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Summary

The largest subunit of RNA polymerase Il contains a
unique C-terminal domain important for coupling of
transcription and mRNA processing. This domain con-
sists of a repeated heptameric sequence (YSPTSPS)
phosphorylated at serines 2 and 5. Serine 5 is phos-
phorylated during initiation and recruits capping en-
zyme. Serine 2 is phosphorylated during elongation by
the Ctk1 kinase, a protein similar to mammalian Cdk9/
P-TEFb. Chromatin immunoprecipitation was used to
map positions of transcription elongation and mRNA
processing factors in strains lacking Ctk1. Ctk1 is not
required for association of elongation factors with
transcribing polymerase. However, in ctk1A strains,
the recruitment of polyadenylation factors to 3’ re-
gions of genes is disrupted and changes in 3’ ends
are seen. Therefore, Serine 2 phosphorylation by Ctk1
recruits factors for cotranscriptional 3' end pro-
cessing in vivo.

Introduction

It has become increasingly clear that pre-mRNA pro-
cessing in eukaryotic cells occurs cotranscriptionally.
Coupling of these events is dependent upon the RNA
polymerase Il (RNAP ll) carboxy-terminal domain (CTD)
(Hirose and Manley, 2000; Proudfoot et al., 2002; Shatkin
and Manley, 2000). The CTD consists of multiple repeats
of the heptapeptide sequence YSPTSPS. In vivo, the
CTD is phosphorylated predominantly at Serine 2 and
Serine 5, and these phosphorylations are important for
CTD function (Corden, 1990; West and Corden, 1995).

In Saccharomyces cerevisiae, four cyclin-dependent
kinases have been identified as being important for tran-
scription, and each one functions at a different point in
the transcription cycle. The Kin28 (Cdk7) subunit of
TFIIH phosphorylates the CTD on Serine 5 when poly-
merase is at the promoter. Serine 5 phosphorylation
mediates recruitment and regulation of the mRNA cap-
ping enzyme guanylyltransferase (Cho et al., 1997, 1998;
Ho and Shuman, 1999; Komarnitsky et al., 2000; Rodri-
guez et al., 2000; Schroeder et al., 2000; Yue et al., 1997).
The Srb10 (Cdk8) kinase is associated with the Mediator
complex and functions negatively to regulate initiation,
perhaps by phosphorylation of the CTD (Hengartner et
al., 1998) or by phosphorylating other transcription fac-
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tors (Akoulitchev et al., 2000; Chi et al., 2001; Hirst et
al., 1999; Nelson et al., 2003). The Bur1 kinase promotes
transcription elongation, perhaps mediated by phos-
phorylation of the CTD or some other substrate (Keogh
et al., 2003; Murray et al., 2001; Yao and Prelich, 2002).

The fourth CTD kinase is CTD kinase 1 (CTDK-I), which
has also been implicated in transcription elongation. The
catalytic subunit of CTDK-I is Ctk1 (Lee and Greenleaf,
1991). Burl and Ctk1 are equally similar in sequence to
mammalian Cdk9, which has also been implicated in
elongation (Price, 2000). Ctk1 associates with elongat-
ing RNAP I, where it phosphorylates the CTD on Serine
2 (Cho et al., 2001). The CTD phosphatase Fcp1 dephos-
phorylates this position during elongation, and the coun-
teracting activities of Fcp1 and CTDK-I cause Serine 2
phosphorylation levels to increase as the polymerase
moves further from the promoter (Cho et al., 2001).

Normal mRNA splicing and 3’ end processing are dis-
rupted in mammalian cells expressing RNAP Il lacking
the CTD (McCracken et al., 1997). In yeast, splicing ap-
pears unaffected while polyadenylation becomes less
efficient in the absence of the CTD (Licatalosi et al.,
2002). Since elongating polymerase is primarily phos-
phorylated at CTD Serine 2, we proposed that this modi-
fication may recruit elongation, splicing, or polyadenyla-
tion factors during ongoing transcription (Cho et al.,
2001; Komarnitsky et al., 2000). Experiments related to
this hypothesis have produced mixed results. Greenleaf
and colleagues isolated the polyadenylation factor Pti1
as a suppressor of a CTK1 deletion (Skaar and
Greenleaf, 2002). Several polyadenylation factors have
been reported to bind the CTD in vitro, but binding has
been seen to both to the nonphosphorylated and phos-
phorylated forms (Hirose and Manley, 2000; Proudfoot
etal., 2002). Bentley and colleagues found that the Pcf11
polyadenylation factor bound efficiently in vitro to a Ser-
ine 2 phosphorylated CTD peptide but not to a Serine
5 phosphorylated peptide (Licatalosi et al., 2002). They
also reported crosslinking of the Pcf11 and Fip1 polyad-
enylation factors to coding regions of transcribed genes.
However, this crosslinking was not dependent upon the
presence of the Ctk1 kinase, arguing against a require-
ment for Serine 2 phosphorylation in recruiting polyade-
nylation factors.

