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Summary
We investigated recruitment of the yeast mRNA export factor Yra1 to the transcription elongation
complex (TEC). Previously, the Sub2 helicase subunit of TREX was proposed to recruit Yra1. We
report that Sub2 is dispensable for Yra1 recruitment, but the cleavage/polyadenylation factor, CF1A,
is required. Yra1 binds directly to the Zn-finger/Clp1 region of Pcf11, the pol II CTD binding subunit
of CF1A, and this interaction is conserved between their human homologues. Tethering of Pcf11 to
nascent mRNA is sufficient to enhance Yra1 recruitment. Interaction with Pcf11 can therefore explain
Yra1 binding to the TEC independently of Sub2. We propose that after initially binding to Pcf11,
Yra1 is transferred to Sub2. Consistent with this idea, Pcf11 binds the same regions of Yra1 that also
contact Sub2, indicating a mutually exclusive interaction. These results suggest a new mechanism
for co-transcriptional assembly of the export-competent mRNP and for coordinating export with 3′-
end processing.
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Introduction
Transcription by RNA polymerase II (pol II) is coupled to capping, splicing and cleavage/
polyadenylation of the nascent transcript, as well as packaging of the transcript with mRNA
export factors. How these various co-transcriptional events are coordinated with one another
is still largely unknown (for review see (Bentley, 2005; Jensen et al., 2003; Luna et al., 2008;
Maniatis and Reed, 2002)). In yeast, the essential mRNA export factor Yra1 is recruited to
genes co-transcriptionally, (Lei et al., 2001) consistent with the hypothesis that packaging of
the mRNP begins during synthesis of the mRNA precursor (Daneholt, 2001). Yra1 is a member
of the highly conserved REF (RNA and Export Factor) family of RNA binding proteins,
including mammalian Aly, that convey mRNA to the export receptors, Mex67/TAP/Nxf
(Strasser and Hurt, 2000; Stutz, 2000; (Iglesias and Stutz, 2008; Kohler and Hurt, 2007). While
Yra1/Aly is required for export of many yeast mRNAs (Hieronymus and Silver, 2003), its role
in mRNA export in metazoan systems is probably redundant with other factors (Gatfield and
Izaurralde, 2002; MacMorris et al., 2003).
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Several studies suggest a major role for the TREX (TRanscription/EXport) complex in co-
transcriptional recruitment of Yra1 (Abruzzi et al., 2004; Kohler and Hurt, 2007; Strasser et
al., 2002; Zenklusen et al., 2002). TREX comprises the THO complex in association with the
DEAD-box protein Sub2, and Yra1. Sub2 and its mammalian homologue UAP56 are ATPase/
RNA helicases necessary for splicing and mRNA export (Fleckner et al., 1997; Gatfield et al.,
2001; Kistler and Guthrie, 2001; Libri et al., 2001; MacMorris et al., 2003). TREX is thought
to be assembled by binding of the THO complex to the pol II transcription elongation complex,
followed by Sub2 recruitment via interaction with the Hpr1 subunit (Abruzzi et al., 2004;
Strasser et al., 2002; Zenklusen et al., 2002). Because Sub2 binds Yra1 and is necessary for
mRNA export, it was proposed that Sub2 is primarily responsible for recruiting Yra1 to pol II
transcription complexes (Strasser and Hurt, 2001). A similar mechanism appears to operate in
metazoans in that Aly interacts with the UAP56-THO complex (Luo et al., 2001; Strasser et
al., 2002), and UAP56 and Aly are recruited to actively transcribed genes (Kiesler et al.,
2002). Following recruitment to the transcription elongation complex, Sub2 and Yra1 are
transferred to the nascent RNA, marking the mRNP as export competent (Abruzzi et al.,
2004). The mRNA is then handed-off from Yra1 to Mex67, which escorts the mRNP to the
nuclear pore. Importantly, Sub2/UAp56 and Mex67/TAP bind to the same regions of Yra1/
Aly, and they are therefore likely to bind in a mutually exclusive way (Hautbergue et al.,
2008; Kohler and Hurt, 2007; Rodrigues et al., 2001; Strasser and Hurt, 2000, 2001; Stutz et
al., 2000). Whether or not Sub2 is actually necessary for Yra1 localization on transcribed genes
in vivo is a critical unresolved question. Sub2 is not absolutely essential in yeast in all cases
(Kistler and Guthrie, 2001) and some mRNA export can be supported in its absence (Strasser
and Hurt, 2001) suggesting the possibility that another protein might participate in Yra1
recruitment (Keys and Green, 2001).

