
Prospects & Overviews

Co-transcriptional mRNP formation is
coordinated within a molecular mRNP
packaging station in S. cerevisiae

Dominik M. Meinel1)� and Katja Str€aßer2)�

In eukaryotes, the messenger RNA (mRNA), the blueprint

of a protein-coding gene, is processed and packaged into

a messenger ribonucleoprotein particle (mRNP) by mRNA-

binding proteins in the nucleus. The steps of mRNP

formation – transcription, processing, packaging, and the

orchestrated release of the export-competent mRNP from

the site of transcription for nuclear mRNA export – are

tightly coupled to ensure a highly efficient and regulated

process. The importance of highly accurate nuclear mRNP

formation is illustrated by the fact that mutations in

components of this pathway lead to cellular inviability or to

severe diseases in metazoans. We hypothesize that

efficient mRNP formation is realized by a molecular mRNP

packaging station, which is built by several recruitment

platforms and coordinates the individual steps of mRNP

formation.
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Introduction

Gene expression in eukaryotic cells is a multi-step process
starting with the transcription of protein-coding genes by RNA
polymerase II (RNAPII) synthesizing the mRNA. As an
important feature of eukaryotic cells, the nascent mRNA is
matured into an export-competent mRNP, which is exported
through thenuclearpore to the cytoplasm,where translationof
themRNA takesplace [1]. During this nuclearmRNP formation,
the mRNA is processed (capped, spliced, and polyadenylated)
and bound bymultiple RNA-binding proteins. Throughout this
review, we will refer to mRNA processing and packaging as
mRNP formation and to the proteins mediating, these
processes asmRNP formation factors.mRNP formation heavily
impacts downstream processes of gene expression, such as
alternative splicing, leading to diversity and regulation of the
produced proteins [2]. It also determines the stability of the
mRNA and thus its half-life, potentially affecting final protein
levels. Moreover, nuclear mRNP formation also has the
potential to change the transcript’s cellular localization after
mRNP export. Taken together, nuclear mRNP formation is
important for the regulation of gene expression.

In this review, we give an overview of nuclear mRNP
formation and the coordination of its different steps leading to
a mature, export-competent mRNP with a focus on Sacchar-
omycescerevisiae (S. cerevisiae). We hypothesize that the
coordination of the single steps of nuclear mRNP formation is
implemented in form of a molecular mRNP packaging station
that ensures a highly efficient process.

Nuclear mRNP formation

mRNP formation starts with the synthesis of the mRNA by
RNAPII. After transcription initiation, RNAPII undergoes
extensive structural changes and switches to productive
elongation [3]. As soon as the 50-end of the nascent RNA
emerges from RNAPII, the first step of mRNP formation takes
place: themRNA is capped at its 50-end by the capping enzyme
(Fig. 1). The m7-G-cap is made by removal of the 50-phosphate
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group by Cet1, addition of a GTP by Ceg1 under the loss of a
pyrophosphate resulting in a 50-50-triphosphate linkage [4],
and methylation of N7 of the GTP by Abd1. The 50 cap of the
mRNA is then bound by the cap-binding complex (Cbp80 and
Cbp20 in yeast). The cap is important to protect the mRNA
from exonucleolytic degradation and promotes several down-
stream processes of gene expression: splicing, mRNA export,
and translation (reviewed in [4]).

As the nascent mRNA grows, the mRNA is spliced, i.e. the
introns are removed and the exons are ligated (Fig. 1). This
process, two trans-esterification reactions per intron, is
catalyzed by the spliceosome [5]. The spliceosome is a
multiprotein RNA complex and assembles on the mRNA in a
stepwise, highly ordered fashion, which ensures correct splice
site recognition and precise intron removal and exon
ligation [5].

In parallel, the mRNA is bound by several mRNA-binding
proteins and packaged into an mRNP. mRNA-binding proteins
have multiple functions such as stabilization of the mRNA
against degradation, nuclear mRNA export, and mRNP
compaction [1, 6]. The TREX complex is involved in tran-
scription and couples transcription to mRNA export (also see

below) and consists of the heteropentameric THO complex
(consisting of Tho2, Hpr1, Mft1, Thp2, Tex1), the mRNA export
factors Sub2 and Yra1, and the SR-like proteins Gbp2 and
Hrb1 [7–9]. The SR-like protein Npl3 functions in mRNA export
and antagonizes premature 30-end processing by competing
with 30-end processing factors for binding to themRNA [10, 11].
Nab2, a nuclear poly(A)-binding protein, functions in poly(A)
tail length control, mRNA export, and compaction of the
mRNA [6, 12, 13]. TREX components andNpl3 recruit themRNA
export receptor Mex67-Mtr2 to the mRNA [14–16]. Mex67-Mtr2
directlybinds to themRNAandto thenuclearporecomplexand
exports the mRNP to the cytoplasm [14, 17, 18].