To directly test the hypothesis that Serine 2 phosphor-
ylation of the CTD recruits elongation or polyadenylation
factors, we used chromatin immunoprecipitation (ChIP)
to compare the location of various factors along genes
in wild-type and ctk1A cells. We saw no differences in
elongation factors, indicating that their association with
polymerase is not dependent upon CTD phosphoryla-
tion. In contrast, we find that phosphorylation of Serine
2 by Ctk1 is required for the recruitment of polyadenyla-
tion factors to the 3’ end of genes in vivo. Deletion of
CTKT1 leads to changes in polyadenylation site choice,
presumably due to the loss of cotranscriptional polyade-
nylation.
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Results

Ctk1 Is Not Required for the Recruitment

of Elongation Factors In Vivo

To determine the positions of various elongation factors
along genes in the presence and absence of CTD Serine
2 phosphorylation, ChIP was used as previously de-
scribed (Kim et al., 2004). Three representative genes
(PMA1,ADH1, and PYK1) were assayed because of their
relatively high constitutive transcription rates and long
open reading frames. The sites of polyadenylation and
the PCR primer sets used in the ChIP assay are shown
in Figure 1 and Supplemental Figure S1 (available online
at http://www.molecule.org/cgi/content/full/13/1/67/
DC1). Precipitation was via the TAP-tag (Puig et al.,
2001; Rigaut et al., 1999), which we have previously
shown to work very well in ChIPs (Kim et al., 2004).
C-terminal TAP fusion proteins were constructed in
strains containing or lacking Ctk1. Testing tagged Rpb3,
we find that crosslinking is even and equal across genes
even in the absence of Ctk1 (Figure 2). In agreement
with our earlier results (Cho et al., 2001; Komarnitsky et
al., 2000), deletion of Ctk1 does not affect CTD Serine
5 phosphorylation but severely reduces Serine 2 phos-
phorylation during elongation.

We previously found that elongation factors can be
divided into two classes relative to their behavior at 3’
ends of genes. One class of elongation factors cross-
links throughout transcribed regions, including the tran-
scribed sequences downstream of the cleavage/polyad-
enylation site (Kim et al., 2004). Spt4 and Spt5 form a
complex that copurifies with RNAP Il and other tran-
scription factors (Gavin et al., 2002; Ho et al., 2002;
Krogan et al., 2002; Lindstrom et al., 2003). DSIF, the
mammalian homolog of this complex, was identified bio-
chemically as affecting early steps in transcription elon-
gation (Wada et al., 1998; Yamaguchi et al., 1999). Spt6
is associated with the Spt4/5-containing elongation
complexes (Krogan et al., 2002; Lindstrom et al., 2003)
and shares many genetic properties with Spt4/5. Spt16/
Pob3 is the complex known as FACT in mammalian

cate the position of the major polyadenylation
sites as reported previously (Kim et al., 2004).
Bars below the gene show the positions of
PCR products used in the chromatin immuno-
precipitation and RT-PCR experiments. The
numbers below each PCR fragment are used
for identification in all later figures. See Sup-
plemental Figure S1 (available online) for
more details about primer positions and PCR
product sizes.

cells. All of these complexes are thought to help mediate
transcription through chromatin. In wild-type cells, these
factors show ChIP patterns matching that of RNAP II
(Kim et al., 2004). When CTKT1 is deleted, the crosslinking
patterns of these elongation factors are unaffected (Fig-
ures 3A and 3B). Therefore, Ctk1 is not required for the
association of these factors with elongating polymerase.

The Paf (Squazzo et al., 2002) and TREX (Strasser et
al., 2002) complexes also crosslink to coding regions
of genes, but relative to RNAP Il they show reduced
crosslinking to transcribed regions downstream of the
polyadenylation site (Kim et al., 2004). Dissociation of
Paf and TREX at the 3’ ends of genes may help render
the RNAP Il competent for termination. Interestingly,
levels of CTD Serine 2 phosphorylation also drop as the
polymerase passes through the polyadenylation site.
However, the recruitment of Paf and TREX complex
components appear normal in the absence of Ctk1 (Fig-
ures 3C and 3D). The TFIIS elongation factor, which
reactivates stalled RNAP Il (Reines et al.,, 1996), has
weak crosslinking to coding regions and drops at 3’
ends of genes. This factor was also unchanged in the
absence of Ctk1 (data not shown). These ChIP results
show that phosphorylation of CTD Serine 2 by Ctk1 is
not required for the association of elongation factors
with elongating RNAP 1.