While the TREX model can explain co-transcriptional export factor recruitment and the
function of Sub2/UAP56 in coupling splicing to export, it does not account for the important
role of 3′-end processing in mRNA export (Eckner et al., 1991; Huang and Carmichael,
1996; Long et al., 1995; Lu and Cullen, 2003). Mutation of yeast cleavage factor 1A (CF1A)
subunits, RNA14, RNA15 and Pcf11, as well as poly (A) polymerase, inhibit mRNA export
(Brodsky and Silver, 2000; Hammell et al., 2002), and cause transcript retention in foci at sites
of transcription (Hilleren et al., 2001; Libri et al., 2002). Reciprocally, mutants of some export
proteins result in transcripts with improperly processed 3′-ends (Hammell et al., 2002; Jensen
et al., 2001). Furthermore in yeast and mammalian cells, export can be inhibited if 3′-end
formation at a poly(A) site is substituted by a self-cleaving ribozyme (Dower et al., 2004;
Huang and Carmichael, 1996; Libri et al., 2002). Consistent with a role for cleavage/
polyadenylation in export, Lei and Silver showed that co-transcriptional Yra1 recruitment to
yeast genes was inhibited in a mutant of the CF1A subunit RNA15 (Lei and Silver, 2002);
however, it was not clear if this defect could have been due to reduced transcription at the non-
permissive temperature, RNA degradation at the site of transcription (Andrulis et al., 2002),
or destabilization of the Yra1 protein. A link between 3′-end processing and export is also
suggested by genetic interactions between cleavage/polyadenylation factors and TREX
subunits, and a severe 3′-end processing defect in extracts from Sub2 and other THO complex
mutants (Saguez et al., 2008). Moreover when the TREX complex is inactivated, the 3′ ends
of a subset of genes are specifically sequestered within stalled RNP intermediates containing
nuclear pore components and chromatin (Rougemaille et al., 2008). Finally, evidence for a link
between export and 3′-end processing is provided by the observation that localization of
transcribed genes to the nuclear periphery depends on cleavage/polyadenylation signals
(Abruzzi et al., 2006; Taddei et al., 2006). In summary, although many studies support the idea
that 3′-end processing and export are linked in yeast and metazoans, the mechanisms by which
this coupling occurs are poorly understood.
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Yeast cleavage-polyadenylation complexes, like export factors, localize to genes co-
transcriptionally and this recruitment is facilitated by direct binding of the Pcf11 subunit of
CF1A to pol II (Ahn et al., 2004; Barilla et al., 2001; Licatalosi et al., 2002; Sadowski et al.,
2003). CF1A is recruited to transcribed genes progressively with low levels at the 5′ end and
high levels at the poly (A) site (Calvo and Manley, 2005; Kim et al., 2004; Licatalosi et al.,
2002). Pcf11 is a conserved 3′-end processing factor that plays a central role in coupling 3′-
end processing with transcription via its N-terminal CTD interaction domain (CID) (Sadowski
et al., 2003; Steinmetz and Brow, 1996), which binds to Ser2 phosphorylated CTD heptad
repeats and to RNA (Hollingworth et al., 2006; Licatalosi et al., 2002). Pcf11 also interacts
directly with the Clp1, RNA14 and RNA15 subunits of CF1A (Amrani et al., 1997; Gross and
Moore, 2001; Noble et al., 2007). Human homologue of Pcf11 is a subunit of the CFII(m)
complex (de Vries et al., 2000), and is required for transcription termination (West and
Proudfoot, 2008) consistent with an in vivo 3′-end processing function.

We have investigated co-transcriptional recruitment of the yeast mRNA export factor Yra1.
Unexpectedly, recruitment of Yra1 to actively transcribed genes is independent of the TREX
subunit Sub2, but dependent on the 3′-end processing factor CF1A. Furthermore, we
demonstrate a conserved protein-protein interaction between yeast and human Pcf11 and Yra1/
Aly. Tethering of Pcf11 to RNA in vivo was sufficient to re-distribute Yra1 along a transcription
unit. We propose a new model for co-transcriptional recruitment of Yra1 based on this new
connection between export and 3′-end processing factors.

Results
Yra1 Recruitment to Actively Transcribed Genes is Independent of Sub2

A central prediction of the TREX model is that disruption of Sub2 recruitment to actively
transcribed genes will prevent Yra1 recruitment. To test this prediction, pol II, Sub2, and Yra1
occupancy was monitored by ChIP in WT and sub2 mutant cells. The sub2-201 and
sub2-206 mutants we examined are defective in both splicing and export (Libri et al., 2001).
Multiplex ChIP PCR analysis at three positions along the TEF1 gene (Fig. 1A) revealed that
in both mutants, Sub2 recruitment to the TEF1 gene was greatly reduced at the restrictive
temperature, 37°C (Fig. 1A, lanes 10-12), while pol II occupancy was largely unaffected (Fig.
1A, lanes 7-9). Sub2 protein levels measured by immunoblotting were unchanged at 37°C in
the mutants compared to the wild type (Fig. 1B), demonstrating that these mutants specifically
diminish recruitment to the gene rather than protein stability. In these experiments we
monitored co-transcriptional recruitment by ChIP of untagged endogenous Yra1 using
antibody raised against the C-terminus (Fig. S4) because C-terminal tagging of Yra1 with GFP
caused a ts growth phenotype in WT W303 cells (data not shown). Consistent with previous
reports, (Lei et al., 2001; Zenklusen et al., 2002) Yra1 ChIP signals were greater at the 3′-end
than at the 5′-end of the gene (Fig. 1A, lanes 13-15) suggesting that recruitment is to some
extent progressive as the transcript elongates. Unexpectedly, loss of Sub2 from the TEF1 gene
in both sub2 mutants at 37°C did not cause a detectable change in recruitment of Yra1 (Fig.
1A, lanes 13-15).