The last co-transcriptional step of mRNP formation takes
place at the poly(A) site: the nascent pre-mRNA is released
from the transcriptionmachinery by cleavage at its 30-end. The
cleavage and polyadenylation machinery consists of the
subcomplexes CFIA, CFIB, and CPF and also polyadenylates
themRNA. The poly(A) tail of themRNA has several functions:
it marks mature transcripts and regulates its half-life. In vivo,
poly(A) tails are heavily decorated by poly(A)-binding
proteins [19]. After completion of 30-end processing, the
mRNP is most likely remodeled to a mature mRNP that is

Figure 1. Steps of nuclear mRNP formation.
The mRNA is synthesized from the protein
coding gene by RNAPII as a nascent transcript.
The nascent transcript is processed while tran-
scription elongation still takes place. It is
capped, spliced, cleaved, and polyadenylated.
In addition, mRNA-binding proteins bind to the
mRNA and package it into an mRNP. These
mRNA-binding proteins influence mRNA stabil-
ity and are necessary for nuclear export. After a
likely remodeling of the mRNP, it is exported to
the cytoplasm through the nuclear pore com-
plex (NPC). In the cytoplasm the mRNA is
translated by the ribosomes, which synthesize
the encoded protein. Eventually, the mRNA is
degraded.
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released from the site of transcription and competent for
nuclear export. In vivo, mRNP formation is thought to be a
highly interconnected and continuous process with several
steps being carried out in parallel.

Three recruitment platforms are
important for co-transcriptional mRNP
formation

The C-terminal domain of RNA polymerase II

One of the key players for the recruitment of proteins involved
in mRNP formation is the C-terminal domain (CTD) of Rpb1,

the largest subunit of RNAPII. It serves as a landing pad for
most of the mRNP formation factors during transcription
elongation [20] (Fig. 2). Depending on the organism, the CTD
consists of 26–52 heptapeptide repeats with the consensus
sequence YSPTSPS. These repeats are highly conserved in the
N-terminal part and show more variation in the C-terminal
part of the CTD [20]. As RNAPII traverses through the
transcription cycle it is selectively phosphorylated. During
transcription initiation, the CTD is phosphorylated at several
of its S5 and S7 positions. As RNAPII transits to elongation, S5
and S7 phosphorylations decrease, while S2 and Y1 phos-
phorylations increase. Y1 phosphorylation levels decrease at
the poly(A) site and S2 phosphorylation levels at the
termination site (Fig. 2) [21–23].

Figure 2. The mRNP packaging station. As the mRNA emerges from RNAPII during transcription elongation, it is capped, spliced, cleaved,
and polyadenylated (processing). In addition, a multitude of RNA-binding proteins binds to the mRNA, packaging it in an mRNP. We
hypothesize that these single steps of mRNP formation are coordinated and controlled within an mRNP packaging station. This mRNP
packaging station is assembled by three recruitment platforms and possibly additional coordinating proteins such as the TREX complex,
which ensure spatial proximity of all processes. The three recruitment platforms for mRNA processing and mRNA-binding proteins are
indicated by different colors (red: RNA, black: Rpb1-CTD, and green: Spt5-CTR). The different mRNA processing and mRNA-binding proteins
are defined in the legend below the figure. The capping enzyme is exchanged for the cap binding complex consisting of Cbc20 and Cbc80
after capping is complete. The differential phosphorylation of the CTD (C-terminal domain of Rpb1, the largest subunit of RNAPII) is indicated
at the top as well as below the chromatin (blue: S5P, orange: Y1P, green: S2P). The phosphorylation status is indicated by a gradient from
0–100% as indicated by the bars in the bottom left hand corner. Zero per cent reflects no detectable phosphorylation while 100% reflects the
maximum signal observed at an average gene in a ChIP experiment.
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The CTD phosphorylation pattern coordinates transcription
with mRNP formation by the timely recruitment of mRNP
formation factors that selectively bind to a specifically
phosphorylated CTD (Table 1). The capping enzyme binds
to the S5 phosphorylated CTD [24, 25] and is thus recruited
during transcription initiation. Splicing is largely co-tran-
scriptional in S. cerevisiae and higher eukaryotes [26, 27].
Consistently, several subunits of the spliceosome interact
directly with the phosphorylated CTD, e.g. Prp40, a subunit of
the U1 snRNP complex of the spliceosome [28]. Additional
factors are thought to interact indirectly with the CTD via CTD-
binding proteins, such as the splicing factor TCERG1 (aka
CA150) [29] and the RNA-binding proteins PSF and p54nrb [30],
both of which are implicated in splicing. The yeast SR-like
protein Npl3 is involved in splicing and binds directly to the S2
phosphorylated CTD [31, 32]. Hence, the spliceosome is
thought to be recruited to the site of transcription by binding
to the CTD. Corroborating the importance of the CTD for
splicing, splicing reactions are more efficient in vitro in the
presence of a recombinant CTD [33], and in vivo splicing is
promoted by the CTD via recruitment of a U2AF65-Prp19 [34].