Ctk1 Is Required for Cotranscriptional Recruitment
of Polyadenylation Factors In Vivo

To determine whether Serine 2 phosphorylation by Ctk1
affects the association between polyadenylation/cleav-
age factors and the RNAP Il CTD in vivo, ChIP experi-
ments using TAP-tagged polyadenylation/cleavage fac-
tors were carried out in both wild and ctk7 deletion
backgrounds. As shown in Figure 4, all except one of
the polyadenylation/cleavage factors tested crosslinked
very strongly near the polyadenylation sites of the genes.
As previously observed (Komarnitsky et al., 2000), the
hnRNAP protein Hrp1 (also known as polyadenylation
factor CF IB) crosslinked throughout the coding regions
of genes and to the 3’ end downstream of the polyade-



CTD S2P Mediates Cotranscriptional Polyadenylation
69

A CTK1 ctk1A C
PMA1_ ADHI _PYKI __PMA1__ ADH1 _PYKI RNA polymerase Il (Rpb3)
1234571231234512345712312345 - WT
- == ctk1A
- o - -- » 5 c
— - -
o - 4
e % 3
h-l- “-
2.
— - -- --i L i
....H“ — - 1 1 2 3 4 5 7
e
INPUT | =& -~ o ,
- - CTD S5 phosphorylation (S5-P)
o ' - % 6
- “Hu.-s.qu--u-uuu-uu-—-‘“—-‘—w‘ = WT
5 == ctki1A
4
B - — -_- T - ."‘ -
—— - 3
S5-P | =" - -
- 1
1 2 3 4 5 7
Y - -
- - - — CTD S2 phosphorylation (S2-P)
- 6
S2-P " - - -— WT
- 5 {1 = ctk1A
- *
4 4
L
— -‘_ (™) - “u - 3
e e
Nt -
INPUT| w~" Lw - 2
-~ S - * L
""""Muuumunuuuuuuuuuu:uuﬂﬂ"‘“ 1 2 PA;AT G4Ene 5 7

Figure 2. Transcription Elongation Is Normal in Cells Lacking Ctk1

(A) ChIP analysis of Rpb3 in cells containing or lacking Ctk1. The upper band in each lane is the PCR product for the indicated gene, with
positions numbered as in Figure 1. The lower band (marked by asterisk) is the PCR product for a nontranscribed region that acts as a negative

control for background.

(B) ChIP analysis of CTD phosphorylation levels. The monoclonal antibodies H14 and H5 were used to assay CTD Serine 5 and Serine 2

phosphorylation, respectively.

(C) Quantitation of the ChIP experiments in (A) and (B) for the PMA1 gene. The x axis shows the number of the specific primer pair used in
the PCR. They axis shows the specific signal relative to the negative control (i.e., a ratio of one means the signal is that expected for background).

nylation site. Hrp1 is probably involved in packaging
the mRNA properly for 3’ end processing and is not
absolutely required for polyadenylation (Kessler et al.,
1997; Minvielle-Sebastia et al., 1998). Hrp1 crosslinking
was unaffected in the ctk71A background, indicating that
its recruitment is not dependent on a phosphorylated
CTD. In contrast, localization of the polyadenylation/
cleavage factors to the 3’ ends of genes was severely
reduced. These results indicate that phosphorylation of
Serine 2 by Ctk1 is required for the efficient recruitment
of polyadenylation/cleavage factors to the elongating
RNAP Il in vivo.

Ctk1 Deletion Affects Pre-mRNA 3’ Processing In Vivo
Since the absence of Ctk1 disrupts cotranscriptional
recruitment of polyadenylation factors, ctk1A cells might
be predicted to show defects in 3’ end processing. In-
deed, Skaar and Greenleaf (2002) recently showed that

ctk1A strains have altered polyadenylation site usage
at the RNA14 and NCE102 genes. We confirmed the
effect on RNA14 using Northern blotting. The RNA14
gene produces three transcripts (2.2, 1.5, and 1.1 kb)
caused by processing at different poly(A) sites (Sparks
and Dieckmann, 1998; see Figure 5A). Figure 5B shows
that while the 1.5 kb transcript remained unaffected, the
amount of the shortest transcript (1.1 kb) was markedly
reduced and that of the 2.2 kb transcript was corre-
spondingly increased. Interestingly, a very similar pat-
tern is seen in cells carrying mutations in RNA14 or
RNA15 (Mandart, 1998; Mandart and Parker, 1995).
Since the choice between multiple polyadenylation
sites in RNA14 can be affected by growth conditions
(Sparks and Dieckmann, 1998), we wanted to examine
the effects of ctk1A on a more typical gene. Therefore,
RT-PCR was carried out using primer sets located near
the two major poly(A) sites of the PMA1 gene (Kim et