We next examined recruitment of Yra1 in the absence of functional Sub2 on the PMA1 gene
by ChIP using high-resolution quantitative real-time PCR. Protein occupancy in WT and
sub2 mutant cells was assayed at nine positions on PMA1 and its flanking sequences (Fig. 1C).
As we observed at TEF1, there was a near complete loss of Sub2 within the PMA1 ORF in
both mutant strains at 37°C (Fig. 1C top right). Pol II and Yra1 were also diminished on
PMA1 at 37°C in the mutants relative to WT, but they remained well above the background in
the flanking sequences (Fig. 1C, bottom left and right). To control for the reduction in
transcription that often occurs in ts mutants under restrictive conditions, Yra1 ChIP signals
were normalized to pol II. Normalization revealed that Yra1 occupancy on PMA1 was
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unaffected in sub2-201 relative to WT, and it actually increased relative to WT in sub2-206
(Fig. 1D left). More Yra1 is recruited to intronless genes like PMA1 than to most intron-
containing genes like ACT1 (Abruzzi et al., 2004;Lei and Silver, 2002). We therefore examined
how recruitment of Yra1 on ACT1 was affected by sub2 mutants compared to PMA1. As
expected, at 37°C Sub2 occupancy was greatly reduced on ACT1 in sub2-201 and sub2-206
(data not shown). In contrast, Yra1 occupancy normalized to pol II was increased on ACT1
and PGK1 in the mutants relative to WT at 37°C (Figs. 1D right, S1). We conclude that
recruitment of Yra1 to actively transcribed genes occurs independently of Sub2 on genes with
and without introns, and that in some cases inactivation of Sub2 can stabilize Yra1 on a gene.
This result, therefore, contrasts with the predictions of the conventional TREX model for co-
transcriptional Yra1 recruitment.

Recruitment of Yra1 Requires 3′-end Processing Factors
If Sub2 is not required for Yra1 recruitment to actively transcribed genes, then what is
responsible for co-transcriptional recruitment of this mRNA export factor? To investigate
further the role of cleavage/polyadenylation factors in Yra1 recruitment, we assessed pol II
and Yra1 occupancy in ts mutants of CF1A subunits (Figs. 2 and 3). In agreement with previous
results (Lei and Silver, 2002), we observed that Yra1 recruitment on the TEF1 gene was reduced
in rna15-2 relative to WT at 37°C (Fig 2A top, lanes 14 and 16). Importantly, this effect is not
accounted for by reduced transcription in rna15-2 at the non-permissive temperature.
Normalization to pol II revealed that Yra1 occupancy was reduced approximately two fold by
inactivation of RNA15 (Fig. 2A, bottom). Note that inactivation of the 3′-end processing factor
RNA15 reduced Yra1 recruitment approximately equally at the 5′ and 3′ ends of the gene (Fig.
2A). Total Yra1 protein levels were virtually unaffected by shifting the CF1A mutants to the
non-permissive temperature as determined by immunoblotting, thereby confirming that the
reduced Yra1 occupancy on TEF1 at 37°C was indeed due to its impaired recruitment (Fig.
2B).

The nuclear exosome degrades transcripts with aberrant 3′-ends (Hilleren et al., 2001), and
interacts genetically with Yra1 (Zenklusen et al., 2002). It is possible, therefore, that
inactivation of cleavage/polyadenylation factors results in loss of the nascent RNA chain and
associated proteins such as Yra1. We asked whether deletion of the nuclear exosome subunit
Rrp6 in rna15-2 could stabilize recruitment of Yra1. As shown in Fig. 2A (top), deletion of
RRP6 did not restore Yra1 occupancy on TEF1 at 37°C (lane 18). Hence, the loss of Yra1 from
the gene when RNA15 is inactivated, is probably not a consequence of nascent chain
degradation by the exosome.

Next, we examined mutants in two other CF1A subunits, RNA14 and Pcf11 to determine if
they also affected Yra1 recruitment. Normalization to pol II revealed that Yra1 occupancy on
TEF1 was reduced more than two fold by inactivation of RNA14 (Fig. 2C, bottom). As we
observed in rna15-2, deletion of RRP6 in the rna14-1 mutant did not rescueYra1 recruitment
to TEF1 at 37°C (Fig. 2C, lanes 16, 18). In the pcf11-2 ts mutant, Yra1 occupancy on TEF1
was almost eliminated at 37°C compared to WT (Fig. 3A, lanes 7, 8), whereas pol II was only
moderately reduced (Fig. 3A, lanes 5, 6). A similar reduction in Yra1 recruitment was observed
in the pcf11-9 mutant, which unlike pcf11-2, has a defect in binding to the pol II CTD (Sadowski
et al., 2003) (Fig. S2).

To investigate recruitment of Yra1 in the absence of functional Pcf11 in greater detail, we
mapped pol II, Yra1, and Sub2 on PMA1 in pcf11-2 cells at 37°C. As expected, the transcription
termination defect in this mutant at 37°C resulted in elevated pol II occupancy in the 3′ flanking
region relative to WT (Fig. 3B, left). We also noted that Yra1 occupancy fell off near the second
poly (A) site, before pol II occupancy started to decline (Fig. 3B, right), in agreement with
previous results (Kim et al., 2004;Zenklusen et al., 2002). As we observed at TEF1, Yra1
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occupancy within the PMA1 ORF normalized to pol II was reduced about two fold in
pcf11-2 relative to WT (Fig. 3C, left).

We investigated the possibility that reduced Yra1 recruitment upon Pcf11 inactivation is linked
to loss of Sub2 from the gene. Sub2 occupancy was measured by ChIP and normalized to pol
II on PMA1 at 37°C in WT and pcf11-2 strains. Figure 3C shows that whereas Yra1 recruitment
relative to pol II was reduced by inactivation of Pcf11 (left), Sub2 occupancy was almost
unaffected (right). Similar results were observed at TEF1 (Fig. 3A, lanes 9, 10). In summary,
consistent with our observations in sub2 ts mutants (Fig. 1), Yra1 occupancy changed
independently of Sub2 when Pcf11 was inactivated. Furthermore, the experiments in Figures
2 and 3 show that Yra1 recruitment, when normalized to pol II, was specifically reduced by
inactivation of the CF1A subunits RNA15, RNA14 or Pcf11, and was not restored by deletion
of a nuclear exosome subunit.

