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Gene expression in eukaryotes requires several multi-component cellular machines. Each machine carries out a separate step in
the gene expression pathway, which includes transcription, several pre-messenger RNA processing steps and the export of mature
mRNA to the cytoplasm. Recent studies lead to the view that, in contrast to a simple linear assembly line, a complex and extensively
coupled network has evolved to coordinate the activities of the gene expression machines. The extensive coupling is consistent
with a model in which the machines are tethered to each other to form `gene expression factories' that maximize the ef®ciency and
speci®city of each step in gene expression.

E ukaryotic gene expression is a complex stepwise process
that begins with transcription initiation, elongation and
termination (Fig. 1). During transcription, the nascent
pre-mRNA is capped at the 59 end, introns are removed
by splicing, and the 39 end is cleaved and polyadenylated.

The mature mRNA is then released from the site of transcription
and exported to the cytoplasm for translation. Superimposed on
this pathway is an RNA surveillance system that eliminates aber-
rantly processed or mutant pre-mRNAs and mRNAs. Distinct
machines carry out each of the steps in the gene expression pathway.
Despite the unique reactions they catalyse, each machine also
interfaces both physically and functionally with other machines in
the pathway as detailed in several recent reviews1±5. Here we discuss
evidence that coupling is even more extensive than previously
imagined. Indeed coupling occurs not only between sequential
steps in the gene expression pathway but also between the earliest
and latest steps (see Fig. 1).

In this review we address the reasons why such extensive coupling
exists. As discussed below, coupling may solve many of the logistical
problems inherent in the gene expression pathway. For example, the
production of mature mRNA requires that the nascent pre-mRNA
is suf®ciently stable to complete its synthesis, processing and export.
One of the many functions of the 59 cap is to protect the pre-mRNA
from degradation. By tight coupling between the capping and
transcription machineries rapid capping of the nascent pre-
mRNA is ensured, thereby protecting it from degradation. Coupling
also plays a critical role in gene expression by tethering machines to
each other and to their substrates, a mechanism that dramatically
increases the rate and speci®city of enzymatic reactions. The
possible consequences of tethering are illustrated by metazoan
pre-mRNA splicing where small exons must be recognized in a
vast sea of introns. This recognition problem may be solved at least
in part by coupling transcription to splicing, which results in
tethering splicing factors directly adjacent to the nascent pre-
mRNA as it emerges from the polymerase. Tethering in general is
widely used for regulating the activities within individual cellular
machines6. As with the example of splicing above and as discussed
throughout this review tethering is also used to coordinate activities
between machines.

RNA polymerase II: coupling to RNA processing
Both the carboxy-terminal domain (CTD) of the RNA polymerase
II large subunit and transcription elongation factors play central
roles in coupling transcription to pre-mRNA processing. A number

of studies have shown that the CTD functions both as an assembly
platform for and a regulator of transcription and pre-mRNA
processing machines. The CTD consists of 27 heptad repeats in
yeast and 52 in humans, and dynamic site-speci®c phosphorylation
and dephosphorylation of these repeats is a critical mechanism for
CTD function7±9. Several different CTD kinases and at least one
phosphatase have been implicated in this mechanism9±11. The
importance of the CTD in pre-mRNA processing is illustrated by
the effects of certain CTD deletions which do not inactivate
transcription but signi®cantly decrease the ef®ciency of capping12,13,
splicing14 and polyadenylation14. The effects of these deletions
on splicing and polyadenylation are not simply a secondary

Figure 1 A complex network of coupled interactions in gene expression. The major

steps of gene expression are indicated on the left and each stage in transcription is

shown along the top in the red arrow. `Release' indicates release of the mature mRNA

from the site of transcription. The steps in RNA processing, mRNA export, nonsense-

mediated decay (NMD) and RNA degradation are shown below the arrow. The black

arrows indicate physical and/or functional coupling between two steps in gene

expression. Each arrow is documented by published studies showing a physical and/

or functional interaction between one or more components of gene expression

machines. See text for a description of selected examples of coupling, and previous

reviews for additional references and discussion2,3,5.
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consequence of the effects on capping15. Indeed recent studies
indicate that the CTD independently promotes each step of the
pre-mRNA processing pathway. Moreover distinct domains of the
CTD appear to interact with factors required for different steps in
pre-mRNA processing15, at least in humans.

