
Modification and processing of
eukaryotic pre-mRNAs

Nucleo-cytoplasmic trafficking



Prokaryotes and Eukaryotes



Nuclear-Cytoplasmic Trafficking

• In eukaryotic cells, the nuclear envelope 
acts as a barrier between the nucleus 
and cytoplasm.

• Small molecules can passively diffuse.
• Larger molecules (above 45 kDa) must 

use an active, energy dependent 
transport pathway. 



Nucleus

Bidirectional traffic occurs through the  Nuclear
Pore Complex (NPC).



Nuclear pore structure 

3000-4000
more than 50
different proteins
arranged with a
striking octagonal
symmetry

a single NPC
allows up to
1000 translocations
per second 
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Its ~55 MDa central framework is a ring-like assembly built of 8
Multidomain spokes, each consisting of two roughly identical halves. 

This central framework is sandwiched between a 32 MDa cytoplasmic
ring and a nuclear ring. From the cytoplasmic ring emanate 8 short, 
kinky fibrils, whereas the nuclear ring anchors a basket, assembled
from 8 thin ~50 nm long filaments joined distally by a 30 nm
ring-like structure.



Cross section of Xenopus NPC



A common feature of many nucleoporins is the 
presence of repeating FXFG, GLFG, and FG sequence
motifs, where X is any amino acid. They have a 
functional role in nucleocytoplasmic transport.

Nucleoporins

NPC Strucutre

Molecular mass of ~125 MDa
Vertebrate NPC is eopri of multiple copies (i.e. 8 or 16) of ~50
different proteins, called nucleoporins (Nups)





Nuclear-cytoplasmic transport

• Energy dependent 
• Vectorial
• Saturable
• Requires specific signals on the 

transported substrate
• Carrier-mediated



Transport

A general paradigm for nuclear transport was established primarily 
through studies of protein import and export.

These studies revealed that transport of most cargoes requires
members of the conserved  family of transport receptors called 
“karyopherins” or “importins/ exportins”.

These receptors interact with protein cargoes via specific 
import and export signals, designated nuclear localization signals 
(NLSs), and nuclear export signals (NESs). A hallmark of karyopherins
is their requirement for the small GTPase Ran, which regulates cargo/
receptor interactions.



NLS (nuclear localisation signal):

-Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val

NES (nuclear export signal):

-Leu-Ala-Leu-Lys-Leu-Ala-Gly-Leu-Asp-Ile
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Export Receptors

The best characterized exportin, exportin-1 or 
CRM1 is required for export of proteins. 
This receptor binds directly to “leucine-rich” NESs
in the protein cargoes and mediates their export. 



RNA export

RNA molecules are too large and lack the signals to interact with
nuclear  export receptors (exportins).

RNAs must be exported as RNPs.

Specific proteins, called adaptor proteins must bind to RNA (cargo) 
to carry the cargo to the export receptor, which in turn guides the
RNA  through the NPC.
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mRNA export

Substantial evidence supports that neither Crm1 nor 
other karyopherins are major contributors to mRNA 
export in yeast or metazoan systems. 

A key issue in mRNA export is the question of what 
factors mediates the export-relevant interactions 
between the mRNP and the NPC.
Currently, the most likely candidate is the essential 
yeast protein Mex67p and its human homologue 
TAP/NXF-1. 



The mRNA export receptor TAP/Mex67p

TAP and Mex67p shuttle between nucleus and cytoplasm, 
cross-link to poly(A)+ RNA and interact directly with FG 
nucleoporins.

However, neither TAP nor Mex67p appears to interact with 
Ran.

Consistent with a direct role in mRNA export, mutations in 
Mex67p induce a rapid and robust nuclear accumulation of 
poly(A)+ RNA. 



The mRNA export receptor TAP/Mex67p
TAP was first identified as the cellular factor interacting with the 
constitutive transport element (CTE) present in RNAs from type D
simple retroviruses and TAP promotes the export of CTE-containing 
transcripts. 

As nuclear injection of CTE RNA into Xenopus oocytes competes with 
the export of cellular mRNAs, TAP was proposed to be implicated in the 
mRNA export pathway. 
Consistently, over-expression of TAP in Xenopus oocytes or tissue 
cultured cells stimulates the export of transcripts that are otherwise 
inefficiently exported or retained within the nucleus, indicating a direct 
role in mRNA export.