Yra1 protein interacts with CF1A
To examine whether poor recruitment of Yra1 to actively transcribed genes in the absence of
functional CF1A could be caused by disruption of a physical interaction between these proteins,
we asked whether Yra1 and CF1A co-immunoprecipitate. As shown in Figure 4A, anti-Yra1
effectively co-immunoprecipitated HA-tagged Pcf11 and RNA15 subunits of CF1A, but not
the Pgk negative control. Notably, the interaction between Yra1 and Pcf11 withstood treatment
with RNAse and DNAse, and washing with 300mM NaCl (Fig. 4A, red box panel 1); RNA15
co-immunoprecipitation with Yra1 was less robust than Pcf11, but still detectable (panel 2).
Conversely, immunoprecipitation of Pcf11 with anti-HA co-precipitated Yra1 and RNA15,
but not Pgk. As expected, co-immunoprecipitation between the CF1A subunits Pcf11 and
RNA15 was very robust and was unaffected by treatment with nucleases or high salt. The
fraction of Yra1 co-immunoprecipitating with Pcf11-HA (Fig. 4A, red box panel 4) relative to
the input was considerably less than RNA15. This difference probably reflects, in part, the four
fold higher abundance of Yra1 (Oeffinger et al., 2007) relative to RNA15 (yeastgfp.ucsd.edu),
and a weaker interaction. In summary, co-immunoprecipitation demonstrates a novel
protein:protein interaction between Yra1 and CF1A, consistent with the fact that recruitment
of Yra1 to actively transcribed genes requires this cleavage/polyadenylation factor.

A conserved binding interaction between Pcf11 and Yra1/Aly
To determine whether Yra1 makes direct or indirect contact with CF1A, we tested whether
radiolabeled in vitro translated Pcf11, RNA14 or RNA15 bound to GST-Yra1 in a pull-down
assay. Figure 4B shows that GST-Yra1, but not GST alone, effectively captured Pcf11, but not
RNA14, RNA15 or the luciferase control (top panel, lanes 3, 6, 9, and 11). This in vitro
interaction is therefore consistent with the fact that in vivo inactivation of Pcf11 reduces co-
transcriptional Yra1 recruitment (Fig. 3). The rna14-1 and rna15-2 mutations that have similar
effects in vivo (Fig. 2) may disrupt Yra1 interaction with Pcf11 by perturbing the stability or
conformation of the CF1A complex.

We next wished to determine which domain(s) of Pcf11 interacts with Yra1. Pcf11 contains a
N-terminal pol II CTD Interaction Domain (CID), a polyglutamine domain (Q20), and two zinc
fingers (C2H2 and C2HC) (Fig. 4C) on either side of the Clp1 binding domain (Noble et al.,
2007;Sadowski et al., 2003). In pull-down assays, GST-Yra1, but not GST alone, bound to a
C-terminal fragment of Pcf11 (residues 141-626) deleted for the CID (ΔCID-Pcf11), and not
to the CID alone (Fig. 4D, top panel lanes 3, 6, 9, and 11). To pinpoint the segment of Pcf11
that binds Yra1, we hypothesized that a functional interaction might be conserved between the
human homologues of these proteins. In the region C-terminal of the CID, human and yeast
Pcf11 are most closely related in the region of the two zinc fingers and Clp1 interacting domain
comprising residues 420-608 and 1342-1487 of the respective proteins (Fig. 5A). We purified
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recombinant His-tagged proteins corresponding to these conserved segments of yeast and
human Pcf11 (Fig. 5B), and tested them for binding to GST fusions of yeast Yra1 and human
Aly. To ensure that binding was not influenced by the presence of nucleic acids, immobilized
GST proteins were pre-treated with RNAse, and EtBr (400μg/ml) was added to the binding
reaction. As shown in Figure 5C, GST-Yra1, but not GST alone, effectively captured the Zn-
finger/Clp1 segment (420-608) of yeast Pcf11 in a concentration dependent manner (top panel),
consistent with a direct protein:protein interaction. Importantly, this interaction is conserved
between the human homologues of these proteins as shown by the concentration-dependent
binding of huPcf11 (1342-1487) to GST-Aly, but not GST alone (Fig. 5D, top). Cross-species
interactions also occur such that GST-Yra1 binds huPcf11 (1342-1487) and GST-Aly binds
yeast Pcf11 (420-608) (data not shown), consistent with complementation of a YRA1 deletion
by Aly (Strasser and Hurt, 2000). We conclude therefore that a conserved region of yeast and
human cleavage/polyadenylation factor Pcf11 is sufficient for direct binding to the cognate
mRNA export adaptor proteins Yra1 and Aly.