Several of the mRNA-binding proteins that package the
mRNA into an mRNP are also recruited to the site of
transcription by the phosphorylated CTD (Table 1). THO, a
subcomplex of the TREX complex, binds directly to the S2–S5
phosphorylated CTD [35]. The SR-protein Npl3 is also recruited
to the nascent mRNA by direct binding to the phospho-
CTD [32]. Furthermore, Nab2 binds to RNA [36] and is recruited
to the transcription site [35]. Finally, increasing S2 phosphor-
ylation, decreasing S5 phosphorylation, and decreasing Y1
phosphorylation approximately at the cleavage and poly-
adenylation site mark the next event in mRNP formation: the
recruitment of the 30-end processing machinery. The recruit-
ment of Pcf11, a subunit of the cleavage factor IA (CFIA), to the
CTD is inhibited by Y1 and S2 di-phosphorylated repeats and
binds to the S2 phosphorylated CTD only after Y1 dephos-
phorylation [23, 37]. Other 30-end processing factors also bind
to the S2 phosphorylated CTD: Rna14 (CFIA), Rna15 (CFIA),
Ydh1 (CPF), and Yhh1 (CPF) [38–40]. Taken together, the CTD
is a landing platform for many mRNA processing and
packaging factors, and its differential phosphorylation
coordinates mRNP formation with transcription.

The nascent RNA

Not surprisingly, another recruitment platform for mRNP
formation factors is the nascent mRNA itself (Fig. 2). Several
mRNA-binding proteins recognize specific RNA sequence
motifs. Examples for this are proteins involved in 30-end
processing, which e.g. recognize the positioning element and
the efficiency element (reviewed in [19]). The spliceosome also
recognizes motifs within the RNA, although not by protein–
RNA interactions, but by base-pairing of spliceosomal RNA
components with the mRNA [5]. RNA sequence motifs are
thought to provide higher specificity: e.g. during splicing
several consecutive base-specific binding events ensure that
the trans-esterification reaction is carried out at exactly the
right position of the mRNA. Interestingly, a similar mecha-
nism is used to control pervasive transcription: Nrd1 carries
out its function in terminating transcription of anti-sense

transcripts after being transferred from the CTD to its RNA
motif. As these motifs occur randomly in RNA but are
massively depleted in sense transcripts, Nrd1 is able to control
pervasive transcription [41]. Both processes have in common
that their recruitment to the CTD ensures availability of the
protein and its binding to an RNA motif ensures specificity.

Many proteins of the mRNP bind themRNAwithout a well-
defined RNA sequence motif. Gbp2 and Hrb1 have only a
preference for highly degenerate sequence motifs [42, 43].
Besides binding to polyA tracks Nab2 also binds to
degenerated A-rich motifs [42, 43]. Npl3 shows a low
specificity for GU-rich sequences but also binds unspecifically
to RNA [11]. These proteins might be recruited mainly by
protein-protein interactions and then transferred to the
mRNA. For example, efficient THO complex recruitment to
the site of transcription depends on the two recruitment
platforms RNA and CTD [35]. The non- or low specificity of
RNA-binding by these mRNP proteins might be necessary to
enable ‘‘even’’ packaging and compaction of the mRNA into
an mRNP since each mRNA – depending on the protein it
encodes – has a different sequence. Taken together, the RNA –
whether with or without specific motifs – is an important
platform for the recruitment of mRNP formation factors.

