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Summary

Coupling between transcription and pre-mRNA splic-
ing is a key regulatory mechanism in gene expres-
sion. Here, we investigate cotranscriptional spliceo-
some assembly in yeast, using in vivo crosslinking to
determine the distribution of spliceosome compo-
nents along intron-containing genes. Accumulation
of the U1, U2, and U5 small nuclear ribonucleoprotein
particles (snRNPs) and the 3’ splice site binding fac-
tors Mud2p and BBP was detected in patterns indica-
tive of progressive and complete spliceosome assem-
bly; recruitment of the nineteen complex (NTC)
component Prp19p suggests that splicing catalysis is
also cotranscriptional. The separate dynamics of the
U1, U2, and U5 snRNPs are consistent with stepwise
recruitment of individual snRNPs rather than a pre-
formed “penta-snRNP,” as recently proposed. Finally,
we show that the cap binding complex (CBC) is nec-
essary, but not sufficient, for cotranscriptional spli-
ceosome assembly. Thus, the demonstration of an
essential link between CBC and spliceosome assem-
bly in vivo indicates that 5’ end capping couples pre-
mRNA splicing to transcription.

Introduction

Pre-mRNA splicing is carried out by the spliceosome,
a multicomponent complex approximately the size of
the ribosome (Jurica and Moore, 2003; Nilsen, 2003).
The two-step trans-esterification reaction, which leads
to cleavage of the RNA at intron-exon boundaries and
the ligation together of two adjacent exons, depends
upon the sequential activities of the spliceosomal small
nuclear RNAs (snRNAs) U2, U4, U5, and U6. Prior to
splicing, recognition of the 5’ and 3’ splice sites by the
U1 and U2 snRNAs, augmented by snRNP and non-
snRNP splicing factors, serves to define the splice sites
and to stimulate spliceosome assembly. Transitions
from splice site recognition to the initiation of splicing
and during catalysis are marked by profound re-
arrangements in snRNA-pre-mRNA and snRNA-snRNA
base-pairing interactions (Staley and Guthrie, 1998).
Whether these dynamics are carried out within a pre-
formed spliceosomal machine or whether they reflect
the addition and loss of individual spliceosomal com-
ponents bound to the pre-mRNA is an unresolved
question.
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Until recently, it has been assumed that spliceosome
assembly occurs in a step-wise fashion, with the U1
snRNP and the U2 snRNP added independently to
pre-mRNA, followed by the addition of the U4/U6eU5
tri-snRNP (Reed, 2000). The U1, U2, and U4/U6°U5 tri-
snRNPs can be isolated individually from nuclear ex-
tracts, which are capable of splicing pre-mRNA in the
presence of ATP. Moreover, distinct intermediates in
spliceosome assembly can be detected and purified. In
yeast and mammals, early ATP-independent assembly
steps include the formation of commitment or E com-
plexes, reflecting pre-mRNA association with the U1
snRNP and the 3’ splice site factors BBP (SF1 in mam-
mals) and Mud2p (U2AF65 in mammals) (Abovich and
Rosbash, 1997; Michaud and Reed, 1991; Seraphin and
Rosbash, 1989). After the addition of ATP to in vitro
splicing reactions, the U2 snRNP joins to form mamma-
lian complex A, and further separable steps in spliceo-
some assembly can be arrested (Chiara et al., 1996).
Purification of these complexes in biochemical amounts
has permitted their proteomic characterization by mass
spectrometry, providing a detailed list of proteins that
participate in the splicing reaction (Jurica et al., 2002;
Makarov et al., 2002; Rappsilber et al., 2002; Zhou et
al., 2002).

However, it has recently been shown in yeast that,
depending on the salt concentration used in preparing
the nuclear extract, a larger 45S particle containing all
of the spliceosomal snRNPs is present (Stevens et al.,
2002). This has given rise to the penta-snRNP hypothe-
sis, which holds that all five spliceosomal snRNPs are
recruited to pre-mRNA together; within this super com-
plex of pre-mRNA and spliceosomal components, all of
the aforementioned dynamics between pre-mRNA and
snRNAs may take place. Support for the penta-snRNP
hypothesis has come from in vitro evidence in higher
eukaryotes that the U1 and U5 snRNPs contact the 5’
splice site independently of 3’ splice site recognition
and/or in the context of a mammalian penta-snRNP
(Malca et al., 2003; Maroney et al., 2000; Wyatt et al.,
1992). Moreover, it has long been known that large
200S complexes, containing all of the spliceosomal
snRNPs, most non-snRNP splicing factors, and pre-
mRNA, can be isolated by gradient centrifugation of
HeLa nuclear extracts (Miriami et al., 1995; Raitskin et
al., 2002). This mammalian complex, now termed the
supraspliceosome, may accommodate multiple penta-
snRNPs (Azubel et al., 2004). This body of data has
called into question the composition of the spliceoso-
mal machine and its parts (Nilsen, 2002; Nilsen, 2003).

How do spliceosomes assemble in vivo? Until re-
cently, this question has been difficult to address. Re-
sults from metazoan systems indicate that splicing at
least begins cotranscriptionally (Neugebauer, 2002),
raising the possibility that spliceosome assembly can
be monitored in vivo by examining the association of
splicing factors along the lengths of genes. Because
nascent RNPs lie adjacent to the DNA axis (Wetterberg
et al.,, 2001), the use of formaldehyde to efficiently
induce protein-protein and protein-nucleic acid cross-
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links among nearby (~2 A) reactive groups (Orlando,
2000) can potentially capture spliceosome assembly
events that occur cotranscriptionally. Indeed, we found
in previous work that cotranscriptional association of
the U1 snRNP with intron-containing genes in Sacchar-
omyces cerevisiae was detectable by chromatin immu-
noprecipitation (ChlP), in which cells are subjected to
formaldehyde crosslinking prior to cell lysis, DNA
shearing, immunoprecipitation, and PCR detection of
purified DNA fragments (Kotovic et al., 2003). Thus, the
ChIP approach offers the possibility of monitoring fur-
ther events in spliceosome assembly with spatial and,
by inference, temporal resolution, as nascent RNA is
synthesized by RNA polymerase Il (pol Il) from the be-
ginning to the end of the gene.