Pcf11 Binds the Sub2/Mex67 Interacting Domains in Yra1
Yra1 contains a RRM (RNA Recognition Motif), two highly conserved N- and C-terminal REF
domains, and two moderately conserved regions rich in glycine, serine and positively charged
residues flanking the RRM termed N-variable and C-variable regions, respectively (Stutz et
al., 2000). Both variable regions, amino acids 14-77 and 167-210, can mediate binding of Yra1
to Sub2 and Mex67 (Strasser and Hurt, 2001; Zenklusen et al., 2001). To determine which
domain(s) of Yra1 binds to Pcf11, we made GST fusions with fragments of Yra1 (Fig. 5E) and
performed pull-down assays with the Pcf11 420-608 fragment that binds full-length Yra1. This
analysis showed that amino acids 1-66, comprising most of the first variable region and the N-
REF domain, and amino acids 167-226, comprising the second variable region and the C-REF
domain, of Yra1 are each sufficient for direct binding to Pcf11 (Fig. 5F, top panel). Conversely,
neither the RRM, nor the N/C-terminal REF domains in isolation are able to bind Pcf11 (Fig.
5F, top panel lanes 5 and 9). Thus Pcf11, like Sub2 and Mex67, binds the N- and C-terminal
variable regions of Yra1. These results suggest the possibility that Sub2 and Mex67 compete
with Pcf11 for binding to Yra1, and that Yra1 binding to these three partner proteins is mutually
exclusive.

Pcf11 is sufficient for co-transcriptional Yra1 recruitment
The results presented above suggest a model in which Yra1 is initially recruited to the
transcription elongation complex through a direct interaction with the Pcf11 subunit of CF1A
that associates with the pol II CTD. We tested this model by asking whether Pcf11 is sufficient
to recruit Yra1 to an actively transcribed gene in vivo using an RNA tethering strategy (Fig.
6A). Endogenous Pcf11 was tethered to nascent RNA from the chromosomal GAL1-
YLR454W gene containing six tandem BoxB hairpins, via a C-terminal tag comprising a 6XHA
epitope and the BoxB binding peptide from the N-protein of bacteriophage P22 (Wiegand et
al., 2003). As a non-tethered control, endogenous Pcf11 was tagged with 6XHA only.
Normally, Pcf11 is recruited progressively in a 5′ to 3′ direction, with its peak density near the
poly(A) site (Kim et al., 2004;Licatalosi et al., 2002). Because the BoxB sequences were
inserted into the YLR454W ORF at position 1242, about 6600bp upstream of the poly(A) site,
Pcf11 prematurely accumulated near the 5′ end in the tethered strain, (Pcf11:HA-N peptide,
DBY986) compared to the non-tethered strain (Pcf11:HA, DBY987) (Fig. 6B, lanes 3 and 4,
top band). The TEF1 3′ amplicon served as a control, demonstrating that Pcf11:HA-N peptide
is recruited normally to another endogenous gene (Fig. 6B, lanes 3 and 4, bottom band).

Having established that RNA tethering can prematurely recruit Pcf11 to YLR454W, we asked
if tethered Pcf11 affects co-transcriptional recruitment of Yra1. Yra1 was monitored by ChIP
at ten positions along the GAL-YLR454W gene in the non-tethered control (DBY987) and the
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Pcf11 tethered strain (DBY986). Yra1 occupancy was equivalent in both strains at position
+753 upstream of the BoxB tethering elements (Fig. 6C). However, in the regions adjacent to
the tether and at all downstream amplicons, except +7475, Yra1 recruitment was enhanced by
tethered Pcf11 (Fig. 6C). No change in Yra1 occupancy was seen on PMA1, confirming that
the effect was specific to the gene containing the BoxB sequences (Fig. 6D). No changes were
detected in either pol II (Fig. S3, left) or Sub2 (Fig. S3, right) occupancy on the YLR454W gene
when Pcf11 was tethered, arguing that the small enhancement of Yra1 occupancy seen under
the same conditions is specific. The lack of effect of Pcf11 tethering on Sub2 recruitment is
consistent with the idea that Yra1 binding to Pcf11 is mutually exclusive with Sub2 binding.
Together these data demonstrate that enhancement of Pcf11 occupancy by RNA tethering
caused a specific increase in Yra1 occupancy. This experiment therefore argues that the
protein:protein interaction between Yra1 and Pcf11 observed in vitro functions in localizing
Yra1 on genes in vivo.

Discussion
Maturation of the nascent mRNP is coordinated with co-transcriptional pre-mRNA processing
so that only properly processed transcripts become competent for export. In particular mRNA
export in yeast is dependent on cleavage/polyadenylation, but the molecular basis for the
connection between export and 3′ end processing has not been identified. Prior to their export
from the nucleus, nascent mRNPs must pass quality control tests to ensure that aberrant mRNAs
are not transported into the cytoplasm where they could be translated into deleterious abnormal
proteins (Iglesias and Stutz, 2008; Jensen et al., 2003; Schmid and Jensen, 2008). An important
step in maturation of mRNPs is the co-transcriptional loading of the conserved export adaptor
Yra1/Aly. We report that the mRNA 3′-end processing machinery is closely linked to
recruitment of Yra1 in yeast through a direct interaction with the Pcf11 subunit of the cleavage/
polyadenylation factor CF1A. Yra1 occupancy, relative to pol II, is reduced in ts mutants of
Pcf11 and other subunits of CF1A (Fig. 2, 3) consistent with previous results (Lei and Silver,
2002). Furthermore, we identified a direct protein:protein interaction between Yra1 and the
zinc finger/Clp1 interaction region of Pcf11 (Fig. 5C), thereby establishing a possible
molecular basis for the connection between export and 3′-end processing. The pcf11-2 mutant
contains four substitutions at C424, S538, F562, and S579 while pcf11-9 has one substitution
at K435, in this region (Sadowski et al., 2003). The only mutation at a residue conserved in
human Pcf11 is C424 in the first Zn finger (see Fig. 5A). pcf11-9, which is defective for CTD
binding (Sadowski et al., 2003), appears to have a somewhat greater effect on Yra1 occupancy
than pcf11-2 (Fig. S2). We think that the pcf11-2 mutations in the Zn finger/Clp1 interaction
domain probably do not play a direct role in binding of Yra1 and that defective recruitment of
Yra1p in both PCF11 mutants is due to disruption of CF1A integrity and/or binding to pol II.