The C-terminal region of the transcription
elongation factor Spt5

A third platform for mRNP formation factor recruitment is the
general transcription elongation factor Spt5, which binds to
the body of RNAPII [44] (Table 1). A mass spectrometry study
revealed that several proteins involved in mRNP biogenesis
copurify with Spt5 in yeast, among them the capping
enzymes, 30-end processing factors, and mRNA-binding
proteins such as poly(A)-binding protein Pab1 and the TREX
component Yra1 [45]. Similar to Rpb1, Spt5 also has a
repetitive C-terminal region (CTR). In yeast, the CTR of Spt5
consists of 16 hexa-repeats, which were shown to be
phosphorylated on their S1 residues during transcription
elongation by the kinase Bur1 in yeast and its homolog P-TEFb
in humans [46–48]. The CTR is needed for efficient recruit-
ment of the Cleavage Factor I (CFI) to the transcription
site [49]. Additionally, the Paf1 complex, which is implicated
in several processes like chromatin remodeling and 30-end
processing (reviewed in [50]), was shown to depend on correct
CTR phosphorylation for efficient recruitment [51]. Moreover,
the capping enzyme needs the CTR for stable recruitment [52].
Taken together, these results show a general role for the Spt5-
CTR in the recruitment of mRNP formation factors.

Chromatin influences mRNP formation

mRNPs form co-transcriptionally and therefore in a chromatin
environment. Chromatin is well known to influence tran-
scription, but its function in mRNP formation emerged only
recently. Several reports connect the chromatin state to the
recruitment of mRNP formation factors, suggesting that
chromatin might serve as a regulating platform similar to
the Rpb1-CTD, the Spt5-CTR, and the RNA.
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Table 1. S. cerevisiae proteins and protein complexes with a function in nuclear mRNP formation

Complex Protein Function
Interaction with
phospho-CTD RNA Spt5

Capping enzyme Ceg1 Guanyltransferase S5-P [24, 25] 50 Cap pCTRa

[45, 52]
Cet1 50 Triphosphatase,

homodimer with Ceg1

50 Cap pCTRa

[45, 52]
Abd1 Methyltransferase pCTD [106] 50 Cap pCTRa

[45, 52]
Cap binding
complex

Cbc1 and
Cbc2

50 Cap Via S2
kinases [107]

50 Cap [108] ND

Spliceosome Prp40 Splicing pCTD [28] Via U1
snRNA [109]

ND

TREX complex,
THO subcomplex

Tho2, Hpr1,
Mft1,
Thp2, Tex1

Transcription and
mRNA export

S2S5-P [35] General [110] ND

TREX Yra1 mRNA export,
Mex67 recruitment

S2S5-P [73] General [14] Spt5 [45]

Sub2 mRNA export,
DEAD-box helicase

ND DEAD-box
helicase

ND

Gbp2 mRNA export,

splicing control

ND Motif [42] ND

Hrb1 mRNA export,
splicing control

ND Motif [42] ND

THSC/TREX2 Sus1 mRNA export/chromatin
modification

S5-P [111] General [112] ND

hnRNP Tho1 mRNA export ND General [113] Spt5 [45]
Export receptor
Mex67-Mtr2

Mex67 Nuclear mRNA export ND General [14]
(via Yra1 [14],

Nab2 [76], and
Npl3 [16])

ND

Nuclear poly(A)
binding protein

Nab2 Poly(A) binding
and export

ND PolyA [36],
motif
[13, 42]

ND

SR-like-protein Npl3 Promotes
elongation/prevents

polyadenylation

S2-P [32] General,
motif [10]b

ND

Cleavage Factor I
(CFI)

Pcf11 Cleavage/polyadenylation S2-P [37] [114] ND

Rna14 Cleavage/polyadenylation pCTD [38] [115] pCTR
[45, 49]

Rna15 Cleavage/polyadenylation pCTD [38] pCTR [49]

Hrp1 Cleavage/polyadenylation ND UA rich
sites [115]

pCTR
[115]

Cleavage and
polyadenylation
factor (CPF)

Ydh1 Cleavage/polyadenylation pCTD [39] Via Yhh1 ND

Yhh1 Cleavage/polyadenylation pCTD [40] Motif [40] ND
Pta1 Cleavage/polyadenylation S5-P [116] Via Yhh1 ND

Nrd1-Nab3-Sen1
complex

Nrd1 Transcription
termination/processing

S5-P [117] Motif [42, 118] Via Sen1

Nab3 Transcription

termination/processing

Via Nrd1 Motif [118] Via Sen1

Sen1 Transcription

termination/processing

Via Nrd1 General [118] Spt5 [45]

Rtt103 Termination S5-P [119] Exonuclease ND
Poly(A) binding

protein

Pab1 Poly(A) binding Indirect via

interaction with
RNA15 [120]

Motif [42] Spt5 [45]