Insight into the relationship between the CTD and the nascent
pre-mRNA was provided by the recent determination of the three-
dimensional structure of yeast RNA polymerase II (ref. 16). The
2.8 AÊ resolution structure revealed that the CTD is directly adjacent
to the exit groove for the pre-mRNA. The CTD is 650 AÊ in length
and is connected to the large subunit of RNA polymerase II
through a ¯exible 280 AÊ linker. Thus the CTD appears to be of
suf®cient size and ¯exibility to interact with multiple components
of the pre-mRNA processing machinery and to localize this
machinery close to the pre-mRNA as it emerges from the exit
groove of the polymerase.

The importance of positioning the CTD immediately adjacent to
the nascent pre-mRNA is illustrated by the process of 59 end
capping4. Capping takes place during the transition from transcrip-
tion initiation to elongation when the nascent pre-mRNA is only
20±40 nucleotides long. During transcription initiation, serine 5 of
the CTD heptad repeat is phosphorylated9,10. This phosphorylation
triggers a cascade of events beginning with the dissociation of
transcription initiation factors from the CTD followed by the
recruitment of the capping machinery and the allosteric activation
of the capping enzyme8,17±19. Serine 5 is subsequently dephosphory-
lated, resulting in release of the capping machinery8,18. Serine 2 of
the heptad repeat is then phosphorylated, leading to the recruitment
of factors involved in subsequent steps of RNA processing8,9. This
switch in site-speci®c phosphorylation functions as a timing
mechanism to coordinate the appearance of the 59 end of the pre-
mRNA with capping8,9.

In mammalian cells the transcription elongation factor P-TEFb is
thought to be the serine 2 CTD kinase9,11,20. In addition, P-TEFb
phosphorylates another elongation factor, hSPT5 (refs 21 and 22).
Another level of coupling between capping and transcription was
revealed by the ®nding that hSPT5 interacts directly with and
activates the capping enzyme23. Thus P-TEFb plays a pivotal role
in the temporal coordination of capping and transcriptional
elongation4.

Pre-mRNA splicing is also coupled to transcription elongation in
part through interactions between the splicing machinery and the
transcription elongation factor TAT-SF1 (ref. 24). These interac-
tions reveal yet another role for P-TEFb in coupling. Speci®cally, P-
TEFb (which is recruited to promoters of cellular genes by tran-
scription factors25) recruits TAT-SF126, which in turn recruits spli-
cing factors to the nascent pre-mRNA24. In vitro studies reveal that
the splicing machinery recruited by TAT-SF1 strongly stimulates
transcription elongation24. The role of TAT-SF1 appears to be
conserved as the yeast TAT-SF1 homologue (CUS2) associates
with splicing factors and regulates the assembly of splicing
complexes27. The connection between transcription elongation
and splicing is further evidenced by in vitro24 and in vivo studies
showing that genes containing introns are more ef®ciently tran-
scribed (reviewed in ref. 28). Finally, another transcription elonga-
tion factor, TFIIS, was recently shown to associate with a high
molecular mass complex containing RNA polymerase II and several
splicing factors29. Thus, at least three elongation factors have been
implicated in coupling transcription elongation to splicing: P-TEFb,
TAT-SF1 and TFIIS.

As is the case with capping, transcription is also coupled to both
splicing and polyadenylation through interactions between the
CTD and the respective processing machineries2,14. For example, a
number of components of the polyadenylation machinery associate
with the CTD2 and these interactions are required for maximum
levels of polyadenylation in vivo14,15. Similarly a set of splicing-
related proteins (SCAFs)30 and various components of the splicing

machinery associate with the CTD1,2. Among the CTD-associated
splicing factors is Prp40 (ref. 31) which is thought to function in
bringing the 59 and 39 splice sites together during the splicing
reaction32.