This interaction between a yeast export factor and a cleavage/polyadenylation factor is
conserved between their human counterparts, Aly and huPcf11 (Fig. 5D). Residues 420-608
of yeast Pcf11 and the homologous residues 1342-1487 of huPcf11 are sufficient for interaction
with Yra1/Aly. The conservation of this protein:protein interaction between humans and yeast
suggests that it is of general significance for coordination of 3′-end processing with export.
How Aly is recruited to mammalian genes is not fully understood, but its interactions with both
the UAP56-THO complex (Luo et al., 2001;Strasser et al., 2002) and cap binding complex are
likely to be important (Cheng et al., 2006). Our biochemical results suggest that in addition,
huPcf11 may play a role in recruitment of Aly. Finally, amino acids 1-66 and 124-226 of Yra1
are each sufficient to bind Pcf11 (Fig. 5E, F). Closely overlapping regions of the protein
(residues 1-77 and 167-210) bind to the export receptor Mex67 and RNA (Rodrigues et al.,
2001;Zenklusen et al., 2001), and Sub2 (Strasser and Hurt, 2001).
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The current model for co-transcriptional recruitment of the export adaptor Yra1 through
interaction with the Sub2 subunit of TREX (reviewed in (Iglesias and Stutz, 2008; Kohler and
Hurt, 2007; Luna et al., 2008) is based on the fact that Sub2 is required for mRNA export, and
interacts with Yra1 genetically and physically (Strasser and Hurt, 2001; Strasser et al., 2002;
Zenklusen et al., 2002). We report that Sub2 is not required for Yra1 recruitment to the
transcription elongation complex, but the 3′-end processing complex CF1A is required.
Mutants of Sub2 that eliminate its recruitment to the gene did not prevent Yra1 recruitment
and actually enhanced it in some cases (Figs. 1D, S1). Furthermore the pcf11-2 mutant reduced
Yra1 recruitment without affecting Sub2 recruitment (Fig. 3C). To account for these new
observations, we suggest a modified model for co-transcriptional recruitment of Yra1 that helps
reconcile the TREX model with the importance of 3′-end processing for mRNA export (Fig.
7). This model proposes that an important early step is Yra1 binding to the Pcf11 subunit of
CF1A, independently of Sub2 (step 1 in Fig. 7). Pcf11 is associated with the pol II transcription
complex through Ser2 phosphorylated CTD heptads (Licatalosi et al., 2002) therefore this
interaction can explain how Yra1 binds the TEC independent of Sub2. Following recruitment
by Pcf11, we suggest that Yra1 is handed off to Sub2 (step 2 in Fig. 7). In support of this
proposal we show that Pcf11 and Sub2 have overlapping binding sites at the N- and C-terminal
variable regions of Yra1 (Fig. 5F), suggesting that they bind in a mutually exclusive way. The
enhancement of Yra1 ChIP signals after inactivation of Sub2 (Fig. 1D) may be due to inhibition
of hand-off to Sub2, and stabilization of the Yra1 interaction with CF1A. Sub2/UAP56 is
thought to facilitate the subsequent transfer of Yra1/Aly to RNA (Abruzzi et al., 2004) in an
ATP dependent reaction (Taniguchi and Ohno, 2008). Therefore, transcription-independent
RNA binding by Yra1/Aly is distinct from transcription-coupled Yra1 recruitment to the pol
II elongation complex; the former requires Sub2 and the latter requires CF1A. In a final hand-
off reaction (step 3 in Fig. 7), Yra1/Aly binds the export receptor Mex67/TAP via the same
conserved N- and C-terminal regions of Yra1/Aly that bind Pcf11 and Sub2/UAP56
(Hautbergue et al., 2008; Rodrigues et al., 2001; Strasser et al., 2002). The requirement for the
3′-end processing factor CF1A for Yra1 loading may provide an opportunity to exert quality
control. In the event that a fully functional transcription elongation complex with associated
CF1A is not assembled, then Yra1 loading would be limited thereby preventing formation of
an export competent mRNP. Similarly, Yra1 loading onto the nascent mRNA would be limited
if TREX assembly was defective. While our experiments establish a Pcf11-dependent
mechanism of Yra1 recruitment, they do not exclude the possibility of additional mechanisms
that could also contribute to Yra1 localization at transcribed genes.

The fact that CF1A mutations affect Yra1 occupancy at 5′ as well as 3′ ends suggests one
possible function for the presence of this 3′-end processing factor at 5′ ends (Calvo and Manley,
2005; Licatalosi et al., 2002); namely to help recruit the export factor Yra1. Whether Yra1
association with CF1A affects the 3′-end processing function of this complex is unknown. Yra1
co-localizes with CF1A in the body of the gene and it appears to dissociate near the poly (A)
site (Figs. 1C and 3B) (Kim et al., 2004; Zenklusen et al.). These observations suggest the
possibility that association with Yra1 negatively regulates the processing function of CF1A.
Whether or not enhanced Yra1 retention at the 3′ ends of genes following Sub2 inactivation
(Figs. 1D, S1) contributes to cleavage/polyadenylation defects (Saguez et al., 2008) or to
accumulation of stalled export intermediates (Rougemaille et al., 2008) remains to be
determined.