ND, not determined; S2-P, CTD phosphorylated on serine 2; S5-P, CTD phosphorylated on serine 5; S2S5-P, CTD phosphorylated on serine 2
and serine 5; pCTD, phosphorylated CTD, phosphorylated residue not known; pCTR, phosphorylated C-terminal region (of Spt5).
aBinding to the pCTR shown only indirectly by ChIP.
bCompetition with RNA15.
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The best-investigated co-transcriptional mRNP formation
process influenced by the local chromatin state is splicing.
H3K36me3 together with methylation of H3K79 contributes to
exon definition, a central process in splicing, by accumulation
of both methylation marks at exons. Consistently, alternative
exons have lowerH3K36me3 levels than constitutive exons [53,
54]. Nevertheless, precisely how the particular chromatin
modifications regulate splicing is not yet understood, but to
date two main – not mutually exclusive – models exist: the
kinetic and the recruitment model (reviewed in [55]). Accord-
ing to the kinetic model, the chromatin is thought to locally
slow down the elongating RNAPII and lead to selection of
weaker splice sites due to a prolonged window of opportunity
for the splicing reaction. This hypothesis is supported by the
finding that a ‘‘slower’’ RNAPII mutant influences splice site
selection [56]. H3K36me3 slows down RNAPII by HDAC1
recruitment, which removes acetylations from the chromatin
leading to a more repressive state [57]. Furthermore, H3K9me3
is enriched over a specific subset of alternative exons and
recruits Cbx3, which in turn reduces RNAPII elongation
rate [58]. The second model is based on the recruitment of
splicing factors and the spliceosome components by epige-
netic marks: H3K36me3was shown to stimulate recruitment of
splicing factors, e.g. MRG15 [59] and Psip1 [60]. Moreover,
H3K4me3 interacts with Chd1 which is also able to interact
with several spliceosome components. Knockdown of Chd1 or
reduced H3K4me3 levels lead to reduced association of U2
snRNP components with the chromatin and altered splicing
efficiency in vivo [61]. In brief, chromatin promotes recruit-
ment of splicing factors, contributes to exon definition and
potentially regulates alternative splicing.

In addition to splicing, mRNA export is influenced by the
local chromatin state. In higher eukaryotes, Aly, the
mammalian homolog of Yra1, interacts with IWS1 (Spt6), a
protein involved in chromatin modification [62], and with the
H3K36 methylase KMT4 [63]. Moreover, the ubiquitinylated
histone H2B (ubH2B) controls formation of export competent
mRNPs by its ability to promote ubiquitinylation of Swd2
(ubSwd2) at the 50-end of genes [64]. Swd2 is a subunit of the
chromatin modifying Set1/COMPASS complex and the
cleavage and polyadenylation factor in yeast. ubSwd2 is
required for proper mRNP formation reflected by decreased
levels of the export receptor adaptor proteins Yra1 and Nab2 at
the mRNP in a non-ubiquitinylatable Swd2 mutant [64, 65].
Furthermore, Npl3 genetically interacts with H2B and binds to
Bre1, which ubiquitinylates H2B [66].

As a third step in mRNP formation, 30-end processing is
influenced by the local chromatin structure. Poly(A) sites are
strongly depleted of nucleosomes while their downstream
regions are enriched for nucleosomes. Additionally, weak
alternative poly(A) sites are less depleted of nucleosomes than
strong sites [67]. Thus, chromatin probably contributes as
recruitment platform to mRNP formation, but also seems to be
involved in its regulation.

Importantly, the influence of the chromatin state onmRNP
formation is not unidirectional; instead a crosstalk between
chromatin and mRNP formation exists. This is of great
importance since a feedback of mRNP formation processes on
chromatin enables the establishment of a stable chromatin
state. The first example for this is H3K36me3 and splicing: as

outlined above H3K36me3 can stimulate spliceosome recruit-
ment, and splicing in turn stimulates H3K36 trimethylation.
Mutation of the splice site or depletion of the splicing factor
SAP130 leads to decreased Kmt3a recruitment and H3K36me3
levels in vivo [68–70]. Most likely, other mRNP formation
factors might also contribute to feedback to the chromatin to
ensure stable propagation of the chromatin state, but have yet
to be found.

In summary, local chromatin impacts and modulates
mRNP biogenesis in several ways, and mRNP formation
seems to be part of a positive feedback loop stabilizing the
present chromatin state. This is a typical type of regulation
in epigenetics, which ensures constant propagation of a
specific state and raises the question, how this state is
changed. As the first examples of the impact of chromatin
on mRNP formation are uncovered, further research is
needed to understand the function of chromatin in mRNP
formation and the crosstalk between chromatin and mRNP
formation.