Here, we show by epitope-tagging endogenous genes
encoding components of the U2 and U5 snRNPs, the
NTC involved in spliceosome activation, and the 3’
splice site factors Mud2p and BBP (branchpoint bind-
ing protein) that spliceosome assembly proceeds to
apparent completion by the time RNA pol Il has
reached the end of intron-containing genes. Moreover,
the distinct patterns of accumulation observed indicate
that individual components of the spliceosome are re-
cruited in a step-wise fashion. Because 5’ end capping
of mRNAs also occurs cotranscriptionally (Shuman,
2001), and because the nuclear CBC binds the cap co-
transcriptionally and is thought to stimulate splicing
(Dower and Rosbash, 2002; Izaurralde et al., 1994; Le
Hir et al., 2003; Visa et al., 1996; Zenklusen et al., 2002),
cotranscriptional spliceosome assembly was examined
in a strain bearing viable deletions of both subunits
of CBC (CBP20 and CBP80). Two opposing models for
CBC function in splicing have been proposed: (1) that
CBC may promote early steps in splicing, such as com-
mitment complex formation and/or U1 snRNP recruit-
ment (Abovich et al., 1994; Colot et al., 1996; Fortes et
al., 1999a; Fortes et al., 1999b; Lewis et al., 1996a;
Lewis et al., 1996b), or (2) that CBC may facilitate re-
moval the U1 snRNP by the helicase Prp28 upon asso-
ciation of the tri-snRNP (Chen et al., 2001; O’Mullane
and Eperon, 1998). We provide evidence for both of
these roles of CBC, which are differentially detected on
the genes under study. On every gene examined here,
U5 snRNP accumulation was nearly abolished, indicat-
ing that CBC is required for proper coupling of splicing
to transcription in yeast.

Results

As a first step toward examining cotranscriptional spli-
ceosome assembly, we asked whether the commitment
complex components Mud2p, BBP, and the U2 snRNP
were detectable on intron-containing genes by ChIP.
Strains were created in which the endogenous genes
encoding Mud2p, BBP, and the U2 snRNP-specific pro-
teins Lealp and Msl1p were epitope tagged in an
otherwise wild-type (wt) background. ChIP was per-
formed with tag-specific monoclonal antibodies (mAbs)
and with 8WG16 specific for RNA pol Il as a positive
control and internal reference; immunopurified DNA
was detected and quantified by real-time PCR. Figure

1 shows that all of the tagged commitment complex
components were detectable on two endogenous in-
tron-containing genes, ECM33 and DBP2-GFP, in which
the DBP2 gene was lengthened by tagging the DBP2
ORF with the green fluorescent protein (730 bp). These
genes differ in their structure and therefore provide dif-
ferent sets of information (see gene diagrams in Figure
1). DBP2 has a very long first exon (1273 bp) and long
intron (1003 bp), facilitating the separation of early
events in splicing factor recruitment from pol Il accu-
mulation at the promoter. In contrast, ECM33 has a
short first exon and short intron, whereas the long sec-
ond exon (1348 bp) provides additional resolution in
downstream regions.

The distributions of Mud2p and BBP, which bind di-
rectly to 3’ splice site intronic elements (the polypyri-
midine tract and branchpoint, respectively) were iden-
tical, reaching maximum signals over gene regions that
coincided with the accumulation of the U1 snRNP (Fig-
ure 1, top four panels). Interestingly, the observed peak
on DBP2 precedes somewhat the position of the
branchpoint sequence, suggesting that either or both
of these proteins may interact with additional intronic
sequences in this pre-mRNA. Note that ChIP signals
with tagged Prp42p, one component of the U1 snRNP,
were previously shown to coincide with other tagged
components of the U1 snRNP, establishing that Prp42p
detection is indicative of intact U1 snRNP accumulation
(Kotovic et al., 2003). In DBP2-GFP, the U1 snRNP,
Mud2p, and BBP were enriched 5-fold over promoter
levels at a position corresponding to the middle of the
intron, whereas each of these factors was enriched
~20-fold at the ECM33 3’ splice site as compared to
a region 500 bp upstream of the promoter. U1 snRNP,
Mud2p, and BBP declined in downstream regions, re-
turning to very low levels in downstream regions of
both DBP2-GFP and ECM33. The distribution of each
of these factors on SAC6, a gene with similar intron/
exon structure to ECM33, was similar to that shown for
ECMS33 (data not shown). We conclude from this that
U1 snRNP, Mud2p, and BBP accumulate cotranscrip-
tionally in identical patterns, suggesting that their
correlated appearance on intron-containing genes rep-
resents commitment complex formation.