Coupling between the splicing machinery and the transcription
initiation and elongation complexes may solve long-standing pro-
blems in metazoan pre-mRNA splicing. Most metazoan pre-
mRNAs contain very short exons (,140 nucleotides)33 whereas
the introns are often tens of thousands of nucleotides long. Indeed
one intron in human neurexin pre-mRNA is approximately 480,000
nucleotides in length (B. Graveley, personal communication). Thus
several hours pass between the time of synthesis of the 59 and 39
splice sites of this intron. In addition, metazoan pre-mRNAs
contain multiple exons and introns, and splice-site sequences are
highly degenerate. Thus the splicing machinery must speci®cally
recognize each exon in the context of enormous introns and bring
them together in the correct 59 to 39 order.

Each of these problems may be solved by tethering the splicing
machinery to both the CTD and the transcription elongation
complex. This tethering concentrates the splicing machinery
directly adjacent to the nascent pre-mRNA as it emerges from the
polymerase2,24,34. The speci®c recognition of exons may be facilitated
by this tethering, which effectively reduces the kinetics of the
interaction between the splicing machinery and the pre-mRNA
from ®rst to zero order. With ®rst-order kinetics, factors interact by
free diffusion, dramatically decreasing the probability of an inter-
action. Consequently by coupling transcription to splicing, the
splicing machinery has a strong competitive advantage over the
abundant non-speci®c RNA-binding proteins that can contact
the pre-mRNA only through free diffusion. As a result of coupling,
the splicing machinery has an increased probability of interacting
with the pre-mRNA, thereby increasing the speci®c recognition of
exon sequences. Coupling between the transcription and splicing
machineries is also likely to be important in ensuring that exons are
joined in the correct 59 to 39 order during splicing. This order may
be established by tethering each newly synthesized exon and the
adjacent splice sites to the CTD until the next exon emerges from the
exit groove of the polymerase24,34.

Transcription factors and coactivators: coupling to splicing
Further evidence that transcription is coupled to splicing is
provided by recent reports of physical and in some cases functional
interactions between the preinitiation complex and the SR protein
family of splicing factors35±38. This family, which contains arginine/
serine (RS) domains39, binds to speci®c exon sequences known as
splicing enhancers and recruits the splicing machinery to the 59
and 39 splice sites39,40. Thus SR proteins play a critical role in
recognizing exons for inclusion in the spliced mRNA40. An example
of an SR-like protein thought to have a role in coupling tran-
scription to splicing is the transcriptional coactivator PGC-1. This
coactivator, which contains both an RS domain and an RNA-
binding domain, is recruited to promoters activated by PPARg
and other nuclear receptors41. Neither domain appears to be
required for transcription but both are required for the accumula-
tion of mRNAs transcribed from PGC-1-dependent promoters37.
The PGC-1 protein colocalizes with splicing factors in the nucleus
and interacts directly with SR proteins in vitro. This and related
examples35,36,38 suggest a common theme for transcription-coupled
splicing in which transcription factors recruit SR proteins to the
transcription machinery. The proximity of these proteins to the
nascent pre-mRNA during transcription may in turn promote
splicing.

Coupling of transcription to splicing was also revealed in studies
showing that transcription of pre-mRNA by different promoters
can generate different alternatively spliced mRNAs42,43. Two models
which are not mutually exclusive have been proposed to explain
this promoter-speci®c alternative splicing. In the ®rst, particular
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SR protein family members are differentially recruited to promo-
ters and are then handed off to cognate splicing enhancers to
promote inclusion of speci®c exons in the mRNA43. In the
second, the pattern of splicing is determined by the rate of
transcription elongation which is dictated in turn by the particular
promoter34,44. In the second model different pre-mRNA secondary
structures would be generated depending on the rate of transcrip-
tion. The alternate structures could determine the availability of
sequence elements recognized by the splicing machinery. This
model is consistent with the observation that the pattern of
alternative splicing can differ depending on whether the splicing
machinery acts on a fully synthesized pre-mRNA, or whether
splicing occurs co-transcriptionally34,45. In addition, transcriptional
pausing or conditions that can decrease the rate of elongation can
affect the pattern of alternative splicing34,44,46.