The orchestration of mRNP formation
within a molecular mRNP packaging
station

Several platforms are implicated in recruiting mRNP for-
mation factors to the nascent RNA: the Rpb1-CTD, the nascent
RNA itself, Spt5-CTR, and the local chromatin state. Most of
the known mRNP formation factors are recruited by one or
more of these recruitment platforms (Fig. 2). In addition,
several factors bind to each other such as the capping enzyme,
which binds to the two main CTD-S2 kinases Bur1 and Ctk1,
and Yra1, which is part of the TREX complex and interacts
with the 30-end processing machinery and Nab2. Such mutual
interactions between mRNP formation factors most likely
ensure the recruitment of all proteins by forming additional
recruitment interfaces.

Furthermore, the estimated in vivo elongation rate of
RNAPII is approximately 2,000 RNA bases per minute in
yeast [71], which corresponds to a length of 560 nm. Thus, the
nascent mRNA grows very quickly and the window of
opportunity for each mRNP formation step is very narrow.
Hence, the following questions arise: how does the cell ensure
that all factors are available in a timely manner? How are all
steps of this complicated, multistep process carried out
correctly in the short time that is available for each of them?
Finally, how is the premature release of incomplete mRNPs
prevented to make mRNP formation efficient?

We hypothesize that mRNP formation is coordinated
within a molecular mRNP packaging station, which keeps all
functionalities needed for proper mRNP formation in spatial
proximity to the nascent RNA. We propose that such an
efficient molecular mRNP packaging station is realized by a
combination of two functional divisions (Fig. 2): (i) the
recruitment platforms, which ensure the timely recruitment of
the mRNP formation factors and (ii) regulatory factors, which
ensure that each modification of the pre-mRNA is carried out
at the right time point and that incomplete mRNPs are not
prematurely released.
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In addition to the recruitment platforms, Rpb1-CTD, Spt5-CTR,
chromatin, and RNA described above, additional mRNP
formation factors might facilitate the spatial proximity of
the RNA to the recruitment platform(s) and thus to mRNP
formation factors (Fig. 2). This is most likely achieved by bi-
functional binding to the RNA and to at least one of the
recruitment platforms. Second, such (a) hypothetical regu-
latory factor(s) could orchestrate all steps of mRNP formation
and should therefore interact with all other key players of
mRNP formation. Ideally, it/they should also control suc-
cessful completion of each step. Third, (a) central factor(s)
coordinating mRNP formation should control the last step(s)
of mRNP formation to prevent premature release of the mRNP
from the transcription site and provide, if required, additional
time for the mRNP to mature. Last, such (a) factor(s) ideally
would also be involved in nuclear mRNA surveillance and
promote degradation of faulty mRNPs. In summary, we
propose that nuclear mRNP formation takes place in anmRNP
packaging station, and suggest that (an) additional factor(s)
integrate(s) and control(s) mRNP formation and thus largely
improve(s) efficiency of mRNP formation.

The TREX complex could be a central
factor of the mRNP packaging station

Considering the importance of effective mRNP formation,
existence of a factor bundling mRNP formation within an
mRNP packaging station would be advantageous, but was not
shown to date. We hypothesize that the TREX complex fulfills
this function. TREX couples transcription to mRNA export and
thus participates in mRNP formation from beginning to end.
TREX consists of the THO subcomplex (as described above),
which promotes efficient transcription elongation [7, 71] and is
recruited to the phosphorylated CTD [35]. Further TREX
components are Yra1, Sub2, Hrb1, and Gbp2 [8]. Hrb1 and
Gbp2 are two SR-like proteins involved in control of correct
splicing prior to mRNP export ([72], also see above). Sub2, a
DExD-box helicase, interacts directly with Yra1, which in turn
binds directly to the export receptor Mex67, probably
attracting it to the mRNP [14]. Yra1 likely plays a central
role in mRNP formation, which is underlined by its alternative
recruitment by TREX and the phosphorylated Rpb1-CTD [73].
Yra1 also interacts with Pcf11 [74], a subunit of the cleavage
and polyadenylation machinery, and modulates poly(A)-site
choice [75]. To facilitate mRNA export, Yra1 forms a ternary
complex with Nab2 and Mex67 [76]. Upon ubiquitination, Yra1
dissociates from this ternary complex, and the mRNP is
released for nuclear export. Yra1 dissociation is most likely the
last quality control point prior to export. Thus, by interaction
with key players of mRNP formation Yra1/TREX could
coordinate mRNP formation and control release of the mature
mRNP.

