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formation control
cotranscriptional export
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Messenger RNA export factors are recruited to genes in a
transcription-dependent manner. To ascertain the
mechanism of this process, we show that RNA polymer-
ase II transcription is sufficient to recruit the Saccharo-
myeces cerevisiae hnRNP protein Npl3 to a gene indepen-
dent of RNA sequence. In contrast, the cotranscriptional
recruitment of the RNA-binding protein Yral is depen-
dent on pre-mRNA processing. Yral associates with in-
trons of intron-containing genes in a splicing-dependent
manner. Conversely, Yral recruitment to genes without
introns is not dependent on splicing. Finally, 3’-end for-
mation is required for Yral recruitment to genes regard-
less of intron status.
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In eukaryotes, mRNAs are transcribed and processed in
the nucleus and exported to the cytoplasm. During tran-
scription, mRNAs are bound by RNA-binding proteins
that function in pre-mRNA processing steps such as cap-
ping, polyadenylation/cleavage, and splicing (for review,
see Bentley 2002; Proudfoot et al. 2002). In addition,
transcription promotes the recruitment of mRNA export
factors to genes (Lei et al. 2001). The cotranscriptional
recruitment of pre-mRNA processing and mRNA export
factors has been suggested to be a mechanism for effi-
cient production of fully processed and export-compe-
tent ribonucleoparticles (RNPs).

In Saccharomyces cerevisiae, Npl3 is an abundant pro-
tein that serves as a prototype for hnRNP function in
mRNA export. Identified based on its ability to UV-
cross-link to poly(A)* RNA (Wilson et al. 1994, Npl3 is
one of the major RNA-binding proteins in yeast and may
function to ensure structural integrity of the RNP. Mu-
tation of NPL3 results in accumulation of mRNA in the
nucleus (Singleton et al. 1995; Lee et al. 1996). Further-
more, Npl3 shuttles between the nucleus and the cyto-
plasm, and its export is dependent on ongoing transcrip-
tion by RNA polymerase II (Pol II; Lee et al. 1996). Npl3
interacts physically with Pol II and genetically with
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TATA-binding protein (TBP) to promote mRNA export
(Lei et al. 2001). For Npl3, cotranscriptional recruitment
begins at an early stage of transcription, either at initia-
tion or soon after elongation begins. Finally, Npl3 co-
transcriptional recruitment is specific for Pol II-tran-
scribed genes.

Nuclear export of mRNA also depends on the function
of the RNA-binding protein Yral. Acting at a later stage
of mRNA export than Npl3, Yral bridges the interaction
between the RNP and the soluble mRNA export receptor
heterodimer Mex67/Mtr2 located primarily at the
nuclear pore complex (NPC; Santos-Rosa et al. 1998;
Strafler and Hurt 2000). The human homolog of Yral,
Aly, is a component of the exon-exon junction complex
(EJC) that is deposited on mRNAs as a result of splicing
(Le Hir et al. 2000). Although there is not yet evidence of
the existence of an EJC in yeast, both Aly and the non-
sense-mediated decay factor Upf3 associate with the EJC
and are conserved throughout eukaryotes (Le Hir et al.
2001). Aly promotes the export of both spliced and un-
spliced mRNAs (Zhou et al. 2000; Rodrigues et al. 2001},
and interaction of Aly with the splicing factor UAP56
has been suggested to be a mechanism of recruitment of
Aly to spliced mRNAs (Luo et al. 2001). Similarly, Yral
interacts with the UAP56 yeast homolog Sub2 (Strifier
and Hurt 2001), which is also involved in splicing
(Kistler and Guthrie 2001; Libri et al. 2001; Zhang and
Green 2001). In turn, Sub2 and its human homolog re-
cently have been shown to physically interact with the
conserved THO complex of transcription elongation fac-
tors, which are required for proper mRNA export
(Strafler et al. 2002). In fact, Aly was originally isolated as
a transcriptional coactivator (Bruhn et al. 1997).