In summary, we demonstrate a new connection between mRNA export and 3′-end processing
mediated by a direct contact between the export adaptor Yra1/Aly and cleavage/
polyadenylation factor Pcf11. By physically linking recruitment of Yra1 with Pcf11, this
mechanism coordinates the development of mRNA export competence with cleavage/
polyadenylation, a processing event that is universal among yeast mRNAs. In contrast only a
small fraction of yeast genes produce transcripts that are spliced. Although our results
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demonstrate a direct link between essential export and cleavage/polyadenylation factors, the
details of how export is coordinated with maturation of the mRNA 3′-end per se are still unclear.
It is also unknown how interaction of Yra1 with a pol II CTD binding protein, Pcf11, might
influence transcription. In future it will be of interest to elucidate how the interaction between
Pcf11 and Yra1 affects transcription, assembly of an export competent mRNP, 3′-end
processing, and mRNP quality control.

Experimental Procedures
Plasmids and Yeast Strains

Plasmids and strains are described in the supplementary methods and Tables 1, 2.

Antibodies
Rabbit anti-panCTD was described (Schroeder et al., 2000) and anti-RNA15 was a gift of F.
Wyers. Anti-Yra1 and -Sub2 were made by immunizing rabbits with GST-Yra1(124-226) (Fig.
S4) or full-length Sub2 (a gift of Dr. R. Zhao, UCHSC). Monoclonal antibodies included anti-
HA (12CA5), anti-PGK (Molecular Probes), and anti-His (Sigma).

ChIP
WT and ts strains were grown at 25°C in YPD to a density of OD600= 0.8, then grown for an
additional 60-90 minutes at 37°C prior to lysis or formaldehyde crosslinking. For galactose
induction (Fig. 6) cells were grown in YP raffinose (2%) to OD600=0.8 and induced with 2%
galactose for 90 minutes. ChIP, multiplex 32-P labeled PCR, and real-time PCR with SybrGreen
(Roche LC-480) were as described (Schroeder et al. 2000)(Glover-Cutter, 2008). Ratios of
Yra1/Pol II and Sub2/Pol II were determined on multiple experiments then normalized to the
highest value in each data set and means for normalized values. A minimum of two ChIPs and
two PCRs from each were used to generate means +/- SEM. Primer sequences are available
on request.

Immunoprecipitation
Whole cell extract was made by glass bead disruption in low salt buffer (50mM HEPES pH
7.6, 50mM NaF, 1mM MgCl2, 1mM EGTA, 5% glycerol, 0.25% Tween-20, and protease
inhibitors (modified from D. Kellogg) and immunoprecipitated with antibodies coupled to
CNBr-sepharose (GE) at 1mg/ml. IP's were washed twice in low-salt buffer and, as necessary,
digested (37°, 30 min.) in the same buffer plus 5mM MgCl2, 2mM CaCl2, 10μg/ml RNAse A,
and 20U/ml DNase I at (37°, 30 min). Samples were then washed three times in low-salt buffer
supplemented with NaCl to 100mM, 300mM, or 1000mM, and eluted with SDS sample buffer.