Moreover, the phenotypes of TREX knockout or mutation
underline the regulatory role of TREX in mRNP formation.
THO components were initially identified to prevent tran-
scription-dependent hyper-recombination: the not properly
packed mRNA hybridizes with the DNA forming so called R-
loops [77, 78]. Furthermore, upon TREX mutation or knock-

out, 30-end processing malfunctions resulting in failure of
mRNP maturation [79, 80]. A dense chromatin fraction is
formed, which contains the mRNP, 30-end processing
machinery and even nuclear pore proteins [80]. This clearly
shows that TREX is necessary for mRNP formation and correct
release of mature mRNPs.

Interestingly, TREX recruitment to the site of transcription
increases from the 50 to the 30-end of the gene, i.e. as RNA
length increases [35]. A tho2 recruitment mutant, in which
TREX is recruited to the 50 end but the 50 to 30 increase is
abolished, causes reduced expression of long transcripts,
which most likely need more TREX complexes for full
expression [35]. This suggests – in combination with the
direct binding of TREX to the CTD – that TREX bridges
between the mRNAs and the CTD, i.e. to keep the RNA in
spatial proximity to the recruitment platforms [35]. Hypo-
thetically, this interaction could be important to ensure
efficient and correct processing and packaging of the mRNA,
which is consistent with the finding that a continuous
transcript is needed for efficient mRNA processing [81]. Taken
together, TREX could play a pivotal role in the coordination of
mRNP formation within the mRNP packaging station.

Hypothetical spatial organization of an
mRNP packaging station

Tethering of the RNA to the recruitment platforms would be an
elegant solution to promote mRNP formation. Even short
periods of time, during which the RNA is in close proximity to
the CTD and CTR, could extend thewindow of opportunity and
thus enhance efficiency and prevent defective mRNP for-
mation. How RNA tethering is organized on a molecular basis,
i.e. whether the RNA is tethered to the Rpb1-CTD over its whole
length or only partially by several copies of TREX or other
factors (Fig. 2), remains an open question. In yeast, a fully
extended CTD is approximately 700 Å long and thus
corresponds to the length of a 2.5 kb long extended mRNA.
Since the median length of an mRNA in S. cerevisiae is 1,436
nucleotides [82], the CTD is able to span the entire length of an
average mRNA. However, it seems unlikely that the CTD or the
mRNA exist in a fully extended form in vivo. The RNA could
e.g. form several loops such that only several points of the
RNA are associated with the CTD. This model is compatible
with the fact that in higher eukaryotes, exon definition is
facilitated by the indirect binding of the two exonic sequences
to the CTD in close proximity to each other and that the (large)
introns form non-CTD-associated loops [83] (Fig. 2). Addi-
tionally, the human CTD is twice as long as the yeast CTD, thus
harboring more recruitment capacity. Spatial proximity of the
RNA and the CTD could contribute to the compaction of the
mRNP, since mRNA-binding proteins that package the mRNA
are present at the CTD.

Instead of or in addition to TREX, other factors could
promote mRNP formation by similar mechanisms. A very
interesting complex essential for mRNA export and mRNP
formation is THSC/TREX-2 [1]. THSC is also needed for the
relocation of Gal genes to the nuclear pore upon their
induction and is thought to thereby modulate gene
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expression [1]. This process is known as gene gating. However,
its impact on gene expression is not completely understood, as
on the one hand mRNA export might be enhanced at the
nuclear pore but on the other hand localization of chromatin
to the nuclear periphery might regulate their expression.

Npl3, which is also recruited co-transcriptionally by
binding to the phosphorylated CTD [32], is an interesting
candidate. It is involved in splicing, controls 30-end processing
by competition with the recruitment of CFI, binds RNA, and
promotes mRNA export [10, 16]. As a constraint, Npl3
recruitment does not increase from 50 to 30 of genes and,
consequently, Npl3 does not offer CTD-RNA contacts that
increase with RNA length. To date, TREX is the only complex
with a 50–30 increase turning it into one of the most promising
candidates for a regulatory factor within the mRNP packaging
station [35].

The protein components of the mRNP packaging station
are most likely held together by reciprocal protein inter-
actions. The Paf1 complex (Paf1C), for example, might ensure
spatial proximity between the two recruitment platforms Spt5-
CTR and Rpb1-CTD, as Paf1C is able to bind both during
transcription elongation [51]. Additionally, Paf1C might
function as an interface between chromatin and mRNP
formation as it is involved in ubiquitylation of H2B [84] and
several other histone modifications such as H3K4-me3 and
H3K36-me3 (reviewed in [50]). The PRP19 complex (PRP19C)
functions in splicing and – independently – in transcription
elongation by ensuring TREX occupancy [85, 86]. Hence,
PRP19Cmight well hold themRNP packaging station together.
Taken together, the mRNP packaging station is most likely
formed by multiple interactions between the recruitment
platforms (Rpb1-CTD, Spt5-CTR, RNA, and chromatin) and
mRNP formation factors.