TAP/Mex67p exhibits low affinity RNA binding and is likely to  interact with
cellular mRNPs through protein-protein rather than  protein-RNA
interactions.



Yra1/Aly/REF—A Coupling Protein

Another key player in mRNA export is the conserved nuclear
protein known as Yra1 in yeast and Aly/REF in metazoans. 

Yra1 was first discovered as an essential factor with RNA binding 
activity.

This protein was subsequently identified as an mRNA export
factor  in a screen for proteins that interact genetically with Mex67.

Additional studies revealed that Yra1 also interacts physically with 
Mex67.



Aly/REF

The protein Aly/REF  was shown to interact directly with Tap, 
suggesting a conserved role for Yra1/Aly in mRNA export.

Direct functional evidence that Aly/REF  is an mRNA export
factor in  metazoans was provided by the observation that
recombinant Aly/REF promotes export of mRNA in Xenopus
oocytes.

In addition, microinjection of antibodies to Aly blocks mRNA
export  without affecting other transport pathways.

Aly is primarily nuclear, however, it shuttles between the
nucleus and  cytoplasm, consistent with a nuclear export function.



Aly/REF

Additional insight into the function of Aly came from the observation 
that pre-mRNA splicing in metazoans is directly coupled to mRNA 
export, and Aly/REF plays a key role in this coupling.

Evidence that splicing and export are coupled was initially provided by 
the observation that spliced mRNAs assemble into a distinct complex 
that does not assemble on cDNA transcripts, and this “spliced mRNP”
enhances mRNA export.

RNAs that are defective in splicing because of mutations are exported 
inefficiently. 



Aly/REF

Aly is recruited to mRNAs during splicing, and studies in mammalian
cells reveal that Aly colocalizes with pre-mRNA splicing factors in 
nuclear “speckles”, which are storage sites for components of the 
pre-mRNA processing machinery.

f

Aly/REF SF merge



Aly/REF and the Spliceosome

The components of the complex are the splicing associated factor
SRm160, an mRNA-associated shuttling protein termed Y14 AND 
the mRNA export factor Aly/REF!

Aly/REF links pre-mRNA splicing to nuclear export and other 
downstream processes such as NMD or cytoplasmic mRNA localization!

AlyAly/REF is recruited to /REF is recruited to spliceosomesspliceosomes to be deposited 20to be deposited 20--24 nt upstream 24 nt upstream 
of of exonexon--exonexon junctions at a late stage of prejunctions at a late stage of pre--mRNA splicing markingmRNA splicing marking
mRNA for export.



Model for mRNA export



Fig. 1. Model for mRNA export. Nascent polymerase II transcripts (1) 
rapidly associate with hnRNP/processing factors for 5’ capping, 
splicing, 3’ cleavage and polyadenylation resulting in a mature and 
export-competent mRNP complex. In higher eukaryotes, splicing 
deposits a protein mark 20^24 nucleotides upstream of the exon^exon
junction, which includes Aly/REF (2). In yeast, association of Yra1p 
with the mRNP may be different and independent of splicing, as only a 
small percentage of yeast genes contain introns. A putative surveillance 
mechanism ensures that only properly processed transcripts are 
released from their transcription site (3). After release from the 
transcription site and recruitment of the export receptor Mex67p/TAP 
(as Mex67p-Mtr2p or TAP-p15 heterodimers) by Yra1p/REF (4), the 
mRNP is directed towards the NPC. Mex67p/TAP subsequently 
mediates translocation of the mRNP through the pore by sequential 
interactions with FG nucleoporins. On the cytoplasmic side, the RNA 
helicase Dbp5 may trigger the release of the mRNP from the pore (5) 
and induce the recycling of mRNP components back to the nucleus for 
another round of export (6). 