Molecular Cell

70
A WY wT C WT WT
Spt1é Pob3 Spt4 Spt5 Spt6 Paf1 Rtf1 Leo1 Ctr9 Sub2 Yra1
123457 1234587 123457 123457 123457 123457 123457 123467 123457 123457 1234587
-~ - = - - [l - - ol - ™ = ™ - e L4 -
o - - = - ™ - - - -
1P [ - T P = -l e P [ Cai ™ P [ =
.
- - - - - - |~ - - ™ N - = - - =
INPUT | = - neuT | e ] =" - wnPuT | o= o =™ o NPUT| =" - o o
M
\‘h"----. ~~~~~~ v | e — . I O e e et s ettt (" T e T -
ctk1A ctk1A ctk14 ctk14
Spt16 Pob3 Spt4 Spt5 Spt6 Paf1 Rtf1 Leot Ctro Sub2 Yral

123457 123487 1234567 123467 123467

= = -

INPUT INPUT

et k| e e 0 [ e et ke

INPUT

INPUT

Figure 3. Ctk1 Is Not Required for the Recruitment of Elongation Factors In Vivo

ChIP analysis was carried out using CTK1 (wt) or ctk1A deletion strains carrying the indicated TAP-tagged proteins. PCR analysis of immunopre-
cipitated chromatin was performed on the PMA1 gene. In all cases, the patterns were similar to those seen in cells containing Ctk1. Quantitation
showed no major differences (>2-fold) between crosslinking levels of factors. Similar results were obtained using other genes (data not shown).
(A) ChIP analysis of Spt16 and Pob3, the components of the FACT complex.

(B) ChIP analysis of Spt4, Spt5, and Spt6.
(C) ChIP analysis of components of the Paf complex.
(D) ChIP analysis of two components of the TREX complex.

al., 2004). In a CTK1 strain, PCR products were obtained
only with primers upstream of the most 3’ polyadenyla-
tion site (primers 5 and 6), indicating that termination
and cleavage are very efficient. In contrast, the ctk1A
strain yielded an additional product from a primer just
downstream of the most 3’ polyadenylation site (set 7 in
Figures 5C and 5D). The difference in signals is because
primers 5 and 6 will amplify both correctly processed
and readthrough mRNAs, while primer 7 only amplifies
the readthrough mRNAs. Note that no signal was ob-
tained with primer 9 located 400 bp further downstream,
suggesting that transcription termination is still oc-
curring between the two primers. Therefore, the ctk1A
strain contains extended PMA7 mRNAs. These may be
formed due to either a pre-mRNA 3’ cleavage defect
and/or a failure in transcription termination. Both of
these possibilities are consistent with the loss of polyad-
enylation factors binding to the elongating polymerase
as seen in the ChIP assays.

Ctk1 Deletion Does Not Affect Transcription
Termination at PMAT1 In Vivo

The final step in the transcription process is termination,
which is necessary to ensure that promoters are not
perturbed by readthrough polymerases that have failed
to terminate at upstream genes. Such transcriptional
interference can occur in yeast where genes are closely
spaced (Greger et al., 2000). To determine whether dele-
tion of CTK1 affects termination, ChIP was carried out
using primer sets near the termination region of PMA1
(numbers correspond to the primers sets indicated in
Figure 1). PMAT1 is upstream of the LEU1 gene but ex-
pression levels (copies/cell) and transcriptional fre-
quency (MRNA/hr) of PMA1 are over 10-fold higher than
those of LEU7 (Holstege et al., 1998). The observed

signals in the intergenic region were completely due to
PMAT1 transcription, since there was no signal for TBP
or other basal transcription factors that would be indica-
tive of LEU1 promoter activity (data not shown).

