favor functionally productive folds, although
a great number of possible folds are most likely almost as energet-
ically stable. Folding of the pre-mRNA starts during transcription
[12] and can be functionally highly important. The transcription
rate can influence how the transcript folds by restricting or enlarg-
ing the available secondary structure options [13,14]. It is also
possible that the RNA fold can influence the rate of transcrip-
tion [15]. During splicing, external snRNAs guide the local fold at
the exon-intron borders to optimize and direct the transesterfi-
cation reactions of splicing. Splicing signals, for example intronic

polypyrimidine tracts, may be hidden in RNA secondary structures
and influence splicing efficiency and location [ 16]. Incorrect folding
or slow folding may be involved in kinetic proofreading of splicing
[17].

Equally important during splicing is the influence on RNA fold-
ing by various RNA-binding proteins.

We need to learn more about the folding of pre-mRNAs/mRNAs.
Also detailed knowledge about the structure of the RNA-protein
assembly within gene specific pre-mRNPs/mRNPs is required.
RNA-binding proteins influence the folding of the pre-mRNA.
EM observations of nascent transcripts, present in perichromatin,
have revealed fibrillar and granular structures corresponding to
pre-mRNPs [5]. During transcription, the BR pre-mRNAs initially
assemble into RNA-protein fibers and at a distinct length from the
transcription start site (about 8 kb), folds into a globular structure,
finally reaching a diameter of about 50nm [2]. The substruc-
ture of the BR pre-mRNP/mRNP seems to be a 7nm in diameter
RNA-protein fiber [18]. In yeast, isolated mRNPs, studied by EM
have a thickness of 5-7 nm [19]. It is possible that compaction of
the BR pre-mRNP into a globular complex depends on interactions
between EJC core components and SR proteins as suggested for
human endogenous mRNPs [20]. EJC core components and SR pro-
teins are present in the BR pre-mRNPs when the pre-mRNA has
reached the critical length where a more compact folding takes
place. Although the BR mRNP structure can be dynamic, as shown
during transport through NPCs [21], the globular overall morphol-
ogy remains intact during movement within the interchromatin.

Measurements of the diffusion coefficients for RNAs of differ-
ent lengths, in vitro assembled into mRNPs, demonstrated that
the RNPs adopted compact shapes [22]. Images of purified mRNPs
from yeast showed that they had compact, elongated, ribbon-like
structures [19]. Longer RNAs were present in longer structures
but it was suggested that the mRNPs had a common core struc-
ture. Considering that mRNPs from different genes have different
lengths, different numbers of exon-exon junctions with recruited
EJCs and different sequences influencing which RNA-binding pro-
teins are associated with the mRNPs, it is likely that variants of
mRNP structures exist. Pre-mRNPs from the BR1 and BR2 genes
have very similar morphology. These genes are also very similar
as to length, exon-intron organization and sequence. In contrast,
the shorter BR3 gene has a different exon-intron organization and
sequence, and the BR3 pre-mRNPs are different [23].

From a theoretical point of view, several consequences of
assembly into compact pre-mRNPs/mRNPs have been put forward.
Packaging could influence processing events by influencing the
proximity of RNA sites in space or by hiding/exposing specific sites.
It is well known that certain hnRNP proteins influence alterna-
tive splicing by competing with SRFS1 for pre-mRNA binding [24].
Interaction between proteins included in different processing com-
plexes, but brought close in space are known to occur and may
coordinate different processes [7]. Packaging could also influence
physical parameters during transcription and transport through the
interchromatin.

3. mRNP release from the gene

Cotranscriptional pre-mRNP assembly and processing events
such as capping and splicing are important steps in preparing the
mRNP for export. Correct 3’-end formation is a critical step in
reaching export competence because it is required for release of
the mRNP from the gene. 3’-End processing is dependent on RNA
polymerase Il CTD Ser2 phosphorylation, because this enhances
binding of 3’-end processing factors [25], and on polyadenylation
signals in the mRNA. Recognition of the poly(A) site and cleavage
most often occur before transcription termination. Excision of the
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terminal intron and 3’-end processing are coupled through inter-
action between spliceosome components and 3’-end processing
factors [26], but either can come before the other. In the BR1 gene,
3’-end cleavage, initial polyadenylation (about 20 As) and excision
of the final intron take place at the gene [27].

In yeast, there is a clear coupling between 3’-end formation and
mRNP export [28,29]. Polyadenylation is followed by binding of
poly(A) binding protein Nab2, that together with Yral recruit the
mRNA export receptor Mex67. In addition, Yral can be recruited
through an interaction with Pcf11, a component of the 3’-end
machinery. Pcf11 then transfers Yral to the TREX (transcription-
export) complex with the aid of the Sub2 helicase.