Coupling capping, splicing and polyadenylation
As proposed for coupling between transcription and pre-mRNA
processing, coupling among all of the different pre-mRNA proces-
sing steps also seems to be critical for gene expression. For example,
proteins that bind to the 59 cap of pre-mRNAs interact with splicing
factors and promote recognition of the cap-proximal 59 splice
site47,48. Splicing factors that associate with the terminal 39 intron
also interact with downstream polyadenylation factors and promote
39 end cleavage and polyadenylation49,50. Reciprocally, polyadenyla-
tion complexes can promote splicing of the upstream 39 terminal
intron33. These interactions, in conjunction with the recruitment of
the splicing machinery to internal exons in the pre-mRNA51, play an
important role in ensuring that the correct splice sites are recog-
nized and engaged in the splicing reaction, and that capping and
polyadenylation are timely, accurate and ef®cient.

Coupling the earliest and latest steps of gene expression
Polyadenylation, transcription termination (release of RNA poly-
merase from the DNA) and release of the RNA from the site of
transcription are the ®nal steps in the production of mature mRNA.
A premature event in any of these steps would result in the release of
an incompletely synthesized or partially processed pre-mRNA. This
problem seems to be circumvented by extensive coupling among the
late steps in pre-mRNA synthesis. For example, both a functional
polyadenylation signal and polyadenylation factors are required for
normal transcription termination52,53. Moreover RNA polymerase II
CTD truncations that are defective in polyadenylation are likewise
defective in termination14,54. A number of models for coupling
polyadenylation and termination have been proposed but a general
view has not emerged, owing at least in part to differences in assay
systems2,52,55±57.

Recent studies have shown that transcription initiation and
termination may also be coupled and a polyadenylation factor
may mediate this coupling58,59. The human transcriptional coacti-
vator protein PC4, which interacts directly with the polyadenylation
factor CstF, provides an example. The yeast homologues of these
proteins interact genetically, and both are required for ef®cient
transcription termination59. On the basis of these observations, it
was proposed that PC4 functions as an anti-terminator by inhibit-
ing the termination activity of CstF during transcription elongation.
PC4 and CstF would then dissociate from each other at the
polyadenylation site, allowing the CstF to function in both poly-
adenylation and termination59. This speculative model is attractive
because events that occur during the earliest steps of gene expression
would ensure the correct temporal order of downstream steps in the
pathway.

Subsequent to transcription termination, the mature mRNA is
released from the site of synthesis and transported to nuclear pores.
Even this release step is coupled to both upstream and downstream
events60. For example, unlike wild-type pre-mRNAs, pre-mRNAs
containing splicing mutations accumulate at the site of transcrip-

tion. The mutant pre-mRNAs may form abortive splicing com-
plexes that fail to release normally or splicing itself may be required
for release. The coupling of release and mRNA export is also
suggested by the observation that RNA transcripts accumulate at
the site of synthesis in a number of mRNA export mutants61.
Whether or not this is a direct effect of coupling remains to be
established.

Coupling and the gene expression factory model
The physical coupling between transcription and pre-mRNA pro-
cessing components may also play an important role in the
assembly, storage, and intranuclear transport of different gene
expression machines. Transcription and splicing factors are con-
centrated in two types of nuclear regions known as Cajal bodies and
nuclear speckles62,63. Time course studies suggest that transcription
and pre-mRNA processing components newly imported into the
nucleus ®rst localize to Cajal bodies, and are ultimately stored in the
nuclear speckles62,64. To activate gene expression, transcription and
pre-mRNA processing components move from speckles to the
gene65±67. As with several of the coupling steps mentioned above
this intranuclear transport of splicing components requires an
intact CTD67. Although the mechanism of transport is not under-
stood it appears that phosphorylation of SR proteins is required for
their release from speckles66, and the movement of SR proteins
within the nucleus is rapid and ATP-independent68. Thus SR
proteins diffuse freely in the nucleus, rapidly moving from storage
depots to their sites of action. Coupling between machines in such
an environment could have an essential role in coordinating their
assembly and localization.