Less well understood is how 3’-end formation of
mRNA contributes to its nuclear export. Disruption of
cleavage/polyadenylation by either cis- or trans-acting
mutations results in nuclear accumulation of transcripts
(Eckner et al. 1991; Long et al. 1995; Huang and Carmi-
chael 1996; Brodsky and Silver 2000). Furthermore, these
defects cause accumulation of transcripts at a focus that
may be near the site of transcription (Hilleren et al. 2001;
Jensen et al. 2001). One candidate for a mediator of 3’-
end formation stimulated mRNA export is the hnRNP
protein Hrpl, which is a component of the cleavage com-
plex CF1I (Kessler et al. 1997). Hrpl interacts genetically
with Npl3 and is required for nuclear export of mRNA
(Henry et al. 1996; Brodsky and Silver 2000).

Messenger RNA export factors are recruited to genes
in a transcription-dependent manner to increase the ef-
ficiency of mRNA export (Lei et al. 2001). However, the
mechanism of this cotranscriptional recruitment is not
known. Here we show that Pol II transcription is suffi-
cient to cotranscriptionally recruit Npl3 to an RNA. In
contrast, Yral associates with intron-containing genes
preferentially at introns in a splicing-dependent manner.
Moreover, the splicing factor Sub2 associates with genes
in a pattern identical to that of Yral. However, SUB2 is
not required for Yral recruitment to genes without in-
trons. Additionally, 3’-end formation is required for Yral
recruitment to all genes tested regardless of intron sta-
tus. We present a model for cotranscriptional pre-mRNA
processing-dependent packaging of mRNAs for nuclear
export.
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Results and Discussion

The specificity of Npl3 recruitment to mRNA could be
achieved through interaction between Npl3 and RNA or
by interaction of Npl3 with the Pol II transcription ma-
chinery. To test these two possibilities, we examined
whether Npl3 can be recruited to a gene that is not nor-
mally transcribed by Pol II using a strain (YJV100) that
expresses the 35S rDNA under the control of the induc-
ible GAL7 Pol II promoter (GAL7,,,~35S tDNA; Venema
et al. 1995). This fusion gene is integrated into the rDNA
locus in multiple copies, and the strain is deleted for
RNA polymerase I (Arpal35) so that all fRNA transcrip-
tion is driven by Pol II. Cells were grown in galactose-
containing media to stimulate transcription of galactose-
dependent genes, including the Pol II-driven rRNA, or
were transcriptionally repressed by addition of glucose
for 1 h. We performed chromatin immunoprecipitations
of Npl3 from chromatin of an average size of ~200 bases
using «-Npl3 antibodies. Quantitative PCR was per-
formed using primer sets that span the galactose-depen-
dent GALIO gene, the GAL7,,,~35S rDNA fusion gene,
or an intergenic nontranscribed region to determine the
amount of DNA associated with Npl3 (Fig. 1A).

Npl3 associates with the GAL7,,,~-35S rDNA fusion
gene only when transcribed by Pol II. In cells grown in
galactose, Npl3 associates strongly with the coding se-
quence of GAL10, and this association is reduced 10-fold
when cells are glucose-repressed, similar to previous re-
sults (Fig. 1B, lanes 1,2; Lei et al. 2001). Association of
Npl3 with the GAL7,,,-35S rDNA is approximately
twofold higher than the nontranscribed intergenic region
in cells grown in galactose (Fig. 1B, lanes 3-6, white
bars). Upon glucose repression, Npl3 association with
the GAL7,,,~35S rtDNA is decreased to background lev-
els (Fig. 1B, lanes 3-6, gray bars). Chromatin immuno-
precipitations using an antibody against Pol II (SWG16)
show a similar pattern of association with GAL10 and
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Primer sets 1 and 2 span the 5’ and 3’ coding sequence of GAL10, respectively. Primer set 3 is specific for the GAL7
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Pol II transcription is sufficient for Npl3 but not Yral cotranscriptional recruitment. (A) Diagram of GAL10 and GAL7

cells, Npl3 does not associate with Pol I-transcribed 35S
rDNA (data not shown). These results indicate that Pol II
transcription is sufficient for Npl3 cotranscriptional re-
cruitment independent of RNA sequence.