In yeast, the THO complex and Sub2 are needed for efficient
polyadenylation by Papl and may be involved in coordinating
polyadenylation, dissociation of the polyadenylation machinery
and release of the mRNP from the gene. If this does not happen,
polyadenylation by TRAMP may occur, followed by exosome degra-
dation, probably at the gene loci. This may also happen in higher
eukaryotes since retention at gene loci also occur upon defects in
3’-end processing [30].

These observations underline that pre-mRNPs are assembled
and processed at the gene loci and that interaction between differ-
ent processes, culminating in 3’-end processing, optimize release of
correct mRNPs into the interchromatin. In yeast, Mex67 appears to
be recruited in a transcription- and 3’-end processing dependent
manner. In metazoans, recruitment of the corresponding export
receptor NXF1 seems more to be dependent on splicing and addi-
tion of the CBC.

4. Movement of mRNPs through the interchromatin and
export competence

4.1. Restricted diffusion in the interchromatin

Upon release from the gene, mRNPs enter the interchromatin
space. In polytene nuclei of C. tentans, BR mRNPs move away
from the gene in all directions [31]. The movement of individ-
ual BR mRNPs inside interchromatin has been followed in intact
nuclei, showing that they move by restricted diffusion. The BR
mRNPs move in a discontinuous manner [32]. No distinct diffusion
coefficient described the movement. Instead, trajectories of indi-
vidual BR mRNPs showed discontinuous movement where the BR
mRNPs repeatedly were hindered by and also interacted with non-
chromatin structures in the interchromatin [33]. EM has described
direct contacts between BR mRNPs and interchromatin structures
[34], but the functional implications of such interactions are not
known.

The interchromatin in polytene nuclei makes up a large volume
that is uninterrupted by chromatin. This presumably influences the
behavior of the BR mRNPs compared to mRNPs in diploid nuclei.
In diploid nuclei, detailed EM studies have demonstrated that the
interchromatin takes up almost 50% of the nuclear volume and that
it forms a network of interchromatin channels running between
chromatin and sometimes opening up in the periphery, close to
NPCs [35,36]. It is likely that the movement of mRNPs in diploid
nuclei is highly influenced by the chromatin/interchromatin orga-
nization [22]. This leads to restricted diffusion of mRNPs inside
interchromatin channels, possibly leading to directionality of the
mRNP movements toward the nuclear periphery.

Studies of mRNP movement in diploid nuclei have shown
that the mRNPs can move with diffusion coefficients up to
10 wm?/s, presumably in interchromatin channels, although also
being retarded for unknown reasons, possibly by interaction with
chromatin structures [37].

4.2. When is the mRNP completely export competent?

In several aspects, mRNPs appear to be export competent as they
are released from the gene. BR mRNAs obtain a Cap Binding Com-
plex (CBC) early during transcription [38]. The introns are excised
almost completely at the gene locus. The excision of some introns is
however completed in the interchromatin [39,40]. Polyadenylation
is initiated at the gene locus where the first approximately 20 As
are added and polyadenylation is completed in the interchromatin
[27]. The BR mRNPs reach their compact, globular structure at the
gene and most proteins present in the BR mRNPs are added at the
gene locus.

As the BR mRNPs are released from the gene, they become part
of an interchromatin pool of BR mRNPs. This pool is turned over
in about 2 h [31]. Our current view is that when BR mRNPs enter
the interchromatin space, they move around by diffusion. At some
point, they will come into contact with the basket of the NPCs
and if export competent and the NPC is not occupied, they will
be exported into the cytoplasm. An important aspect then is how
and where the BR mRNPs become fully export competent.

4.3. Acquisition of export receptors

For export, mRNPs require export receptors and there are two
major export receptors described, CRM1 and NXF1. The karyo-
pherin CRM1 is utilized for some mRNAs, in addition to for example
ribosomal RNAs and uridine-rich small nuclear ribonucleotide
particles (U snRNAs). CRM1 binds its cargo when it also binds GTP-
bound Ran GTPase. CRM1 binds to a nuclear export signal (NES)
in an adapter protein. Several different adapter proteins have been
identified. CRM1, and its cofactor Ran, are part of the BR mRNPs
[41]. However, leptomycin B treatment showed that a NES-CRM1-
RanGTP complex is not necessary for BRmRNP export. This suggests
that other export receptors also are involved. BR mRNPs indeed
contain NXF1 as discussed below.