The U2 snRNP was also detectable cotranscription-
ally but accumulated in a pattern distinct from U1
snRNP, Mud2p, and BBP (Figure 1, lower two panels).
Tagged Lealp and Msl1p proteins yielded identical re-
sults, indicating that the intact U2 snRNP was de-
tected. On DBP2-GFP, the ChIP signals for both pro-
teins peaked 200 bp downstream of the 3’ splice site,
1 kb after the peak of the U1 snRNP, Mud2p, and BBP.
On ECM33, the U2 snRNP was detected in a broad
peak, beginning 100 bp downstream of the 3’ splice
site and initially overlapping with the U1 snRNP, Mud2p,
and BBP; this overlap is expected, because the ECM33
intron is only 331 bp long. However, in contrast to these
earlier factors, U2 snRNP levels remained high in re-
gions downstream of their initial peak on DBP2-GFP,
ECM33, and SAC6 (data not shown). This indicates that
the decrease in U1 snRNP, Mud2p, and BBP detection
is not a general phenomenon of decreased accessibility
in downstream gene regions. Taken together, these
data indicate that U2 snRNP concentrates on intron-
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Figure 1. Cotranscriptional Commitment Complex Formation and U2 snRNP Addition

Diagrams representing the genes DBP2-GFP (A) and ECM33 (B) show the positions of the PCR products used for analysis. In the panels
aligned immediately below these diagrams, histogram bars are placed according to the positions of the PCR products along each gene. Error
bars represent the SD.

(A) Whereas the amount of RNA pol Il remains constant along DBP2-GFP, the dynamics of splicing factor association can be observed.
Components of the commitment complex (PrP42p in the U1 snRNP, BBP, and Mud2p) accumulate after synthesis of the 5’ splice site, and
U2 snRNP factors (Lealp and Ms11p) can be detected after synthesis of the 3’ splice site. The levels of accumulation of the analyzed factors
are expressed relative to the promoter-proximal position.

(B) Compared to an upstream position (-500 bp), RNA polymerase Il (pol ll) levels increase 20-fold and remain constant along ECM33. In
contrast, splicing factors increase compared to promoter levels after synthesis of the splice sites as in (A).

The data represent the average of at least three independent experiments. (A) Prp42p, n = 3; BBP, n = 4; Mud2p, n = 6; Lealp, n = 3; and

Msl1p, n = 3. (B) Prp42p, n = 3; BBP, n = 4; Mud2p, n = 5; Lealp, n = 3; Msl1p, n = 3.

containing genes after 3’ splice site synthesis and per-
sists after detectability of U1 snRNP, Mud2p, and BBP
has been lost. Thus, U1 and U2 snRNP dynamics are
distinct with respect to each other and with respect to
their position along intron-containing genes.

To extend these results to later steps in spliceosome
assembly, we tagged endogenous genes encoding
three components of the U5 snRNP (Prp8p, Brr2p, and
Snu114p). In this context, we assume the U5 snRNP
marks the arrival of the U4/U6eU5 tri-snRNP and poten-
tially remains until catalysis; due to the fact that the
U4/U6 snRNP disassembles upon tri-snRNP addition to
the spliceosome, we did not choose any U4/U6 snRNP

proteins for tagging. Instead, we tagged Prp19p, one
of ~11 proteins comprising the NTC that associates
with the spliceosome after tri-snRNP addition and is
thought to activate the spliceosome for catalysis (Chan
et al., 2003; Makarova et al., 2004; Ohi et al., 2005; Tarn
et al., 1994). Figure 2 shows that all four of these tagged
proteins accumulate cotranscriptionally. On DBP2-GFP,
all three U5 snRNP components and Prp19p peaked at
the most downstream position examined, ~500 bp af-
ter the 3’ splice site, reaching levels ~10-fold (Brr2p
and Snu114p), ~8-fold (Prp8p), and ~15-fold (Prp19p)
above promoter levels. On ECM33, all four proteins
reached their peak signals (~20-fold over upstream)
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Figure 2. Cotranscriptional Formation of the Active Spliceosome
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Levels of U5 snRNP components (Brr2p, Snu114p, and Prp8p) and NTC component Prp19p increase strongly downstream of the 3’ splice
site on DBP2-GFP (A) and ECM33 (B). The setup of the figure is the same as in Figure 1. Values were normalized by setting the promoter-
proximal position to 1. The data represent the average of three independent experiments, except in (B), Prp8 (n = 4). Error bars represent

the SD.

800 bp after 3’ splice site synthesis. Thus, U5 snRNP
and Prp19p accumulation is inversely related to U1
snRNP accumulation (see Figure 1), consistent with evi-
dence that the U1 snRNP must leave the pre-mRNA
upon tri-snRNP recruitment and before spliceosome
activation (Konforti et al., 1993; Makarov et al., 2002).
The robust detection of Prp19p further suggests that
assembly of catalytically competent spliceosomes is
completed during ongoing transcription.

To facilitate a direct comparison of the recruitment
dynamics of each of the snRNPs examined, the data
presented in Figures 1 and 2 were plotted to show the
percent of maximum signal with respect to position
along the DBP2-GFP and ECM33 genes (Figure 3). Note
that although BBP and Mud2p were excluded from the
plot, their distribution was identical to the U1 snRNP
(see Figure 1). Both graphs show that the patterns of
the U1 snRNP, the U2 snRNP, and the U5 snRNP are
clearly distinct from one another. On DBP2-GFP, the on-
set of accumulation of each snRNP is resolved, with
the U1 snRNP peaking after 5’ splice site synthesis,
the U2 snRNP after 3’ splice site synthesis, and the U5
snRNP still further downstream. On both DBP2-GFP
and ECM33, the loss of the U1 snRNP is coincident
with the arrival of the U5 snRNP. On ECM33, the distinc-
tion between U2 and U5 snRNP accumulation is made
clear by the prolonged detection of U2 prior to the ar-
rival of U5. Moreover, the distinct patterns of U1, U2,
and U5 snRNP accumulation were also observed when
all steps of the ChIP were carried out in 50 mM salt

conditions (data not shown), which permit detection of
the penta-snRNP in uncrosslinked extracts (Stevens et
al., 2002); therefore, it is unlikely that the penta-snRNP
was not detected due to incomplete crosslinking of the
nascent RNP. These data do not support the penta-
snRNP model of spliceosome assembly in which all five
of the spliceosomal snRNPs are recruited together
(Malca et al., 2003; Stevens et al., 2002). Instead, the
data recapitulate the expectations of a stepwise re-
cruitment model in which the spliceosomal snRNPs in-
dependently associate with nascent pre-mRNA ele-
ments during the natural course of transcription.