In cells expressing the GAL7,,,-35S rDNA fusion
gene, Npl3 is redistributed to the nucleolus. In wild-type
cells, Npl3 localizes to a region of the nucleus that is
adjacent to the crescent-shaped nucleolus, denoted by
Nopl staining, as previously described (Fig. 1C, panels
a—c; Flach et al. 1994). When grown in galactose, cells
expressing the GAL7,,,-35S rDNA possess nucleoli that
appear as a single focus that is adjacent but clearly dis-
tinct from the nucleoplasm as determined by compari-
son of Nopl localization and DAPI staining (Fig. 1C, e;
data not shown). In these cells, Npl3 staining is visible in
the nucleoplasm as in wild type but also extends to a
small adjacent region. In this area there is significant
overlap of the Npl3 and Nopl signals as indicated by
orange to yellow signal in the overlay (Fig. 1C, d-f, ar-
rows). Taken together, these results indicate that Pol II
transcription is sufficient for Npl3 cotranscriptional re-
cruitment.

Unlike Npl3, Yral is not recruited to the GAL7,,,-35S
rDNA. Epitope-tagged Yral-myc was immunoprecipi-
tated using a-myc antibody (9E11), and the amount of
DNA associated was quantitated. In cells grown in ga-
lactose, Yral-myc associates strongly with the 3’ but not
the 5’ end of the GAL10 coding sequence compared with
the nontranscribed intergenic region, and this associa-
tion decreases >20-fold upon glucose repression, similar
to previous results (Fig. 1D, lanes 1,2,6; Lei et al. 2001).
In contrast, Yral-myc association is not above back-
ground levels for the 5, middle, or 3’ regions of the
GAL7,,,~355 rDNA even under transcriptionally re-
pressing conditions (Fig. 1D, lanes 3-6). Therefore, Pol II
transcription is not sufficient for Yral cotranscriptional
recruitment. A possible explanation for the lack of Yral
recruitment to this gene is that a specific binding site for
Yral may not be present in the 35S rRNA. Alternately,
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sets 4 and 5 are directed to the 18S and 255 rDNA, respectively, recognizing the fusion gene as well as endogenous rDNA. (For GAL10,
ATG = +1; for GAL7,,,~35S tDNA, 5' ETS = +1.) Primer set 6 spans a nontranscribed intergenic region. (B) Quantitation of Npl3-associated
DNA using primer sets indicated in A. Raw values are expressed as a percentage of input for cells grown at 30°C in media containing 1%
raffinose/1% galactose (white) and repressed for 1 h in 2% glucose (gray). Error bars are shown for a single experiment. Numerical values are
shown above broken bars, which extend beyond the upper limit of the graph. (C) Colocalization of Npl3 and Nopl in wild-type (WT, a—c) and

GAL7

pro

-35S8 rDNA-expressing (GAL7-35S, d-f) cells. Indirect immunofluorescence with polyclonal antibodies to Npl3 (a,d), monoclonal

antibody to Nopl (b,e], and overlay (c,f) are shown. Arrows point to the region of colocalization in GAL7,,,-35S rDNA-expressing cells. (D)
Quantitation of Yral-myc-associated DNA using primer sets indicated in A.
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and Sub2 interact directly (Strdfler and Hurt 2001), the
because the 35S rRNA undergoes a series of processing pattern of Sub2-HA association with PMA1, ACT1, and