In a CTK1 strain, the level of Rpb3 drops between
primer sets 7 and 8 (see the map in Figure 1 for the
primer locations), indicating that this is the termination
region (Figure 6). As previously observed (Kim et al.,
2004), Serine 2 phosphorylation is decreased relative to
Rpb3 immediately downstream of the polyadenylation
site (primer set 7) but like Rpb3 drops to background
levels further downstream (primer sets 8 and 9). Spt16
travels with RNAP Il throughout the gene and crosslinks
similarly to RNAP Il during termination. The cleavage/
polyadenylation factor Cft1 was recruited to elongating
RNAP Il near polyadenylation sites (Figure 4), but cross-
linking also dropped along with RNAP 11 3’ to the polyad-
enylation site (Figure 6). As in other experiments, essen-
tially no crosslinking of Serine 2 phosphorylation or
cleavage/polyadenylation factors was seen in a ctk71A
deletion strain. Crosslinking of Rpb3 and Spt16 at the 3’
end of PMAT1 still dropped upon reaching the termination
region (primer sets 8 and 9) even in the absence of
Ctk1 and CTD Serine 2 phosphorylation (Figure 6). This
agrees well with the RNA analysis (Figure 5) showing
that extended transcripts are detected with primer 7
but not primer 9. Therefore, transcription termination at
PMAT1 appears independent of Ctk1 activity despite the
fact that cleavage is less efficient. This is surprising,
since we found that termination at this gene is defective
in an rna14-1 mutant strain (Kim et al., 2004).

Discussion

The Ctk1 kinase is required for the bulk of CTD phos-
phorylation at serine 2 during elongation (Cho et al.,
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Figure 4. Ctk1 Is Required for Cotranscriptional Recruitment of Polyadenylation Factors In Vivo

(A) ChIP analysis was carried out with the indicated TAP-tagged proteins in both wild-type and Ctk1 deletion strains. PCR analysis of
immunoprecipitated chromatin was performed on the PMA1, ADH1, and PYK1 genes. The left panels show the ChIP signals while the right
panels show the signals obtained with Input chromatin.
(B) Quantitation of results shown in (A).

2001). Somewhat surprisingly, Ctk1 is not essential,
although deletion strains are cold sensitive and have
several other mutant phenotypes. To see whether re-
cruitment of various elongation and termination/polyad-
enylation factors to transcription complexes are de-
pendent upon phosphorylation of CTD Serine 2, we
compared their in vivo crosslinking patterns in wild-type

and CTK1 deletion strains.

12345 12345 12345 12345 12345
15,

RNARP Il crosslinking is normal in strains lacking Ctk1
(Figure 2). This contrasts with cells treated with the inhib-
itor 6-azauracil or containing a mutant Burl kinase,
where crosslinking of RNAP Il drops off as the elongation
complex moves further away from the promoter (Keogh
et al., 2003). The ChIP results underscore the different
functions of the two kinases: lack of Ctk1 leads to loss
of CTD Serine 2 phosphorylation but does not obviously
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(A) Schematic representation of the RNA74 gene and its transcripts. Arrows indicate the major poly(A) sites of RNA14 gene (Mandart and
Parker, 1995). The position of the DNA fragment used as probe in the Northern blot analysis is indicated by a black bar.

(B) Northern blot analysis of RNA74 mRNA isolated from the wild-type (lane 1, strain YSB726) or ctk1A deletion strains (lane 2, strain YSB854;
lane 3, strain YF322). The size of each transcript is indicated in kilobases (kb). The bottom panel shows the 28S ribosomal RNA as a

loading control.

(C) Schematic representation of PMA1 termination region. Vertical arrows indicate the major poly(A) sites of PMA1 gene. The relative position
of each primer and the expected size of RT-PCR products are illustrated.

(D) Readthrough transcripts of PMAT are detected in a strain lacking Ctk1. Reverse transcription was carried out with the indicated antisense
primers and then PCR was carried out using the same primer and the sense primer from fragment 5 (as shown in [C]). No products were
observed when reverse transcriptase or primer was omitted during cDNA synthesis (data not shown).

affect elongation (this report; Cho et al., 2001), while a
Burl mutant has defective elongation but apparently
normal CTD phosphorylation (Keogh et al., 2003).
Strains lacking Ctk1 are weakly sensitive to 6-azaura-
cil (Jona et al., 2001) and show genetic interactions with
members of the Paf complex (Squazzo et al., 2002),
TFIIS (Jona et al., 2001), and Spt4/5 (Lindstrom and
Hartzog, 2001). Surprisingly, all elongation factors
tested were recruited normally in the absence of Ctk1.
Since CTD Serine 2 phosphorylation is not required for

I CTK1
C/ cetk1A

4 5 67 829 4 5 67 89 4 567 829
S2-P Rpb3 crt1

association of elongation factors, the interesting ques-
tion remains as to what recruits them to elongation com-
plexes. One likely candidate is certainly the RNA itself,
but the fact that the elongation factors can be copurified
with polymerase (Krogan et al., 2002; Lindstrom et al.,
2003; Squazzo et al., 2002) suggests that other protein-
protein interactions are also important.