The nuclear CBC is detectable by ChIP in promoter-
proximal regions of intron-containing as well as intron-
less genes (Zenklusen et al., 2002; data not shown);
thus, CBC could potentially play a role in early and/or
late steps of spliceosome assembly. We carried out our
assay in a viable strain lacking both CBC subunits,
CBP20 and CBP80 (Fortes et al., 1999a); any change in
cotranscriptional spliceosome assembly must repre-
sent steady-state effects of CBC deletion. Components
of the U1 snRNP (Prp42p), the U2 snRNP (Lealp and
Msl1p), and the U5 snRNP (Prp8p and Brr2p) as well as
BBP and Mud2p were epitope tagged in ACBC and wt
strains. Figure 4 shows clearly that CBC deletion com-
pletely abolished cotranscriptional spliceosome as-
sembly on DBP2. U1 snRNP, U2 snRNP, U5 snRNP, and
BBP levels were similar to background. Interestingly,
Mud2p detection and pattern of distribution along
DBP2 were indistinguishable from wt, suggesting that
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Figure 3. Sequential Accumulation of the U1, U2, and U5 snRNPs on DBP2-GFP and ECM33

When summarized in one diagram, the data from Figures 1 and 2 show that accumulation of the U1 (red line), U2 (blue line), and U5 (green
line) snRNPs can be detected at different positions along the transcription unit. Along DBP2-GFP (left), the three factors accumulate and
peak sequentially. Along ECM33 (right), the U1 and the U2 snRNP distributions differ in downstream regions, and the pattern of U5 snRNP
accumulation can be distinguished from both the U1 and U2 snRNPs. The peak value for each data set was set as 100%, the lowest as 0%.
For the U2 snRNP data, Lealp and Msl1p data were combined; for the U5 snRNP, Prp8p and Brr2p data were combined. Error bars represent

the variation within data sets after this transformation.

the DBP2 mRNA is transcribed at normal levels in the
deletion strain and that the nascent RNA is at least par-
tially available for binding to splicing factors. Consis-
tent with this interpretation, quantitative RT-PCR detec-
tion of spliced and unspliced DBP2 RNAs indicated
that overall DBP2 expression and splicing in the ACBC
strain is similar to wt (Table S1 available in the Supple-
mental Data with this article online). This implies that
DBP2 pre-mRNA is posttranscriptionally spliced. Ex-
pression of CBP20 and CBP80 in the ACBC strain was
sufficient to rescue U1 and U5 snRNP accumulation on
DBP2, indicating that the cotranscriptional spliceo-
some assembly phenotypes observed are attributable
solely to the loss of the CBC subunits (Figure 4). These
data provide direct evidence that CBC is required for
cotranscriptional accumulation of the U1 snRNP and
BBP on DBP2, consistent with previous observations
that CBC is a commitment complex component possi-
bly required for U1 snRNP recruitment (Colot et al.,
1996; Fortes et al., 1999a; Fortes et al., 1999b; Lewis et
al., 1996a; Lewis et al., 1996b). The loss of U2 and U5
snRNP recruitment likely reflects the indirect effect of
failure to recruit these early-acting factors.
Surprisingly, CBC deletion produced a different spli-
ceosome assembly phenotype on seven other genes
examined. On ECM33 (Figure 5), ASC1, and SAC6 (data
not shown), U5 snRNP accumulation was nearly unde-
tectable; however, the accumulation and distribution of
BBP, Mud2p, and the U2 snRNP in ACBC cells were
identical to wt. Strikingly, U1 snRNP accumulation per-
sisted in downstream regions (4-fold above wt levels)
when CBC was deleted. The wt distributions of U1 and
U5 snRNPs were restored upon induced expression of
both CBC subunits. Consistent with these results, re-
tention of the U1 snRNP and loss of U5 in ACBC cells
was also observed on RPS9A, RPS9B, RPS11A, and
RPS11B genes (data not shown); splicing of RPS9A
and RPS11B pre-mRNAs was shown to be blocked in
this ACBC strain (Fortes et al., 1999b). Thus, on these

seven genes, the CBC is not required for commitment
complex formation, yet CBC is required for the normal
loss of the U1 snRNP and the appearance of the U5
snRNP in downstream gene regions. In contrast to the
results obtained on DBP2, these data support the pro-
posal that CBC promotes the release of the U1 snRNP
and the subsequent association of the tri-snRNP
(O’Mullane and Eperon, 1998).

Because CBC was required for proper cotranscrip-
tional spliceosome assembly on all intron-containing
genes examined, we tested whether CBC was sufficient
for splicing factor accumulation on an intronless pol Il
gene. For this analysis, three positions within the 4536
bp-long PDR5 gene and one position 500 bp upstream
of the promoter were examined. Although pol Il was
detectable at the promoter (10-fold relative to up-
stream) and downstream regions of PDR5 (~ 6-fold),
the U1 snRNP, BBP, the U2 snRNP, the U5 snRNP, and
Prp19p were poorly detected at the PDR5 promoter
and downstream regions in both wt and ACBC strains
(Figure 6). In contrast, Mud2p was detectable in PDR5
gene regions ~4-fold above the upstream region. Thus,
Mud2p may associate to some significant extent with
pol Il and/or all nascent mRNAs, consistent with the
proposed role of the metazoan Mud2p homolog U2AF
in nuclear export of intronless mMRNAs (Blanchette et
al., 2004; Ujvari and Luse, 2004). Further concentration
of Mud2p in downstream regions has only been ob-
served in intron-containing genes, confirming that ac-
cumulation of Mud2p on the DBP2 gene in the absence
of CBC is most likely due to nascent RNA binding (see
Figure 4). Finally, CBC deletion did not alter the detect-
ability of any splicing factor on PDR5, indicating that
CBC alone is not sufficient for any aspect of cotran-
scriptional spliceosome assembly examined here.