Conservation and implications for higher
eukaryotes

Although overall S. cerevisiae is very similar to higher
eukaryotes, differences exist, e.g. in transcription and mRNP
formation. One potentially important difference is that most
genes in baker’s yeast do not contain introns, although highly
transcribed yeast genes often do harbor introns. In higher
eukaryotes, it is thought that the TREX complex is not
recruited by the transcription machinery as in yeast, but
instead by the spliceosome during splicing [87]. Consistently,
human THO/TREX subunits were found to co-purify with the
spliceosome [5, 88, 89] and to be needed for release of spliced
mRNA from the nuclear speckles domains [90]. Additionally,
human TREX is recruited to the 50-end of the mRNA by the
interaction of Aly (Yra1) with the cap binding complex protein
Cbp80 [91]. Nevertheless, TREX is also recruited independ-
ently of splicing by binding to specific RNA sequence
elements [92–94]. Thus, in higher eukaryotes, TREX is most
likely also recruited co-transcriptionally. Recently, a function
of human Aly in transcription was demonstrated adding
further evidence that human TREX could be recruited co-
transcriptionally [95]. Furthermore, it is known that the Rpb1-
CTD and its functions are conserved in yeast and higher
eukaryotes. Although the human CTD is approximately twice

as long as the yeast CTD, the phospho-code is highly
conserved. The increased complexity of the CTD in higher
eukaryotes might account for the greater flexibility of
transcription and mRNP biogenesis in more complex multi-
cellular organisms. In this light, an integrator and bridging
protein appears to be even more important to orchestrate the
mRNP packaging station. Moreover, almost all factors
contributing to mRNP formation are conserved in higher
eukaryotes and show similar interactions with the recruitment
platforms. Besides the CTD, the other recruitment platforms
are also present in higher eukaryotes: the phosphorylated
Spt5-CTR (by P-TEFb) [47], the RNA, and chromatin. In several
cases, the proteins differ in their architecture, e.g. in the
capping enzyme of higher eukaryotes the enzymatic function
of Ceg1 and Cet1 is present in a single protein [4], or sequence
specificity, e.g. in 30-end processing, where some sequence
elements differ in sequence and positioning [19]. However, the
underlying principle of coupling between the recruitment
platforms is conserved for all steps of mRNP biogenesis.
Additionally, the nuclear speckles, which are not known to
exist in yeast, but are found in higher eukaryotes might be
related andmore elaborated forms of the here proposedmRNP
packaging station. For further information on nuclear
speckles and other nuclear suborganelles, see Box 1.
The great importance of efficient mRNP formation is under-
lined by observations connecting mRNP biogenesis factors
with various diseases. TREX was shown to be deregulated in
various primary cancers and to be a target of several
oncogenic kinases [96]. Additionally, TREX is essential for
stem cell maintenance and growth factor/cytokine-mediated
differentiation and proliferation [97]. Furthermore, defects in
REF/Aly can cause a severe form of myotonic dystrophy,
which is thought to be caused by aberrant nuclear retention of
CUG repeat transcripts [98]. Moreover, mutations affecting
splicing were shown to cause diseases and to be connected to
cancer (for review see [99, 100]). Such mutations often affect
splice site selection, as e.g. for the tumor suppressor gene
LKB1. Additionally, changes in the choice of alternative
poly(A) sites lead to changed 30 UTRs, affecting inclusion of
miRNA-binding sites into the transcript, which can activate
oncogenes [101]. In summary, efficient mRNP formation is of
great importance for all eukaryotes as illustrated by the high
conservation of the mRNP formation machinery and by the
impact of mutations in mRNP formation factors, which lead to
inviability or disease.

Conclusion

We hypothesize that the highly complex and multistep process
of mRNP formation is executed within a molecular mRNP
packaging station (Figs. 1 and 2). This mRNP packaging station
comprises recruitment platforms and probably one or more
additional factors such as TREX (Fig. 2). In the future, it will be
important to prove the presence of such a molecular mRNP
packaging station and to address further questions concerning
the events taking place in this factory: how is mRNP formation
chronologically organized? Does the mRNP packaging station
formacompactora looseassembly,which isflexiblyadjusted to
the need of each gene/mRNP? Is there any specificity for single
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transcripts? How is the mRNP remodeled? What are the
consequences of mRNP formation on downstream processes
such as nuclear export, translation, andmRNAdegradation? In
summary, an mRNP packaging station would be another good
example, of how a pathway is provided with efficiency and
surveillance by spatially bundling together several steps of this
pathway in a highly concerted way.
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