In contrast to the elongation factors, localization of
polyadenylation factors at the 3’ ends of genes is depen-
dent upon Ctk1. Licatalosi et al. (2002) reported cross-

Figure 6. Transcription Termination at PMA1
Still Occurs in the Absence of Ctk1

ChlIP analysis was carried out using strains
carrying TAP-tagged Rpb3, Cft1, or Spt16.
For analysis of Serine 2 phosphorylation, un-
tagged strains were used. Wild-type (black
bars) and ctk1A deletion (gray bars) strains
were compared. The numbers below the bars
correspond to PCR primer sets in the PMA1
termination region as shown in Figure 1. ChIP
signals were quantitated as described in the
Experimental Procedures section.

4 567 829

Spt16
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Schematic diagram of (A) transcription-coupled and (B) uncoupled polyadenylation. See Discussion for details.

linking of two polyadenylation factors to coding regions
of genes, but this was not dependent upon Ctk1. That
study did not probe for factor crosslinking near the poly-
adenylation site. On some genes, we also see weak
crosslinking to coding regions, but this signal is usually
just above background and much weaker than the ro-
bust crosslinking at 3’ ends. This weak signal is not
dependent upon Ctk1. Our ChlIP results are more consis-
tent with the finding that the Pcf11 polyadenylation fac-
tor binds in vitro to a CTD peptide phosphorylated at
Serine 2 but not to a peptide phosphorylated at Serine
5 (Licatalosi et al., 2002).

The polyadenylation factors crosslink strongly only at
the 3’ ends of genes, while Ctk1 and Serine 2 phosphory-
lation appear throughout the coding region (Cho et al.,
2001; Komarnitsky et al., 2000). If the polyadenylation
factors are recruited to polymerase via Serine 2 phos-
phorylation, one must ask why the two patterns don’t
perfectly overlap. There are two possible explanations.
First, since Serine 2 phosphorylation levels are lowest
during early elongation and increase with distance from
the promoter (Cho et al., 2001; Komarnitsky et al., 2000),
a certain threshold level of phosphorylation may be re-
quired before polyadenylation factors can bind with high
affinity. This is unlikely to be the primary explanation,
since polyadenylated transcripts range from a few hun-
dred to several thousand nucleotides. A more likely
model is that stable recruitment of polyadenylation fac-
tors requires a combination of two signals: the phos-
phorylation of CTD Serine 2 and the appearance of the
polyA site sequences in the nascent mRNA (Figure 7A).

Either feature alone could mediate some binding of poly-
adenylation factors, explaining why one can observe in
vitro polyadenylation of pretranscribed precursor RNAs
or direct protein-protein interactions between some
polyadenylation factors and phosphorylated CTD. How-
ever, cooperative binding by these interactions would
lead to synergistic recruitment of polyadenylation fac-
tors at the 3’ end where they function.

Why is Ctk1 not essential for viability in yeast (Lee
and Greenleaf, 1991)? The simple answer is that polyad-
enylation must also occur in the absence of coupling
to transcription, an idea strongly supported by several
studies. It has been shown that RNAs generated by RNA
polymerase |, RNA polymerase lll, a viral polymerase, or
T7 RNA polymerase can be cleaved and polyadenylated,
although sometimes with reduced efficiency (Dower and
Rosbash, 2002; Duvel et al., 2003; Fodor et al., 2000).
In yeast, polyadenylation still occurs on mRNAs pro-
duced by RNAP Il lacking a CTD, although efficiency
and site selection are affected (Licatalosi et al., 2002).
Purified yeast and mammalian systems lacking RNA
polymerase Il can also carry out polyadenylation in vitro
independently of transcription, although the phosphory-
lated CTD stimulates this reaction (Hirose and Manley,
1998). In the absence of CTD-mediated coupling, yeast
cells would be dependent upon noncoupled polyadenyl-
ation requiring the posttranscriptional interaction be-
tween the polyadenylation factors and the pre-mRNA
(Figure 7B). This diffusion-dependent interaction could
explain why ctk1A cells are cold sensitive and why this
phenotype can be weakly suppressed by overexpres-
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sion of the Pti1 polyadenylation factor (Skaar and
Greenleaf, 2002).