The main mRNA export receptor is NXF1/NXT1 heterodimer.
NXF1 binds to mRNPs via different adapter proteins. The TREX
complex component Aly/REF (Yral in yeast) is one such adapter.
Aly/REF (Yral) is recruited to mRNPs in different ways. Early, it
was reported that Aly/REF (Yra1) could be recruited by the EJC[42].
In yeast, Aly/REF (Yral) can be recruited during 3’-end processing
through interaction with Pcf11, a component of the 3'-end cleavage
machinery [43]. Another important recruitment pathway appears
to be splicing dependent and mediated by CBP80 [44]. Also dephos-
phorylated SR proteins serve as NXF1 adapters [45,46].

NXF1 is present throughout the nucleus in Hela cells [47] but
it could not be detected at transcription sites [48]. It has not been
demonstrated where in the nucleus NXF1 associates with endoge-
nous mRNPs in diploid nuclei, but BR mRNPs bind NXF1 in the
interchromatin of polytene nuclei [49]. It has been shown that a
CBC is added to BR pre-mRNPs early during transcription [38] and
recently it was demonstrated that the EJC core components, all
bind to BR pre-mRNPs cotranscriptionally [49]. In addition, 3’-end
processing takes place at the BR gene loci [27]. It has also been
shown that Aly/REF (Yra1l) is present in BR pre-mRNPs/mRNPs at
the gene [50]. Several different SR proteins are also present in BR
pre-mRNPs after completed splicing at the gene [10] and therefore
most likely in a hypophosphorylated state. The known adapters for
NXF1 are thus part of the BR mRNPs already at the gene loci. In
spite of this, NXF1 is not recruited to the BR mRNPs until in the
interchromatin [49].

4.4. Export receptors and elements in the mRNA

Export of mRNPs can be influenced by elements within the
mRNA itself. Rev, a NES-containing protein binds to the HIV-1
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Rev Response Element and CRM1 subsequently binds to Rev. In
type D retroviruses, RNAs contain a so-called CTE-element that is
directly bound by NXF1. Specific classes of mRNAs in vertebrates,
for example those that encode mitochondrion-targeted or secre-
tory proteins, can contain RNA-elements important for export [51].
Other examples are the presence of specific sequence elements in
the untranslated regions of mRNAs. AU-rich elements in the 3' UTRs
bind human antigen R (HuR) that indirectly recruit CRM1 [52].
Sequences in UTRs of heat-shock proteins are involved in export
during heat-shock stress [53].

4.5. Initiation and completion of splicing

Early studies of individual genes demonstrated cotranscrip-
tional splicing [39,54]. Global studies have since shown that the
majority of splicing is indeed cotranscriptional [55,56]. Splicing
can be initiated cotranscriptionally and completed in the interchro-
matin [40]. Individual introns can be excised post-transcriptionally
if they have impaired splice signals or if they are subject to alter-
native splicing [57]. It then appears that individual introns within
a pre-mRNA can be excised posttranscriptionally while neighbor-
ing introns are excised cotranscriptionally. Splicing factors are
largely stored in interchromatin granule clusters, seen as speckles
in the fluorescence microscope and it is believed that the splic-
ing factors are recruited to nascent transcripts on active genes
[58]. Nascent RNA [59,60] and active spliceosomes [61], are present
around speckles. Speckles may be sites of posttranscriptional splic-
ing [61,62].

5. Docking at the Nuclear Pore Complex
5.1. NPC composition and structure

The majority of mRNPs leave the nucleus through the Nuclear
Pore Complexes (NPC). The composition and structure of the NPC
is well known [63]. In vertebrates, the NPC is an approximately
125 MDa macromolecular complex. In yeast, it has about half the
molecular weight, although the structure is evolutionary con-
served. Approximately 30 different proteins called nucleoporins
(Nups) make up the NPC. At least 8 copies of each nucleoporin,
are present in a NPC that has an eight-fold rotational symme-
try in the plane of the membrane. Transmembrane nucleoporins
anchor the NPC in the nuclear membrane, structural nucleoporins,
embedded in the NPC, provide a scaffold for other nucleoporins
and the FG-nucleoporins are rich in phenylalanine-glycine (FG)-
repeats. The FG-nucleoporins bind directly to export receptors and
contribute to translocation of the export cargos. They are also
part of the permeability barrier for non-specific transport. The
FG-nucleoporins cover the surface of the central channel from
the nuclear to the cytoplasmic side. There are two groups of FG-
nucleoporins: the symmetrical nucleoporins that are present on
both sides of the NPC and the asymmetrical FG-nucleoporins that
are localized exclusively on one side of the NPC [64]. The NPC has
a nucleoplasmic region that consists of a nuclear ring, and a basket
including long filaments. In the central part spanning the mem-
brane, the central spoke region forms the translocation channel.
Finally, a cytoplasmic ring and long filaments make up the cyto-
plasmic region [65].