steps that is entirely distinct from that of mRNA, some DBP2 is essentially identical to that of Yral (Fig. 2B,
pre-mRNA processing steps may be a requirement for right, lanes 1-9). In addition, Sub2-HA is recruited
Yral recruitment. strongly to the middle and 3’ end of the galactose-induc-
To test whether splicing affects mRNA export factor ible gene GALI10 under transcriptionally active condi-
cotranscriptional recruitment, we first tested whether tions comparable to Yral, indicating that Sub2 recruit-
recruitment is affected by the presence of an intron. We ment to a gene is transcription-dependent (data not
performed chromatin immunoprecipitations using as re- shown; Lei et al. 2001). Like Yral, Sub2 is recruited to
porters three genes with different intron statuses (Fig. genes with and without introns, consistent with the re-
2A). PMA1 is a gene without an intron, and ACT1, like sult that SUB2 is required for the nuclear export of
the majority of intron-containing genes in S. cerevisiae, spliced and intronless mRNAs (Lei et al. 2001; Strifler
contains a single intron that is situated close to the tran- and Hurt 2001). In contrast to Yral and Sub2, Npl3 as-
scription initiation site, resulting in a short 5’ exon. For sociation with PMA1 and ACTI is evenly distributed
DBP2 and a handful of intron-containing genes, a single (Fig. 2B, left, lanes 1-4). For DBP2, Npl3 association is
intron is located in the middle of the gene to produce a strongest at the 5’ end and tapers toward the 3’ end of the
large 5’ exon of >1 kb. We predicted that if an EJC de- coding sequence similar to other genes tested (Fig. 2B,
posited by splicing exists in S. cerevisiae, it would be left, lanes 5-9; Lei et al. 2001). To reinforce our conclu-
able to form on DBP2 but not ACT1 because a short 5’ sions regarding intron status, we also tested the RPL30
exon is not capable of supporting EJC formation (Le Hir and NOG2 genes, which display similar intron positions
et al. 2001). As shown previously, Yral-myc preferen- to ACT1 and DBP2, respectively, and found their behav-
tially associates with the 3’ end of the intronless PMA1 ior to be consistent (data not shown). Therefore, the pres-
gene more than fivefold compared with its 5’ end (Fig. ence and possibly the position of an intron affects Yral
2B, center, lanes 1,2; Lei et al. 2001). Likewise, Yral-myc and Sub2 but not Npl3 cotranscriptional recruitment.
association with ACT1 is higher at the 3’ end; however, To determine whether splicing is required for mRNA
the difference between the 3’ and 5’ ends is less than export factor recruitment to genes, we examined co-
twofold, and overall levels of ACT1 association are con- transcriptional recruitment of Npl3 and Yral in the
siderably closer to background than PMA1 (Fig. 2B, cen- trans-acting splicing mutants prp5-1 and sub2-85. Muta-
ter, lanes 1-4,9). In contrast, Yral-myc association is tions in both genes cause defects in early steps of spli-
biased clearly to the intron of DBP2, peaking at the in- ceosome formation (Lustig et al. 1986; Kistler and Guth-
tron at least twofold higher than the first and second rie 2001; Zhang and Green 2001). Compared with wild
exons, suggesting the existence of an EJC (Fig. 2B, center, type, prp5-1 mutants display normal recruitment of
lanes 5-9). It remains a possibility that an EJC or equiva- Npl3 to PMA1 and ACT1, although association with the
lent in S. cerevisiae is deposited cotranscriptionally on second exon of ACT1 is increased by twofold (Fig. 3A,
the ACT1 transcript but may be indetectable by this as- left, lanes 1-4, white and gray bars). However, Npl3 does
say because of the proximity of the intron to the tran- not associate with DBP2 significantly above background
scription start site. Notably, the characteristic 3’ bias of in prp5-1 cells (Fig. 3A, left, lanes 5-9, white and gray
Yral is absent on DBP2, indicating that Yral associates bars). Similarly, in sub2-85 cells, Npl3 is not recruited to
differently with genes depending on intron status. DBP2 but is increased up to 1.5-fold at PMA1 and ACT1
Sub2 is cotranscriptionally recruited in a manner simi- (Fig. 3A, left, lanes 1-9, white and black bars), showing
lar to Yral to genes with and without introns. Sub2-HA that the requirement for splicing is specific for DBP2.
was immunoprecipitated from chromatin using an o-HA Splicing is also required for Yral recruitment to DBP2
antibody (12CA5), and the amount of DNA associated but not PMA1 or ACT1. In comparison with wild type,
was quantitated. Consistent with the finding that Yral Yral is recruited normally to PMAI and ACTI in the
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Figure 2. Effects of intron status on mRNA export factor cotranscriptional recruitment. (A) Diagram of PMA1, ACT1, and DBP2. Primer sets
1 and 2 span the 5’ and 3’ coding sequence, respectively, of PMA1. Primer sets 3 and 4 span the intron and second exon, respectively, of ACT1.
Primer sets 5, 6, 7, and 8 span the first exon, 5’-exon-intron junction, intron, and second exon, respectively of DBP2 (ATG = +1). Primer set 9
spans a nontranscribed intergenic region. (B) Quantitation of Npl3- (left), Yral-myc- (center), and Sub2-HA-associated (right) DNA using primer
sets indicated in A. Raw values are expressed as a percentage of input for cells grown in YPD at 30°C. Error bars are shown for a single
experiment. Numerical values are shown above broken bars, which extend beyond the upper limit of the graph.
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Figure 3. Mutants in splicing and 3’-end formation affect mRNA
export factor cotranscriptional recruitment. (A) Quantitation of
Npl3- (Ieft) and Yral-myc-associated (right) DNA using primer sets
indicated in Figure 2A from wild-type (white), prp5-1 (gray), and
sub2-85 (black) cells. Values are normalized to the intergenic region,
which is arbitrarily set to 1. Error is shown for a single experiment.
Cells were grown at 25°C and shifted to 37°C for 30 min. (B) Quan-
titation of Npl3- (left) and Yral-myc-associated (right) DNA using
the primer sets indicated in Figure 2A from wild-type (white) and
prp22-1 (gray) cells. Values are normalized to the intergenic region.
Cells were grown at 25°C and shifted to 37°C for 2 h. (C) Quantita-
tion of Npl3- (Ieft) and Yral-myc-associated (right) DNA using the
primer sets indicated in Figure 2A from wild-type (white) and
rnal5-2 (gray) cells. Values are normalized to the intergenic region.
Cells were grown at 25°C and shifted to 37°C for 30 min.