Discussion

Here, we have mapped the positions at which spliceo-
somal components accumulate cotranscriptionally



Molecular Cell

1 1273 bepP2 2276 2643

5 7
°
g & U1 snBNP ]
e
(=%
) S —_— —
2
o 4
c
S
T 3
g
§ 2
© 1
k=)
2 0
0 500 1000 1500 2000 2500 3000
position relative to startcodon (bp)
5 .
g2 45 BBP
o
5 4
5 851
3 3
§ 25
g
E 15
8 1
<
2 o D]
e 0

0 500 1600 1500 2000 2500 3000
position relative 1o startcodon (bp)

4 Mud2

fold accumulation over promoter
n

500 1000 1500 2000 2500 3000
position relative to startcodon (bp)

U2 snANP

fold accumulation over promoter
O = N W s U N W

T T

0 500 1000 1500 2000 2500 3000
position relative to startcodon (bp)

U5 snRNP '|'
5

fold accumulation over promoter
w

;[[lﬂ;ﬂi

0 500 1000 1500 2000 2500 3000
pOSniOn relative to startcodon (bp)

D Pol Il D factor in wt . factor in ACBC

[E factor in ACBC + Gal induced expression of CBP20/CBP80

Figure 4. Evidence that the CBC Is Required for Commitment Com-
plex Formation on DBP2

Direct comparison between the levels of splicing factors detected
on DBP2 in wt and ACBC mutant strains. Loss of detection is evi-
dent in the ACBC mutant strain for the U1 snRNP (Prp42p), BBP,
the U2 snRNP (Lealp), and the U5 snRNP (Prp8p), but not for
Mud2p. Galactose-induced expression of CBP20 and CBP80 res-

within intron-containing genes in yeast. This was made
possible by ChIP of tagged versions of U1, U2, and U5
snRNP-specific factors as well as the 3’ splice site fac-
tors BBP and Mud2p and a component of the nineteen
complex (Prp19p) involved in spliceosome activation.
Making use of primer sets that distinguish between
gene regions, we found that these components segre-
gate spatially along the length of genes, falling into
three separable patterns of accumulation. The first
group of factors to associate with intron-containing
genes comprises the U1 snRNP, BBP, and Mud2p,
which peak following 5’ splice site synthesis and later
decline; this event is interpreted as commitment com-
plex formation and precedes the accumulation of the
U2 snRNP, which occurs shortly after 3’ splice site syn-
thesis. The U2 snRNP, in contrast to the commitment
complex group, remains high in downstream gene re-
gions and overlaps with the third and latest group de-
tected, the U5 snRNP and Prp19p. CBC deletion was
shown to abolish proper U5 snRNP accumulation on
every gene examined by two different mechanisms dis-
cussed below. Taken together, these observations lead
to two overall conclusions, diagrammed in Figure 7: (1)
that cotranscriptional spliceosome assembly proceeds
via stepwise snRNP addition, with no evidence for the
penta-snRNP model of assembly, and (2) that the CBC
couples splicing to transcription in yeast.

The yeast penta-snRNP contains the U1, U2, U4, U5,
and U6 snRNPs as well as many non-snRNP spliceoso-
mal factors and can support pre-mRNA splicing in vitro;
this observation raised the possibility that the snRNPs
preassemble before interacting with pre-mRNA (Ste-
vens et al., 2002). With respect to the cotranscriptional
assembly of spliceosomes in yeast, the clear predic-
tions of the two models are either (1) all of the snRNPs
are recruited simultaneously in the case of the penta-
snRNP model or (2) snRNPs are recruited individually
in the case of the stepwise assembly model. The key
observation is that the distributions of the U1, U2, and
U5 snRNPs along every intron-containing gene exam-
ined here were distinguishable from one another (see
Figure 3), even under low-salt conditions expected to
preserve the penta-snRNP. On the DBP2 gene, the U2
snRNP peaked ~1 kb after the peak of the U1 snRNP,
and U2 snRNP levels remained high in downstream re-
gions where the U1 snRNP declined. U1 and U2 snRNP
distributions also differed in downstream regions of
ECM33 and SAC6 genes. The U1 and U5 snRNP distri-
butions were separated by more that 1 kb on both
DBP2 and ECM33, consistent with the results of Laca-
die and Rosbash (2005, this issue of Molecular Cell).
Separability of the U2 and U5 snRNP distributions can
be appreciated by the 500-700 bp delay of U5 snRNP
accumulation with respect to the U2 snRNP on DBP2

cues the U1 snRNP (Prp42p) and U5 snRNP (Prp8p and Brr2p) dis-
tributions, top and bottom panels, respectively (n = 2 in each). For
the U2 snRNP and the U5 snRNP, results with Msl1p and Brr2p
were indistinguishable from those shown. The distribution of pol Il
was the same in wt and the ACBC strain with respect to the pro-
moter-proximal position. ACBC data sets represent the average of
U1 snRNP, n = 3; BBP, n = 5; Mud2p, n = 4; U2 snRNP, n = 3; and
U5 snRNP, n = 8 independent experiments. Error bars indicate SD.