NPC as determined by immuno-electron microscopy



Fig. 3. Localization of Nups implicated in mRNA export within the NPC structure, as 
determined by immuno-electron microscopy. Yeast proteins and sub-complexes are 
shown on the right whereas metazoan nucleoporins with a proposed role in mRNA 
export are shown on the left. FG repeat-containing nucleoporins or sub-complexes are 
indicated in red. The Nup84 complex (C-Nup145p, Nup120p, Nup85p, Nup84p, 
Sec13p, and Seh1p) is placed symmetrically on both sides of the central core and its 
role may be primarily structural. Gle1p, Rip1p, and the Nup159 sub-complex 
(Nup159p, Nup82p, Nsp1p), in association with Nup116p, are cytoplasmically
orientated and involved in a terminal step of mRNA export. This group of proteins 
provides binding sites for Mex67p and the ATPase/RNA helicase Dbp5p. The 
mammalian CAN/Nup214 sub-complex is functionally equivalent to the Nup159 sub-
complex. Gle2p and hGle2 associate with the pore through a conserved sequence in 
Nup116p and Nup98 respectively. Whereas Nup98 localizes at the basket, Nup116p 
and Gle2p are present on both the nuclear and cytoplasmic sides of the pore. These 
differences may reflect changes in steady-state localizations as Nup98 and hGle2 (like 
Nup153) are not stably associated with the NPC but shuttle between the nuclear and 
cytoplasmic compartments. Finally mammalian Tpr and the yeast homologous proteins 
Mlp1p and Mlp2p are part of filamentous structures extending from the nuclear basket 
towards the nuclear interior. These structures were proposed to contribute to early steps 
in mRNA export by providing tracks guiding mRNP complexes from the nucleoplasm 
towards the NPC. 



Model for splicing-coupled mRNA export in metazoans
(A) UAP56 and Aly associate with the spliceosome. (B) The Tap-
p15 heterodimer targets the mRNP to the nuclear pores. Aly acts as 
bridging protein between the exon junction complex (EJC) and 
Tap-p15. (C) mRNA export factors dissociate from the mRNP after 
export to  the cytoplasm. 





New model for mRNA export. 
a, Nascent pre-mRNA is packaged into hnRNP particles. b, During 
spliceosome assembly, exons are packaged by non-hnRNP 
spliceosome components such as SR proteins. c, After splicing, 
hnRNP particles remain associated with the introns, which are 
retained in the nucleus. d, Partial or mutant pre-mRNAs unable to 
enter the splicing pathway are also retained in the nucleus and are 
packaged by hnRNP particles. e, In contrast, the spliced mRNP is 
targeted for export by factors recruited during the splicing pathway, 
in particular the mRNA export factor ALY/REF. Other non-hnRNP 
factors present in the spliced mRNP, such as SR proteins, may also 
be involved in linking splicing and export, or may simply serve a 
packaging function to prevent binding of nuclear retention factors 
such as hnRNP proteins. Thus, a splicing-coupled mechanism targets 
the minute amounts of mRNA (wheat) for export and distinguishes it 
from the vast amounts of intron sequence (chaff) that are retained. f, 
The spliced mRNA is exported by a conserved machinery comprising 
non-hnRNP factors such as TAP/p15, hGle1, hGle2 and hDbp5.





transient docking sites

A receptor-mediated diffusion
mechanism of nuclear mRNA
export

A concentration gradient of 
mRNA may drive vectorial
mRNP translocation



A) export factors may
be recruited by
transcription or
polyadenylation
B) sequence specific 
elements recruit either
the same or different 
machinery (H2a mRNA)



alternative way of transporting
ARE-containing mRNAs









• For a long time a major contributor to our understanding of 
nuclear export pathways is the HIV -1 Rev protein. 

• Binding of Rev to the RRE (Rev- responsive element), a 
highly structured RNA sequence present on partially spliced 
or unspliced viral transcripts, promotes the nuclear exit of 
these RNAs normally retained within the nucleus. 

• This results in the expression of viral structural proteins and 
packaging of new viral particles in the cytoplasm. 

• Rev contains the first NES identified that directly interacts 
with the export receptor Crm1 in a Ran- GTP- dependent 
manner and Crm1 was shown to mediate the export of RRE-
containing transcripts by interaction with the viral adapter 
protein Rev.

HIV Rev-CRM1
PVPLQLPPLERLTLDCNE

CRM1

Rev

RRE



Exportin-1 or CRM-1

• Exportin family members are also required for transport 
of several classes of RNAs, including tRNA, rRNA, and 
snRNAs. 

• tRNA is exported by a mechanism involving direct 
binding to its receptor, exportin-t. 

• rRNA, which requires exportin-1, is exported in pre -
ribosomal particles containing ribosomal proteins, 
several rRNA species, and non-ribosomal proteins. 

• snRNAs are transiently transported to the cytoplasm for 
assembly into snRNP particles and require exportin-1 for 
export.



tRNAs

snRNAs

mRNAs



Studying the
ribosomal export

requires the RanGTPase
cycle and nucleoporins

requires the RanGTPase
cycle and members of
the importin-beta family
(Crm1/Xpo1)
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