prp5-1 and sub2-85 mutant strains (Fig. 3A, right, lanes
1-4). In contrast, Yral does not associate with DBP2
above background levels in either mutant strain (Fig. 3A,
right, lanes 5-9). Because sub2-85 and prp5-1 mutants
behave very similarly in our cotranscriptional recruit-
ment assays, we conclude that the function of SUB2 in
recruitment of export factors is the same as that of a
splicing factor. Furthermore, SUB2 is required for export
of unspliced mRNAs (Strifler and Hurt 2001) but does
not affect mRNA export factor cotranscriptional recruit-
ment to genes without introns; therefore, Sub2 must
play a role in mRNA export that does not involve Yral
recruitment.

To further test the hypothesis that splicing may be
required for export factor recruitment, we performed the
converse experiment of slowing mRNA release from the
spliceosome and monitoring the association of export
factors with genes. In comparison with wild type, Npl3
recruitment to PMA1 and ACT1 is unchanged in prp22-1
cells, which are defective at a late step of splicing (Fig.
3B, left, lanes 1-4; Company et al. 1991). However, Npl3
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association with the intron of DBP2 is increased 1.5-fold
to twofold in prp22-1 cells compared with wild type (Fig.
3B, left, lanes 5-9). Similarly, Yral recruitment to PMA1
and ACT1 is not altered (Fig. 3B, right, lanes 1-4). In
sharp contrast, Yral recruitment is increased approxi-
mately threefold over the first and second exons of DBP2
and is enriched more than sixfold over the DBP2 intron
(Fig. 3B, right, lanes 5-9). Importantly, Pol II association
with DBP2 is not increased in the prp22-1 mutant, indi-
cating that export factor accumulation at the gene is not
simply a result of increased transcription (data not
shown). Therefore, slowed kinetics of release of mRNA
from the spliceosome causes accumulation of mRNA ex-
port factors at the site of DBP2 transcription. Our results
show that cotranscriptional splicing promotes the re-
cruitment of export factors to at least some intron-con-
taining genes, perhaps dependent on intron position.