An intriguing question is whether the transcription machinery
moves along the DNA carrying all of the coupled machines with it or
is anchored in an immobilized `gene expression factory'14,69 and reels
in the template DNA as the pre-mRNA is continuously extruded in a
highly localized manner70. At present it is not possible to distinguish
rigorously between these two models. However the immobilized
gene expression factor model70 has considerable appeal from the
perspective of the extensive coupling in gene expression. Consistent
with this model, there is evidence that both the transcription and
splicing machineries associate with the nuclear substructure, and
that newly synthesized pre-mRNA is concentrated in discrete
nuclear foci63,70. These foci may correspond to the gene expression
factories, containing all of the tightly coupled machines required to
produce mature mRNA. The CTD would then function as the
linchpin of these factories, playing a central role in the assembly and
coordination of all of the machines.

A working model for coupling transcription and pre-mRNA
processing based on the gene expression factory model is shown
in Fig. 2. In this model capping (CAP), splicing (SF) and poly-
adenylation (pA) factors are recruited to the transcription preini-
tiation complex (PIC) (see Fig. 2a). At this stage transcription
factors (TF) are bound to the unphosphorylated CTD. Upon
transcription initiation the CTD is phosphorylated, the PIC is
released and capping, splicing and polyadenylation components
associate with the CTD (Fig. 2b). Shortly after pre-mRNA synthesis
begins, the 59 end is capped, and the capping machinery then
dissociates from the CTD (Fig. 2b). As the DNA is reeled into the
gene expression factory, and the nascent pre-mRNA is extruded
through the exit channel of the RNA polymerase, splicing factors are
systematically transferred from the CTD to the exons (Fig. 2c),
where they recruit the rest of the splicing machinery. Splicing factors
are also transferred via the elongation complex (not shown). The
interaction between splicing factors bound to the CTD with those
bound to the exon functions to tether the exon to the CTD until the
next exon emerges from the exit pore of the polymerase (Fig. 2d).
This tethering plays a role in recognizing exons, and in ensuring the
correct 59 and 39 association of sequentially synthesized exons. The
splicing factors transferred from the CTD to the nascent pre-mRNA
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are rapidly replaced by new splicing factors which are optimally
positioned for the appearance of the next exon. This reloading
mechanism is consistent with electron tomography studies of
Balbiani ring chromosomes showing that splicing factors are con-
tinuously added to and released from nascent transcripts during

transcription elongation71. The splicing machinery associates with
the exons in a 59 to 39 order as they are synthesized. However as
indicated in the ®gure the covalent joining of exons does not
necessarily proceed in a 59 to 39 direction owing to inherent
differences in rates of splicing catalysis between each exon pair.
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Figure 2 Gene expression factory model for coupling steps in gene expression. In this

model the gene expression factory is anchored to the nuclear substructure and the DNA

is reeled through the RNA polymerase as the nascent RNA is extruded through its exit

channel. The machineries involved in transcription, capping, splicing and

polyadenylation are shown. The shaded pink ovals over the spliced exons represent the

mRNA complexes formed near the exon±exon junctions during the splicing reaction.

See text for details of parts a±f. PIC, preinitiation complex; TF, transcription factors;

CTD, carboxy-terminal domain; CAP, capping factor; SF, splicing factor; pA,

polyadenylation factor; P, phosphorylated CTD.
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Splicing leads to the formation of a speci®c complex of proteins on
the spliced exons (messenger RNA±ribonucleoprotein (mRNP)
complex, described below). When the polymerase approaches the
end of the transcript, the polyadenylation factors function (Fig. 2e).
Finally the CTD is dephosphorylated, the processing factors are
released and the mature mRNP is released from the site of
transcription (Fig. 2f).