Cotranscriptional Assembly of the Yeast Spliceosome
59

fold accumulation over promoter

-500 0 500 1000 1500 2000
position relative to startcodon (bp)

fold accumulation over promoter
o

500 1000 1500 2000
position relative to startcodon (bp)

Mud2

o | ril

-500 0 500 1000 1500 2000
position relative to startcedon (bp)

fold accumulation over promoter

5
U2 snRNP
4!

1. -
ome
-500 0 500 1000 1500 2000

position relative to startcodon (bp)

feld accumulation over promoter

U5 snRNP

.-_Jlﬂ
-500 0 500

position relative to startcodon (bp)

3 R

fold accumulation over promoter
o N & O @ =

1000 1500 2000

D Pol D factor in wt . factor in ACBC

. factor in ACBC + Gal induced expression of CBP20/CBP80

Figure 5. Evidence that the CBC Plays a Role in U1 snRNP Removal
and U5 snRNP Accumulation on ECM33

Direct comparison between the levels of splicing factors detected
on ECM33 in wt and ACBC mutant strains. The levels and overall
patterns of BBP, Mud2p, and the U2 snRNP accumulation were
unaffected. Whereas the levels of U1 snRNP detected in the mutant
were comparable to wt, U1 snRNP detection was prolonged in
downstream regions. In contrast, levels of U5 snRNP accumulation
are strongly reduced in the mutant. Galactose-induced expression
of CBP20 and CBP80 rescues the U1 snRNP (Prp42p) and U5
snRNP (Prp8p and Brr2p) distributions, top and bottom panels, re-
spectively (n = 2 in each). The U2 snRNP is represented by Lealp;
Msl1p gave identical results. For the U5 snRNP, Prp8p data are
shown; Brr2p gave identical results. ACBC data sets represent the
average of U1, n = 4; BBP, n = 3; Mud2p, n = 3; U2 snRNP, n = 3; and
U5 snRNP, n = 3 independent experiments. Error bars indicate SD.

and ECM33. Finally, the loss of the U5 and retention of
the U1 and U2 snRNPs upon CBC deletion (see below)
further substantiate the independence of snRNP re-
cruitment. Although we cannot completely exclude the
formal possibility that the penta-snRNP is poorly de-
tectable by the methods employed here, the fact that
these data recapitulate the predictions of stepwise as-
sembly in vivo leads us to favor this model, rather than
the penta-snRNP model, as the mechanism of cotran-
scriptional spliceosome assembly.

Evidence accumulating from metazoan systems indi-
cates that pre-mRNA splicing is cotranscriptional (Neu-
gebauer, 2002). Although cotranscriptional pre-mRNA
splicing has never been directly demonstrated in yeast,
two previous studies are suggestive: in one, the kinet-
ics of appearance of spliced mRNA were examined and
favored concurrent splicing and transcription (Elliott
and Rosbash, 1996), and in another, the U1 snRNP was
shown to be cotranscriptionally recruited to intron-con-
taining genes on a genome-wide scale (Kotovic et al.,
2003). The data presented here on Prp19p further sug-
gest that splicing can occur cotranscriptionally in
yeast. Prp19p is the defining component of the NTC,
which is required for U5 and U6 snRNP association with
pre-mRNA after the U4 snRNP has left the spliceosome
(Chan et al., 2003). This observation and the detection
of NTC components in activated spliceosomes by mass
spectrometry (Makarov et al., 2002) indicate that Prp19p
is a marker of spliceosome activation. Thus, the ob-
served accumulation of Prp19p on downstream gene
regions, overlapping with the U5 snRNP distribution
(see Figure 2), is a strong indication that spliceosome
activation occurs cotranscriptionally in yeast. Because
RNA pol Il transcribes at a rate of 1-1.5 kb/minute (Zo-
rio and Bentley, 2004), we can infer from the position of
the U5 snRNP and Prp19p that spliceosome assembly
is complete ~30 s (600 bp) after transcription of the
ECM33 and DBP2 3’ splice sites. Interestingly, these
data compare favorably with estimates of the time it
takes to assemble spliceosomes after 3’ splice site
synthesis in Drosophila (Beyer and Osheim, 1988), sug-
gesting that the dynamics and general mechanisms of
cotranscriptional spliceosome assembly are conserved
across species.

Addition of a 7-methyl guanosine cap to the 5’ ends
of RNA pol Il transcripts occurs shortly after transcrip-
tion initiation in all eukaryotes (Shuman, 2001), and fail-
ure to cap leads to the accumulation of unspliced pre-
mRNA (Burckin et al., 2005; Fresco and Buratowski,
1996; Schwer and Shuman, 1996). The cap is bound
cotranscriptionally by the nuclear CBC, a heterodimer
composed of CBP80 and CBP20 subunits (Visa et al.,
1996; Zenklusen et al., 2002). Two studies in yeast show
that CBC plays an important role in splicing in vivo.
First, although CBC deletion is viable and most pre-
mRNAs are spliced, the splicing of a subset of pre-
mRNAs is drastically reduced (Colot et al., 1996; Fortes
et al.,, 1999b). Second, splicing of uncapped T7 RNA
polymerase transcripts is significantly reduced, and
tethering of CBC to the 5’ end of such a pre-mRNA
rescues mRNA expression (Dower and Rosbash, 2002).
Likewise, CBC is required for in vitro pre-mRNA splicing
(Colot et al., 1996; Izaurralde et al., 1994; O’Mullane and
Eperon, 1998). Biochemical studies identified an essen-
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Figure 6. Mud2 Associates with the Intronless Gene PDR5 in a CBC-Independent Manner

A diagram representing the PDR5 gene and regions detected by PCR is shown: regions | (PCR product centered at 700 bp upstream of the
ATG), Il (+159 bp), Il (+2323 bp), and IV (+3308 bp) are indicated.