Because 3'-end formation is generally required for
mRNA export (Eckner et al. 1991; Long et al. 1995;
Huang and Carmichael 1996; Brodsky and Silver 2000),
we reasoned that there may be a requirement for cleav-
age/polyadenylation in the cotranscriptional recruit-
ment of mRNA export factors. Therefore, we examined
the effects of export factor recruitment in the 3'-cleavage
mutant, rnal5-2. In comparison with wild type, Npl3
recruitment to PMA1 and ACT1 is unchanged in rna15-2
cells (Fig. 3C, left, lanes 1-4). Despite changes in the
profile of Npl3 recruitment, Npl3 is cotranscriptionally
recruited to DBP2 (Fig. 3C, left, lanes 5-9). In contrast,
overall levels of Yral recruitment to PMAI, ACTI1, and
DBP2 are reduced dramatically in the rnal5-2 mutant
(Fig. 3C, right, lanes 1-9). In addition to mRNA export
defects, 3'-end formation mutants display an apparent
accumulation of mRNA that may be near the site of
transcription (Hilleren et al. 2001; Jensen et al. 2001).
Although the nature of the accumulated RNA is un-
known, given the results presented here, we predict that
Yral may not be bound to this pool of RNA, leaving it
export-incompetent. These results show that 3’-end for-
mation is required for Yral but not Npl3 recruitment to
all genes regardless of intron status.

Here we show that pre-mRNA processing stimulates
the cotranscriptional recruitment of mRNA export fac-
tors to promote mRINA export. Specifically, Yral is pref-
erentially recruited to certain intron-containing genes
dependent on splicing and generally recruited to all
genes dependent on 3'-end formation. Taken together,
our results suggest a model of cotranscriptional pre-
mRNA processing stimulated packaging of mRNAs for
export (Fig. 4). Although our findings indicate a require-
ment for both splicing and polyadenylation, given the
extensive interplay among the various pre-mRNA pro-
cessing steps, either splicing or polyadenylation could
play a predominant role in this process. In contrast to
Yral, Npl3 can be recruited to a gene through interaction
with the transcription machinery independent of the se-
quence of the RNA, indicating that specific pre-mRNA
processing events are not absolutely required for Npl3
recruitment. More broadly, these results suggest that the
transcription machinery can dictate the specificity of
protein-RNA interactions.

Conversely, we find that Pol II transcription is not
sufficient for Yral recruitment. It has been proposed re-
cently that the inessential THO complex of transcrip-
tion elongation factors can recruit Sub2 and, by associa-
tion, Yral to genes (Strifler et al. 2002). Because it is



A nointron

Figure 4. Packaging model for coordinated transcription, splicing,
3'-end formation, and mRNA export. (A) In the absence of an intron,
Npl3 (green) and 3’-end formation factors (pink) are recruited by the
transcription machinery to genes at an early stage of transcription
(Dantonel et al. 1997; Lei et al. 2001; Licatalosi et al. 2002). Shown
are TATA-binding protein (TBP, yellow) and RNA polymerase II (Pol
II, purple). Npl3 is transferred to the growing RNA and is joined by
pre-mRNA processing and export factors (black). Sub2 (gray) and
Yral (red) are recruited to the RNA at a later stage of transcription,
dependent on the presence or activity of 3’-end formation factors
and perhaps other RNA-binding proteins. (B) When an intron (peach)
is present sufficiently far from the site of transcription initiation,
the spliceosome (blue) including Sub2 is recruited to the site of
transcription and preferentially recruits Yral. Yral recruitment is
dependent on splicing, 3'-end formation, and perhaps the presence of
other RNA-binding proteins.