Coupling splicing to mRNA export
Splicing occurs at the site of pre-mRNA synthesis before the mature
mRNA is released for nuclear export. Despite the different nuclear
locations of splicing and export, recent studies indicate that these
two processes are directly coupled. Evidence for this coupling
initially came from the observation that mRNAs generated by
splicing are more ef®ciently exported than their identical counter-
parts transcribed from a complementary DNA72. This effect of
splicing on export was explained by the ®nding that spliced
mRNAs (but not cDNA transcripts) are assembled into a distinct
mRNP complex that promotes ef®cient export72. This complex, or
at least certain components of it, was subsequently shown to
assemble adjacent to newly formed exon±exon junctions73. The
increased export ef®ciency of the spliced mRNP is thought to be due
to recruitment of the mRNA export factor ALY to the mRNA during
the splicing reaction74,75. The splicing factor UAP56, which interacts
directly with ALY, plays a role in recruiting ALY to the spliced
mRNA76±78. The mRNP complex also contains a number of other
factors74,75,79±83, possibly including TAP79, a protein that associates
with the nuclear pore and is thought to be an mRNA export
receptor84,85. Studies in yeast indicate that both TAP (Mex67) and
UAP56 (Sub2) interact directly with the same region on ALY
(Yra1)77. This observation together with other work suggests a
model in which ALY is ®rst recruited to the mRNA by interac-
tions with UAP56 during the splicing reaction76±78,86. In a sub-
sequent step, a hand-off occurs in which the ALY/TAP interaction
is established, thus delivering the mRNP to the nuclear pore for
export77.

As mentioned above, metazoan introns are usually large, whereas
exons are minute by comparison. Thus, speci®c mechanisms must
exist to ensure that the vast amount of intron sequences are retained
in the nucleus and degraded, while the relatively small amount of
mature mRNA is exported. The coupling between splicing and
export may provide another mechanism for this discrimination87.
Speci®cally the mRNA is packaged into a splicing-dependent
complex containing export factors while the large intron sequences
are packaged into hnRNP complexes, which may play a role in
nuclear retention. Thus, the coupling between splicing and mRNA
export may provide a critical checkpoint for proper gene
expression87.

A small number of metazoan and most yeast pre-mRNAs lack
introns. It is nevertheless possible that the same conserved mRNA
export machinery described above is involved in intronless mRNA
export, but is recruited by other mechanisms. In support of this
notion, UAP56 is required for export of both spliced mRNAs and
intronless mRNAs76±78,86. In metazoan intronless mRNAs, speci®c
mRNA sequence elements are required for export. In one such
mRNA, this element associates with members of the SR family of
splicing factors, which are thought to mediate export of the
intronless mRNA88. The SR proteins may either recruit the con-
served export machinery or play a direct role in export themselves.
In both yeast and metazoans the export of intronless mRNAs may
also be coupled to polyadenylation89.

The coupling between splicing and export provides an example of
linking two machineries with spatially distinct locations, one at the
site of transcription and the other at the nuclear pore. This long-
range coupling is further illustrated by a recent study in yeast
indicating that mRNA export is also coupled to transcription90. In
this case Np13, an SR-like protein thought to function in export,

was shown to interact genetically and physically with components of
the transcription machinery. In addition, both Np13 and the mRNA
export factor Yra1 (that is, yeast ALY) are thought to associate with
the pre-mRNA during its synthesis90. Another example of long-
range coupling is provided by the Hrp1 protein, which may
associate with pre-mRNA near or at the site of transcription
initiation8. This protein is also required for polyadenylation91,
mRNA export92, and nonsense-mediated decay (NMD, see below)93.

The coupling of export to both transcription and pre-mRNA
processing requires that export machinery components bind to the
nascent pre-mRNA at its site of synthesis and processing, and then
remain bound until the mature mRNA reaches the nuclear pores.
These interactions have several interesting implications. First, the
proteins involved must form highly stable complexes with the pre-
mRNA in order to remain bound throughout the entire pathway.
Second, these proteins must also have high af®nity for their ultimate
targets at the nuclear pores so that they are recruited ef®ciently.
Finally, mRNA export proteins bound to pre-mRNA so early in the
gene expression pathway must be prevented from functioning at the
incorrect time and exporting nascent pre-mRNA or pre-mRNA that
is not fully processed. The binding of late-acting proteins at such
early steps in gene expression would increase the ef®ciency and
speci®city of gene expression.