(A) Analysis of RNA pol Il and commitment complex components (the U1 snRNP, BBP, and Mud2p) in wt (left) and ACBC mutant strains (right).
RNA pol Il levels increased ~10-fold at the promoter-proximal position compared to the upstream position in both strains. The splicing
factors analyzed were detected at levels near background (nonimmune IgG controls are shown), with the exception of Mud2p that increased
4- to 6-fold relative to upstream.

(B) Analysis of RNA pol Il and the U2 snRNP, the U5 snRNP, and Prp19p in wt (left) and ACBC mutant strains (right). The data are presented
as a percentage of input for each factor. For pol Il and the unspecific antibody, the values from the BBP ChIP experiments were taken as
representative data sets.

Error bars indicate the SD between normalized experiments. Number of independent experiments for wt and pol Il, n = 4; U1 snRNP (Prp42p),
n = 2; BBP, n = 4; Mud2p, n = 3; unspecific Ab, n = 4; U2 snRNP (Msl1p), n = 3; U5 snRNP (Prp8p), n = 4; and Prp19p, n = 3. For the ACBC
mutant and pol Il, n = 3; U1 snRNP (Prp42p), n = 3; BBP, n = 3; Mud2p, n = 3; unspecific Ab, n = 3; U2 snRNP (Msl1p), n = 3; and U5 snRNP

(Prp8p), n = 3; Prp19p, not done.

tial role for CBC in commitment complex formation in
yeast in which the U1 snRNP, BBP, and Mud2p are sta-
bly bound to the pre-mRNA and to each other through
a network of interactions (Abovich and Rosbash, 1997;
Colot et al., 1996; Lewis et al., 1996a). Further, the CBC
was shown to facilitate U1 snRNP recruitment to the
cap-proximal 5’ splice site (Lewis et al., 1996b). This
evidence and the demonstration that CBC binds di-
rectly to the U1 snRNP (Fortes et al., 1999a) has led to
the model that CBC stimulates splicing by promoting
U1 snRNP binding to the 5’ splice site (Le Hir et al.,
2003). We tested this model by examining the role of
CBC in cotranscriptional commitment complex for-
mation.

Deletion of both subunits of the CBC abolished com-
mitment complex formation on DBP2. In wt strains, the

U1 snRNP, BBP, and Mud2p exhibited identical pat-
terns of accumulation that overlapped with the onset of
U2 snRNP accumulation and preceded the U5 snRNP,
suggesting that this transient peak represents cotran-
scriptional commitment complex formation. In the CBC
deletion strain (Figures 4 and 7), BBP and the U1, U2,
and U5 snRNPs were undetectable on DBP2. Interest-
ingly, Mud2p levels and distribution along DBP2 were
identical to wt in the absence of CBC. Mud2p has been
shown to bind directly to BBP and the U2 snRNP (Abo-
vich et al., 1994; Abovich and Rosbash, 1997), and
Mud2p and BBP both bind to the branchpoint (Abovich
et al., 1994; Berglund et al., 1997). However, Mud2p and
the branchpoint are apparently not sufficient for the re-
cruitment of either BBP or U2 snRNP. This suggests
that the primary defect in commitment complex forma-
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Figure 7. Schematic Diagram of Cotranscriptional Spliceosome As-
sembly in Wt and ACBC Strains

Transcription and splicing of an intron-containing gene is dia-
grammed, with DNA represented by black lines and nascent RNA
by orange lines. In the top panel, the presence of the CBC along
the transcription unit is indicated; observed accumulation patterns
of U1 (red), U2 (blue), and U5 (green) snRNPs and the NTC complex
(pink) are summarized, with respect to the position of 5’ and 3’
splice sites. The presence of the U6 snRNP (purple) is inferred from
the detection of U5 snRNPs and the NTC (see text). The failure to
assemble snRNPs on the DBP2 gene in the absence of the CBC is
shown in the middle panel. In contrast, the seven genes indicated
in the bottom panel show prolonged accumulation of the U1 snRNP
and failure to recruit the U5 snRNP.

tion on DBP2 in the absence of CBC is the failure to
recruit the U1 snRNP. Alternatively, a direct role for CBC
in BBP recruitment is possible, and the accompanying
manuscript (Lacadie and Rosbash, 2005) shows that
branchpoint mutations compromise U1 snRNP re-
cruitment.

Surprisingly, cotranscriptional commitment complex
formation was unaffected by CBC deletion on ECM33
and SACS6. Instead, U1 snRNP accumulation was pro-
longed and the U5 snRNP was nearly undetectable on
these and four other genes (Figures 5 and 7). These
data are reminiscent of results in HeLa nuclear extracts
depleted of CBC, in which formation of early splicing
complexes was normal but later steps were strongly
inhibited (Izaurralde et al., 1994; O’Mullane and Eperon,
1998). Moreover, Eperon and colleagues have provided
evidence that CBC actually promotes U1 snRNP re-
moval —rather than recruitment—at some 5’ splice
sites, facilitating U6 snRNA binding (O’Mullane and Ep-
eron, 1998). It is reasonable to assume that U5 and U6

snRNP distributions are identical; therefore, these re-
sults are in complete agreement with this alternative
model of CBC function. Taken together, the data verify
both proposed roles of CBC: one that promotes U1
snRNP recruitment on DBP2 and one that promotes U1
snRNP removal (Figure 7).