Further supporting a role for Serine 2 phosphorylation
in coupling between 3’ end processing and transcrip-
tion, changes in polyA site selection are seen in ctk71A
strains. This paper and a recent report from Skaar and
Greenleaf (2002) show that polyadenylation of the
RNA14 transcript at the promoter-proximal site is lost
in Ctk1 deletion strains. We also observe transcripts of
the PMAT1 gene that extend beyond the normal polyade-
nylation sites, presumably due to delayed cleavage of
the pre-mRNA. In the absence of coupling to transcrip-
tion, the polyadenylation machinery presumably uses
the highest affinity polyadenylation site(s) found on the
mRNA. This would explain why most mRNAs are cleaved
at the correct 3’ sites in yeast lacking Ctk1. However,
targeting of polyadenylation factors to the transcription
elongation complex allows the use of weaker polyade-
nylation sites. This may be because recruitment of the
polyadenylation factors triggers an early transcription
termination event, allowing weaker promoter-proximal
cleavage/polyadenylation sites to be used before the
polymerase transcribes stronger sites downstream.
However, recruitment of polyadenylation factors to the
Serine 2-phosphorylated CTD would also increase their
local concentration and could promote binding to
weaker polyadenylation sites even in the absence of any
change in termination.

This model has important implications for alternative
polyA site choice in many physiologically relevant sys-
tems. A classic example is the immunoglobulin loci,
which produce a membrane-bound or secreted protein
dependent upon whether polyadenylation occurs at an
upstream site or further downstream of an alternative
coding exon (for review, Edwalds-Gilbert et al., 1997).
This choice can be influenced by the cellular concentra-
tion of a polyadenylation factor (Takagaki and Manley,
1998), and it has been proposed that the switch is in
part determined by the differential affinity of the two sites
for the polyadenylation machinery. However, another
possibility not yet tested is that the two sites respond
differently to changes in the level of transcription-cou-
pled 3’ end processing.

In yeast, mutant forms of Rnal4 or Rnal5 lead to
preferential use of downstream polyadenylation sites in
RNA14 and ACT1 (Mandart, 1998; Mandart and Parker,
1995), similar to what is observed in the absence of
Ctk1 (this report; Skaar and Greenleaf, 2002) or the CTD
(Licatalosi et al., 2002). Since the shorter RNA74 mRNAs
do not produce functional protein, this alternative 3’ end
formation may regulate the appropriate levels of Rna14
protein for transcription-coupled polyadenylation via a
negative feedback loop.

Recently, a regulatory system that controls the timing
of flowering has been discovered in Arabidopsis. The
key regulatory proteins are a homolog of the yeast Pfs2
polyadenylation factor (FY) and an interacting WW-
domain protein (FCA) (Simpson et al., 2003). The interac-
tion between these two proteins leads to use of a pro-
moter-proximal polyadenylation site in the FCA gene,
producing a truncated mRNA and leading to downregu-
lation of FCA as well as several other genes. Although
it has been proposed that FCA binds to the mRNAs it
regulates, many other WW-domain proteins are known

to interact with the RNAPII CTD (Sudol et al., 2001).
Another interesting possibility is that the FCA/FY com-
plexis necessary for transcription-coupled polyadenyla-
tion at the promoter-proximal site, while at lower levels
of the complex polyadenylation occurs primarily at the
downstream site in a noncoupled manner.

Our results show that Ctk1 is required specifically for
the coupling of transcription and mRNA polyadenyla-
tion. Lis and colleagues have reached similar conclu-
sions in Drosophila (Ni et al., 2004 [this issue of Molecu-
lar Cell]). They found that inhibition of the P-TEFb/Cdk9
kinase in vivo using flavopiridol blocks phosphorylation
of CTD Serine 2 and causes polyadenylation defects at
the hsp70 gene. Therefore, the recruitment of polyade-
nylation factors by CTD Serine 2 phosphorylation ap-
pears to be conserved throughout eukaryotes. It may
be that this coupling is even more critical in higher eu-
karyotes, where transcripts are longer and often contain
alternative 3’ ends.

Experimental Procedures

Yeast Strains

Strains used in this study are listed in Supplemental Table S1, avail-
able online. To generate TAP-tagged ctk71A strains, PCR was used
to amplify TAP cassettes from the genomic DNA of tagged strains
in the CTK1 background (Kim et al., 2004; Krogan et al., 2002).
The oligonucleotides used for PCR are available upon request. The
resulting DNA fragments contained the 3’ end of the open reading
frame fused to the TAP tag, a selectable marker, and additional
downstream genomic sequence. The DNA fragments were trans-
formed into the ctk1A strain (YSB854), and tagging was confirmed
by immunoblotting for the TAP-tagged proteins as previously de-
scribed (Puig et al., 2001).