GST Pull-Down Assays
GST fusion proteins (10 μg) were bound to glutathione sepharose at 1mg/ml and blocked in
TIF (150mM NaCl, 20mM Tris pH 8.0, 1mM MgCl2, 0.1% NP40, 10% glycerol, and protease
inhibitors) containing 5% non-fat dry milk. [35S]methionine-labeled proteins were made by
TNT, (Promega). Binding reactions were for 16 hours at 4°C in 0.5 ml of TIF plus 0.5% non-
fat dry milk and 400μg/ml EtBr. Beads were washed five times, in TIF at room temperature
and eluted with SDS sample buffer or TIF + 1M NaCl.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Yra1 recruitment to actively transcribed genes is independent of Sub2
(A) ChIP analysis of WT, sub2-201 and sub2-206 cells at 37°C (90 minutes) with anti-pol II,
anti-Sub2, anti-Yra1 and normal rabbit serum (NRS). 32P-labeled PCR products correspond
to the indicated amplicons of TEF1. (B) Anti-Sub2 immunoblot (top panel) of WT and sub2
ts cells (10ug of whole cell extract (WCE)) at 25 and 37°C (90 minutes). Anti-Pgk1 immunoblot
(bottom panel) serves as a loading control. Note that both Sub2 and Pgk1 protein levels increase
slightly at 37°C in ALL cell types, including the WT. (C) ChIP analysis of PMA1 as in (A)
analyzed by real-time PCR with amplicons shown in the map. Red lines on the map indicate
putative poly A sites. Relative ChIP signals are plotted for Sub2 (top right), pol II (bottom left),
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and Yra1 (bottom right). Mean values, normalized to the maximal signal in each data set, +/-
SEM are shown. (D) ChIP signals plotted as ratios of Yra1:pol II for PMA1and ACT1, +/- SEM.
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Figure 2. Yra1 Recruitment is inhibited by inactivation of RNA15 and RNA14, and is not restored
by deletion of the nuclear exosome
(A) ChIP analysis of WT rna15-2 and rna15-2Δrrp6 (DBY569) cells with anti-pol II, anti-
Yra1 and NRS control. 32P-labeled PCR products of TEF1 amplicons as in Fig. 1A (see map)
are shown. Asterisk (*) indicates non-specific product. Graph shows the ratio of Yra1:pol II
ChIP signals determined by multiplex PCR, +/- SEM. (B) Anti-Yra1 immunoblot (top panel)
of WT and mutant cells (10ug of WCE) at 25° and 37°C (60 minutes). The anti-Pgk1
immunoblot (bottom panel) serves as a loading control. (C) ChIP analysis of WT and
rna14-1 and rna14-1Δrrp6 (DBY568) cells as in (A).
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Figure 3. Co-transcriptional Recruitment of Yra1 Requires Functional Pcf11
(A) ChIP analysis of WT and pcf11-2 cells at 37° (60 minutes) with anti-pol II, anti-Sub2, anti-
Yra1 and NRS control. 32P-labeled PCR products of TEF1 amplicons as in Fig. 1A (see map)
are shown. In this experiment, after normalization to pol II, Yra1 occupancy at TEF1-5′ showed
no change, TEF1-mid decreased 1.5 fold, and TEF1-3′ decreased 2.2 fold. (B) ChIP analysis
of PMA1 as in Fig. 1C analyzed by real-time PCR with amplicons shown in the map. Red lines
on the map indicate putative poly A sites. Relative ChIP signals are plotted for pol II (top left)
and Yra1 (top right). Mean values, normalized to the maximal signal in each data set, +/- SEM
are shown. (C) ChIP signals plotted as a ratios of Yra1:pol II and Sub2:pol II for PMA1, +/-
SEM.
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Figure 4. Yra1 Physically Interacts with CF1A via Pcf11
(A) Co-immunoprecipitation between Yra1 and CF1A from whole cell extracts (WCE).
Antibodies used for IP are listed at the top, and those used for blotting are listed below each
panel. IP's treated with RNase and DNase are indicated (+). IPs were washed with increasing
concentrations of [Na+] (50mM, 100mM, 300mM, and 1000mM). Each sample represents the
precipitation of 1mg WCE using 5ug antibody. (B) Yra1 binds specifically to the Pcf11 subunit
of CF1A. GST pull-down assays using 35S-labeled in vitro translated Pcf11, RNA14, RNA15
and luciferase (Luc) negative control. Autoradiogram (top panel) and corresponding coomassie
blue stained loading control (bottom panel) are shown. (C) Diagram of Pcf11 truncations used
in (D) (see (Sadowski et al., 2003)). (D) Yra1 interacts with a C-terminal fragment of Pcf11
independent of the CID. GST pull-down analysis as in (B).
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Figure 5. Conserved Binding of yeast and human Pcf11 to REF Family Proteins
(A) Alignment of yeast and human Pcf11 zinc finger/Clp1 regions. (B) Coomassie blue stained
gel of His-tagged yeast and human Pcf11 fragments in (A). (C) Direct binding of yeast Pcf11
zinc finger/Clp1 region to Yra1. GST or GST-Yra1 bound to beads (see stained gel, bottom
panel) was incubated with increasing amounts (1.25, 2.5, 5, 10ug) of yeast Pcf11(420-608),
and bound protein was detected by anti-His immunoblot (top panel). Note the Pcf11(420-608)
eluted from the beads migrates more slowly than the input (lane 1) because these samples
contain 0.75M NaCl. (D). Direct binding of human Pcf11 zinc finger/Clp1 region to Aly. GST
or GST-Aly bound to beads (see stained gel, bottom panel) was incubated with increasing
amounts (1.25, 2.5, 5, 10ug) of human Pcf11(1342-1487), and bound protein was detected by
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anti-His immunoblot (top panel). (E) Domain diagram of full length Yra1 and truncations used
in (F). The N/C REF protein fragment contains a linker (residues 92-132) from λ repressor.
(F) Pull-down assays as in (C, D) with GST alone and fusions with full-length -Yra1, -N +
RRM, -RRM, -RRM + C, -N, -C, and -N/C REF (see bottom panel). Yeast Pcf11(420-608)
bound to the beads was eluted in high salt and visualized by anti-His immunoblot (top panel).
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Figure 6. RNA tethering demonstrates that Yra1 and Pcf11 physically interact in vivo
(A) Diagram of Pcf11-HA-Npeptide tethering to nascent RNA via 6X BoxB sequences inserted
in to the chromosomal GAL-YLR454W. (B) Tethering of Pcf11 to BoxB elements in GAL-
YLR454W. ChIP analysis of non-tethered (YLR-6XBoxB/Pcf11:HA) and tethered
(YLR-6XBoxB/Pcf11:HA-Npep) cells with anti-HA and NRS control. 32P-labeled PCR
products corresponding to a region of GAL-YLR454W immediately adjacent to the tether
(amplicon 1423) and to the 3′-end of the TEF1 gene are shown. (C) Pcf11 tethering alters Yra1
recruitment to the chromosomal GAL-YLR454W gene. Anti-Yra1 ChIP signals analyzed by
real-time PCR for strains with tethered (purple bars) and non-tethered (blue bars) Pcf11.
Diagram of GAL-YLR454W-6XBoxB and the corresponding amplicons are included below the
plot. Data are represented as mean values, normalized to the maximal signal in the data set, +/-
SEM. (D) Yra1 recruitment on a control gene PMA1 is unaffected by the Pcf11-HANpeptide
tag. Plot of Yra1 occupancy quantified by real-time PCR and normalized to maximum values
as in (C).
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Figure 7. A revised model of co-transcriptional Yra1 recruitment by interaction with Pcf11 followed
by hand-off to Sub2 and Mex67
1 = Recruitment of Yra1 via the Pcf11 subunit of CF1A. 2 = Transfer of Yra1 to the nascent
RNA facilitated by binding of Sub2. 3 = Loading of the export receptor Mex67 onto the mRNA
via interaction with Yra1.
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