Functional specialization of NPCs has been reported. For exam-
ple, myogenic and neuronal differentiation requires a changed NPC
composition [66] and in yeast, the nucleolus is close to a region of
the nuclear membrane where the NPCs lack the proteins Mlp1 and
Mip2 [67].

5.2. Productive and non-productive mRNP-NPC interactions

The mRNP is targeted to the NPC by direct interactions between
export factors and basket components. In yeast, Mex67 interacts
with Nup1 and Nup2, and Nab2, a Mex67 adapter, interacts with
Mlp1. The FG-repeats of Nup1 and Nup2 are proposed to be the
first binding sites for the mRNP to the NPC. Imaging of individual
BR mRNPs in intact C. tentans cells [68] and of individual mRNPs
in HeLa cells [69], have demonstrated that mRNPs often associate
with the basket but then return to the interchromatin. This seems
to happen in about 60-75% of the cases. In agreement, export inhi-
bition has shown that interactions between mRNPs and NPCs do
not require export [22]. It is possible that such unproductive asso-
ciations between baskets and mRNPs can be due to the lack of
export receptors as suggested for the BR mRNPs not containing
NXF1 and therefore are not fully export competent [49]. Other
explanations, such as NPCs being fully loaded and already engaged
in transport, are possible. EM analyses have shown that the BR
mRNPs first attach to the nucleoplasmatic fibers of the NPC, still
having its globular structure. It then moves to the center of the
NPC and finally docks at the entrance of the central channel [70].
In vivo studies have identified a rate-limiting step at the basket
[68]. In vivo imaging in mouse cells has also shown that the rate-
limiting steps for mRNP transport are access to and release from
the NPC [71]. At the nuclear side, the rate-limiting step might be
due to the mRNA quality control and surveillance mechanisms.
At the cytoplasmic side, the rate-limiting step is proposed to be
due to the mRNP remodeling to promote directionality. Transloca-
tion through the channel is much faster than diffusion through the
nucleus [22].

In yeast, a quality control step has been identified upon dock-
ing. Unspliced or malformed mRNPs are identified and degraded.
Several proteins have been suggested to be involved, for example,
Mip1, Mlp2, Nup60, Pmli39, endonuclease Swt1 and protease Ulp1
[72,73].

Docking to the basket of the NPC induces mRNP rearrangement,
including dissociation of proteins from the mRNP [74,75]. BR
mRNPs change conformation and a number of proteins have been
shown to leave the BR mRNPs at the NPCs, for example Aly/REF
(Yral) and HEL/UAPS56. So far, one protein, RAE1 (Gle2p), has been
observed to transiently associate with the BR mRNP at the NPC
[76]. RAE1 has been shown to interact with mRNPs and nucleo-
porins.

5.3. Active gene-NPC interactions in yeast

In higher eukaryotes, active genes often reside in the inte-
rior of the nucleus. However, at the nuclear periphery there are
euchromatic regions associated with NPCs. This may reflect inter-
chromatin channels opening close to NPCs. In budding yeast,
several highly transcribed genes and some inducible genes are
recruited to the nuclear periphery when transcription is acti-
vated. A reversible tethering of these active genes to NPCs has
been described, involving NPC interactions at different stages of
gene expression [77]. These contacts with components of the
NPC, occurring during activation of transcription, leads to forma-
tion of gene loops. NPC components also interact with Mex67
and Sus1, bound to the RNA pol II during transcription elonga-
tion. Also 3’-end processing may be coupled to NPCs through
interactions with the export complex TREX-2 and Mex67. In mam-
mals, a TREX-2 complex analogs complex, GANP is associated
with transcription and it has been suggested that it mediates
transport of mRNPs from active genes to the NPCs [78], but
has also been described to be stably associated with the NPC
[79].
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6. Translocation through the Nuclear Pore Complex

6.1. Entrance of the mRNP into and passage through the central
channel

The NPC channel allows ions and molecules smaller than 40 kDa
to pass passively by diffusion, but larger molecules and molecules
that move against a concentration gradient require facilitated
transport. Translocation of mRNPs through NPCs has been mea-
sured to take between 180 and 500 ms.

Real-time visualization of mRNPs has shown that the mRNPs are
restructured and unfolded during translocation [22]. EM 3D recon-
struction has shown very clearly that during passage through the
NPC channel (Fig. 1B), the large BR mRNP is unfolded into a ribbon-
like, extended shape, about 25 nm in diameter, and that the 5’-end
of the mRNP leads the way through the channel, while the 3’-end
remains in contact with the nuclear ring [ 70]. During translocation,
the 3’-end of the BR mRNP rotates, probably as a result of feeding
of the ribbon into the channel. The connection to the nuclear ring
remains until the 5’-end reaches the cytoplasmic side and subse-
quently the 5'-end is unfolded into a thin RNP fiber.