Current models of cotranscriptional splicing have fo-
cused on the possibility that the C-terminal domain of
pol Il directly binds to splicing factors and thereby pro-
motes the efficiency of splicing (Maniatis and Reed,
2002; Zorio and Bentley, 2004). Our evidence that the
CBC couples splicing to transcription raises the addi-
tional possibility that CBC directly recruits splicing fac-
tors to transcription units. If so, splicing factors may
accumulate on intronless as well as intron-containing
genes. In a previous study, we found that the U1 snRNP
was not associated with intronless genes (Kotovic et
al., 2003). Analysis of all of the splicing factors studied
here on the intronless PDR5 gene revealed that none
accumulated on PDR5, with the exception of Mud2p,
which was present on the PDR5 promoter at levels
4-fold higher than the upstream untranscribed region.
This level of association was unaffected by CBC dele-
tion, indicating that in no case was CBC sulfficient for
splicing factor accumulation. Mud2p accumulation on
PDR5 may well be due to interactions with pol Il (Ujvari
and Luse, 2004); however, the dynamic further accumu-
lation of Mud2p within intron-containing genes (e.g.,
20-fold above upstream in ECM33) was not observed
on PDR5. We propose that introns specify the dynamic
accumulation of these factors, as previously reported
for U1 snRNP (Kotovic et al., 2003), and that CBC plays
a critical role in the progressive cotranscriptional as-
sembly of the spliceosome.

Coupling between transcription and splicing is an im-
portant gene regulatory mechanism (Kornblihtt et al.,
2004; Neugebauer, 2002; Zorio and Bentley, 2004). The
unexpected finding that cotranscriptional spliceosome
assembly is dependent on CBC provides a link be-
tween these processes. On the one hand, the presence
of introns in a gene is known to stimulate transcription;
the proximity of the 5’ splice site to the promoter is
critical, and snRNPs feed back directly to the pol Il
elongation machinery (Fong and Zhou, 2001; Furger et
al., 2002). This implies that CBC may mediate feedback
from splicing to transcriptional elongation, particularly
for those genes that require CBC for U1 snRNP recruit-
ment. On the other hand, the rate of gene transcription
influences alternative splice site selection, such that
slowing or pausing of the polymerase increases the in-
clusion of weak alternative exons (de la Mata et al.,
2003; Howe et al., 2003; Roberts et al., 1998). The pos-
sibility that CBC promotes cotranscriptional spliceo-
some assembly and thereby influences the kinetics of
splice site selection is worthy of investigation. Clearly,
further experiments are now necessary to determine
whether the CBC also couples splicing to transcription
in higher organisms.

Experimental Procedures
Yeast Strains, Growth Conditions, and Tagging

Yeast strains were grown in YPD medium, YPD plus G418 (0.2 mg/
mL), synthetic complete medium plus 2% glucose without trypto-
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phane, histidine, uracil, or leucine as necessary. A PCR-based
strategy (Knop et al., 1999) to epitope tag endogenous genes was
used to generate strains used in this study. LG1, YJV159, YJV159-
ACBC, and MGD353-13D were used as parental strains. YJV159
and YJV159-ACBC strains (Fortes et al., 1999b) were generous gifts
of lain Mattaj. Different wt strains showed the same accumulation
of factors on the genes analyzed. All primers used in this study
were obtained from SIGMA Genosys. Primer sequences and strain
information are available upon request. Complementation of the
ACBC phenotype by galactose-induced expression of CBP80 and
CBP20 was accomplished by cloning CBP20 and CBP80 cDNAs
from the wt strain LG1 into the p415GAL1 and p416GAL1 vectors.
Tagged ACBC strains were double transformed with the two ex-
pression vectors and selected. Positive clones were grown in SD-
Leu-Ura medium with 2% raffinose and then resuspended in me-
dium with 2% galactose for 6 hr.

ChIP and Quantitative Real-Time PCR

ChIP was performed as described (Kotovic et al., 2003). Anti-HA
mAb 12CA5 (Roche) for HA-tagged proteins, anti-myc mAb 9E10
(Santa Cruz) for myc-tagged proteins, and mAb 8WG16 (Babco)
against RNA pol Il were used, followed by GammaBind Sepharose
beads (Amersham). Nonimmune mouse IgG (Sigma) was used as a
negative control.

DNA templates retrieved by ChIP were analyzed by quantitative
real-time PCR (Q-PCR) using the SYBR Green method (absolute
SYBR Green ROX Mix, ABGene) and a Stratagene MX3000. The
reaction volume was 10 pl, with 1 pl template (supernatant 1:10
diluted) and 100-300 nM of each primer according to individual
optimization. Cycling was done for 15 min at 95°C, followed by 40
cycles for 30 s at 95°C, 1 min at 59°C, and 30 s at 72°C, with
measuring at the end of the 59°C step. Dissociation curves were
obtained by heating samples to 95°C, followed by cooling down to
55°C and successive heating of the samples to 95°C with con-
tinuous measurement. Primer sets distinguished between different
regions of the genes tested, with PCR products indicated relative
to ATG as follows: DBP2 and DBP2-GFP: 153-210, 521-653, 667—
815, 863-929, 1457-1528, 1736-1852, 2379-2522, and 2730-2872;
ECM33: -589-(-492), —2—(+134), 419-551, 1073-1174, 1296-1398,
and 1520-1572; SAC6: -203-(-141), 246-335, 558-614, and 1287-
1387; and PDR5: -755-(-667), 122-196, 2273-2373, and 3279-
3357. Data sets were normalized to ChIP input values, then the
values for the DNA obtained with the unspecific antibody were sub-
tracted from values for pol Il and the splicing factor analyzed
(2 Ct(spec)-Ct(input) _ o Ct(unspec)—Ct(input))_ See figure Iegends for fur-
ther details.

Supplemental Data

Supplemental Data include one table and are available with this
article online at http://www.molecule.org/cgi/content/full/19/1/53/
DC1/.
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