Coupling pre-mRNA processing to nonsense-mediated decay
During the course of mRNA production, speci®c RNA surveillance
mechanisms operate to detect and eliminate defective pre-mRNA/
mRNA94. The best characterized of these mechanisms is NMD, in
which pre-mRNAs containing premature termination codons are
targeted for degradation. This process was ®rst linked to splicing by
the observation that pre-mRNAs containing stop codons located
greater than 50 nucleotides (nts) upstream from an intron are
targeted for destruction94. This ®nding implicated the exon
junction and hence splicing in NMD. The recent identi®cation
of the spliced mRNP complex72, and the observation that it forms
near exon±exon junctions73,75,79,81,83, have provided new insights
into the mechanism for coupling splicing to NMD. These studies
revealed that in addition to the mRNA export factors ALY and
TAP, the exon junction complex contains factors required for
NMD73,75,79,80,82,83, including hUPF3, the human homologue of an
essential yeast NMD protein94±96. The hUPF3 protein is recruited
to the exon junction complex by the splicing factor RNPS1 (ref.
81), and another protein called Y14 (ref. 83). Importantly, these
interactions persist in the cytoplasm, thereby establishing a direct
link between pre-mRNA splicing in the nucleus and NMD in the
cytoplasm79,81,82.

The exon junction-marking proteins (for example, Y14, RNPS1
and UPF3) play a critical role in the cytoplasmic degradation of
transcripts containing a premature termination codon. These
proteins, which are normally stripped from the mRNA during the
®rst round of translation, instead remain bound because the move-
ment of the ribosome is stopped by the premature termination
codon79,81,82. The presence of these proteins then leads to the
recruitment of factors that trigger rapid mRNA decay. Thus, it has
been proposed that coupling between the splicing and NMD
machineries carries a molecular memory of the intron to the
cytoplasm79,81,82. A model for coupling splicing, mRNA export and
NMD is shown in Fig. 3.

In addition to NMD in the cytoplasm, many pre-mRNAs con-
taining nonsense mutations are eliminated in the nucleus before
they can be exported to the cytoplasm97. Although the mechanism
for this nuclear NMD is not well understood it appears that NMD is
coupled to the release of the nascent pre-mRNA from the site of
transcription98. Moreover, mRNAs containing premature termina-
tion codons may be subject to surveillance as they move from the
nucleus to the cytoplasm99.

In yeast, where most genes lack introns, speci®c RNA sequence
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elements called DSEs (downstream sequence elements) are required
for NMD100. DSEs, which are located within protein coding
sequences, act on upstream premature termination codons.
Recently, Hrp1, the same protein implicated in both polyadenyla-
tion and mRNA export, was shown to bind speci®cally to DSEs, and
to be required for NMD93. In addition, Hrp1 speci®cally interacts
with other proteins required for NMD. Thus, similarly to the EJC
complex, which marks intron-containing pre-mRNAs for export
and NMD, the Hrp1 protein appears to form an export/NMD
complex on DSEs93. Polyadenylation, mRNA export and NMD are
therefore coupled through the multiple activities of the Hrp1
protein.

Discussion
The vast network of coupling discussed here and illustrated in Fig. 1
reveals that virtually every step in gene expression, from the earliest
to the latest, is coupled. The emerging picture is that gene expres-
sion is carried out in immobilized gene expression factories con-
sisting of a large number of interacting machines that orchestrate
the multiple steps in the gene expression pathway. Understanding
the inner workings of these factories will reveal an even greater

number of interactions between the components of gene expression
machines. M
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Figure 3 Model for coupling splicing to mRNA export and nonsense-mediated decay.

In this model the splicing factor UAP56 (UAP, in yellow) associates with the pre-mRNA

during spliceosome assembly along with other splicing factors including RNPS1 (R) and

other SR proteins (a). UAP56 then recruits the mRNA export factor ALY along with NMD

components including Y14 and UPF3 (b). All of these proteins form a complex that

associates with the RNA near the exon±exon junction. UAP56 may then dissociate from

ALY and be replaced by the export factor TAP, which mediates export of the mRNP

through the nuclear pore complex (c). In the cytoplasm the export machinery is

released and the NMD machinery remains associated with the exon±exon junctions.

When the mRNA is wild type, the NMD machinery is displaced by the translating

ribosome. In contrast, in the presence of a premature stop codon (represented by the

red dot) (d) upstream from an exon±exon junction translation is arrested and the NMD

machinery is not released but instead recruits additional components that trigger rapid

degradation of the mRNA. nt, nucleotides.
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