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitations and PCR reactions for TAP-tagged
proteins were performed as described (Komarnitsky et al., 2000;
Kim et al., 2004). Twenty-five PCR cycles were used, and control
reactions show that amounts of product are linearly responsive to
the input. Monoclonal antibodies H14 and H5 were purchased from
Covance. For the Ser 2P and Ser 5P IPs, anti-mouse IgM antibodies
coupled to agarose beads (Sigma) were bound to the H5 and H14
antibodies, respectively, and used to precipitate chromatin using
modified binding and wash conditions developed by M.K. and M.
Keogh. For both antibodies, binding was done overnight in FA lysis
buffer (Komarnitsky et al., 2000) containing 150 mM NaCl. H5 immu-
noprecipitations were washed twice with the same binding buffer
(FA lysis buffer with 150 mM NacCl), once with H5 wash buffer (2 mM
Tris-HCI [pH 8.0], 0.02 mM EDTA, 50 mM LiCl, 0.1% Nonidet P-40,
0.1% sodium deoxycholate), and once with TE (10 mM Tris-HCI [pH
8.0], 1 mM EDTA). For H14, beads were washed once with FA lysis
buffer containing 275 mM NaCl, once with FA lysis buffer containing
500 mM NaCl, once with buffer containing 10 mM Tris-HCI (pH
8.0), 1 mM EDTA, 250 mM LiCl, 0.5% Nonidet P-40, 0.5% sodium
deoxycholate, and once with TE. Elution and decrosslinking was as
previously described (Komarnitsky et al., 2000).

PCR amplification was performed with primer pairs as shown in
Figure 1 and Supplemental Figure S1 (available online). Oligonucleo-
tide primer sequences are available upon request. Control experi-
ments show that we can resolve signals from primer pairs 200 to
300 bp apart (Supplemental Figures S2 and S3, available online).
PCR signals were quantitated by Fujix Phospholmager. To control
for amplification efficiency and label incorporation of different prim-
ers, the ratio of each gene-specific product to that of a nontran-
scribed region of chromosome V was calculated from the input
sample signals. The signal for each specific gene primer in the
immunoprecipitation was then divided by this ratio to convert the
signal to normalized units. This value was then divided by the immu-
noprecipitation signal of the nontranscribed control product to de-
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termine the fold enrichment of the ChIP signal over the background
signal. This number is what appears on the y axis of the graphs.
Because this number is a ratio, note that a value of 1 represents
“no signal” (i.e., a signal equal to background).

RT-PCR and Northern Blotting

RNA was extracted from cells using the hot phenol method. For the
RT-PCR experiment, first-strand cDNA preparation was performed
using Superscript Il reverse transcriptase (Invitrogen) and the indi-
cated primer. PCR amplification was with Platinum Taq DNA poly-
merase (Invitrogen). Primer sets used were PMA1 (number 5): 5'-
CTATTATTGATGCTTTGAAGACCTCCAG-3’ (sense) and 5'-TGCCC
AAAATAATAGACATACCCCATAA-3’ (antisense); PMA1 (number 6):
5’-CAAGAAAGAAAAAGTACCATCCAGAG-3' (antisense); PMA1 (num-
ber 7): 5'-GTAAATTTGTATACGTTCATGTAAGTG-3' (antisense);
PMA1 (number 9): 5'-CGTGATGAGTGAGTTAAGTTCTGCTG-3’ (anti-
sense). PCR reactions were for 28 cycles (94°C, 1 min; 58°C, 1 min;
72°C, 1 min 50 s). Control reactions show that the PCR signals are
linear with input. Note that primers 5 and 6 will amplify both properly
processed and readthrough mRNAs, while primer 7 only amplifies
readthrough transcripts.

For Northern analysis, total RNA was isolated as above from the
indicated strains. Total RNA (25 j.g) was separated on a 1% agarose
gel and then transferred to a nylon membrane. Methylene blue stain-
ing of blots was performed to show that equal amounts of RNAs
were loaded. The membrane was probed with body labeled RNA14
probe followed by autoradiography. For the preparation of probe,
RNA14 sequences were PCR amplified from genomic DNA using two
primers: 5'-GAGTCATACGCTAAGGTGAGAGAAG-3’ (sense) and 5'-
CTGTAACTGCTGAATGTTTGAGTCTG-3’ (antisense). The PCR frag-
ment was then labeled using random hexamer priming.
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