present in substoichiometric amounts compared with
Pol II, the THO complex may be required for only a sub-
set of genes or under certain growth conditions. Interest-
ingly, it has been shown that splicing factors can stimu-
late transcription elongation, suggesting that splicing
can cause a transcriptional feedback (Fong and Zhou
2001). Therefore, we examined Pol II recruitment in all
chromatin immunoprecipitation experiments but did
not find a strong correlation of export factor and Pol II
recruitment (data not shown). Hence, a clear transcrip-
tional feedback could not be detected in these experi-
ments. Furthermore, the ability to separate export factor
association from that of Pol II in a mutant that affects
pre-mRNA processing (Fig. 3B, DBP2) indicates that the
chromatin immunoprecipitation assay is capable of de-
tecting RNA-dependent protein association with genes.

Nuclear export of mRNA serves as a regulatory step to
ensure that only properly processed mRNAs are trans-
lated (for review, see Lei and Silver 2002). It has been
shown that polyadenylation is required for mRNA ex-

Processing promotes export factor recruitment

port, but the mechanism remains unknown. Further-
more, microinjection studies have shown that mRNAs
that undergo splicing are exported more efficiently than
unspliced mRNAs (Luo and Reed 1999). Subsequent
studies showed that a stimulatory effect of splicing on
mRNA export is not observed for all spliced mRNAs (Le
Hir et al. 2001; Rodrigues et al. 2001). Although the work
of Luo and Reed (1999) is provocative, these studies by-
pass transcription, offering a simplified view of mRNA
export. Our studies go beyond these findings and provide
evidence that splicing and 3’-end formation enhance
mRNA export by stimulating the recruitment of mRNA
export factors to the RNA as it is being transcribed.

Materials and methods

Chromatin immunoprecipitations were performed as described previ-
ously (Lei et al. 2001). Each experiment was performed at least twice.
Quantitation and error are shown for a single experiment consisting of at
least three independent measurements of a single immunoprecipitation
extrapolated from a standard curve of at least five dilutions of input
known to be in the linear range of PCR. For 18S and 25S rDNA primers,
18-20 cycles of PCR were performed, but for all others, 26-30 cycles were
performed. For normalized experiments in Figure 3, the propagated error
of the ratio of the percentage input determined for a given primer set to
that of the intergenic region is shown for a single experiment. Western
blotting was performed to confirm consistent protein levels and IP effi-
ciency in each strain. Wild-type (PSY2408), prp5-1 (PSY 2692), sub2-85
(PSY2670), prp22-1 (PSY 2562), and rna15-2 (PSY2822) strains deleted for
the genomic copy of YRA1 and expressing pPNOPMYCA1L-YRAI (Lei et
al. 2001) were used for mutant analysis. Sub2-HA (PSY2673) was created
by C-terminal integration of three copies of the HA epitope followed by
the kanMX6 marker into PSY580 using a method previously described
(Longtine et al. 1998). Wild-type (PSY2408) or Sub2-HA were used for
steady-state analysis. Control chromatin immunoprecipitations using
12CA5 (a-HA) and 9E11 (a-myc) in untagged strains yielded signal
<0.007% input. For YJV100 experiments, a plasmid encoding Yral-myc
(pPS2701) was used and was produced by subcloning an Sacll/Xhol frag-
ment of pPNOPMYCAI1L-YRALI into pRS313 (Sikorski and Hieter 1989).
Indirect immunofluorescence was performed as described previously
(Krebber et al. 1999) using mouse monoclonal a-Nopl at 1:2500 and
polyclonal a-Npl3 at 1:5000 and rhodamine-donkey a-mouse and FITC-
donkey a-rabbit, respectively. Wild-type (PSY580) or YJV100 cells were
grown in YP containing 1% raffinose/1% galactose at 30°C.
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