NXF1/NXT1 promotes first docking of the mRNP to the basket
and then translocation through the NPC channel via sequential
interactions with FG-nucleoporins. Specific domains in NXF1 are
involved in the interaction with the nucleoporins [80] and NXT1
regulates the affinity of NXF1 for the FG-repeats [81,82]. Also
structural nucleoporins have been implicated in the translocation
process [83].

Several models exist for the barrier function of FG-repeats and
for how export receptors mediate translocation through the bar-
rier. These include the “selective phase partitioning model” in
which export receptors can disrupt a FG-repeat meshwork, the
“oily spaghetti model” in which successive associations and disso-
ciations between export receptors and FG-repeats allows diffusion
through the NPC channel and the “virtual gating model” in which
stepwise binding of export receptors to FG-repeats overcomes the
entropic barrier formed by the FG meshwork. Distinctly different
FG-nucleoporin requirements exist for protein transport mediated
by karyopherin versus mRNP export mediated by NXF1 [64]. It
appears that mRNPs are translocated along the periphery of the
central channel as opposed to small molecules that passively diffuse
through the central part [69].

6.2. Directionality of translocation and release of the mRNP

Direct measurements have demonstrated that mRNPs can move
back and forth within the central channel [71]. Directionality of
export appears to be due to NPC-associated factors at the cytoplas-
mic side of the NPC. In yeast, Nup42 and Nup159, FG-nucleoporins
that are components of the cytoplasmic filaments, participate in
the dissociation of the mRNP from the NPC. Nup42 binds Glel
and its cofactor inositol hexakisphosphate (IPg). Gle1-IPg interacts
with the DEAD-box helicase Dbp5 and promotes binding of ATP.
Dbp5-ATP can then associate with and, in an ATP-dependent man-
ner, remodel the mRNP [84]. During the conformational change of
the mRNP, some factors will be released, for example Mex67 and
Nab2. As a consequence, the mRNP will irreversibly leave the NPC.
Nup159 has been shown to interact with Dbp5-ADP and partic-
ipate in the Dbp5 nucleotide cycle. Mex67 and Nab2 are recycled
back to the nucleus and can be used in new rounds of mRNP export.
As suggested from EM images of BR mRNPs exiting from the NPCs,
initiation of translation can occur immediately at the cytoplasmic
side of the NPC, even before the entire mRNP has been translocated
[21].

Some mRNPs are transported to specific cytoplasmic locations.
It is furthermore possible that NPCs influence the cytoplasmic

localization of some mRNPs. This is exemplified in C. reinhardtii,
asymmetrically positioned NPCs are important for flagellar bio-
genesis [85] and in yeast, where Nup60 is required for export and
localization of ASH1 mRNA to the bud tip [86].

7. An alternative export pathway

In addition to the export pathway through NPCs, it has been
known for some time that herpes simplex virus nucleocapsid exits
the nucleus by disrupting the nuclear lamina and then bud into
the perinuclear space, before fusing with the outer nuclear mem-
brane [87]. Recently it has been shown, by studying Wnt signaling
in neuromuscular junction formation in Drosophila, that assem-
blies of large mRNPs can be exported from the nucleus by nuclear
membrane budding [88]. These mRNPs are transported to the neu-
romuscular junctions for localized translation.

8. Conclusions

Gene expression in eukaryotes is a multistep process. During
transcription at the gene, the pre-mRNA is immediately folded and
assembled with numerous proteins and processing machineries.
Cotranscriptional capping, splicing and 3’-end processing shapes
the mRNP and ensures that many requirements for downstream
steps of gene expression are fulfilled at the gene. Upon release
from the gene, the mRNP moves by restricted diffusion. Splic-
ing and polyadenylation may be completed and export receptor
NXF1/Mex67 is recruited. At the Nuclear Pore Complex, the mRNPs
are often rejected. If accepted for translocation, conformational and
compositional changes take place. Directionality in the translo-
cation process is achieved by removal of export receptors at the
cytoplasmic face of the NPC. In this review, focus is on the release
of the mRNP from the gene, movement through the interchromatin
and interaction with the NPC. Further knowledge about these steps
in gene expression will require analyses of individual, endogenous
mRNPs with a focus on the dynamic formation of the export compe-
tent mRNP and the interactions between all involved components
in space and time inside the intact cell nucleus.
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