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The cotranscriptional placement of the 7-methylguanosine cap on pre-mRNA is mediated by recruitment of
capping enzyme to the phosphorylated carboxy-terminal domain (CTD) of RNA polymerase II. Immunoblot-
ting suggests that the capping enzyme guanylyltransferase (Ceg1) is stabilized in vivo by its interaction with
the CTD and that serine 5, the major site of phosphorylation within the CTD heptamer consensus YSPTSPS,
is particularly important. We sought to identify the CTD kinase responsible for capping enzyme targeting. The
candidate kinases Kin28-Ccl1, CTDK1, and Srb10-Srb11 can each phosphorylate a glutathione S-transferase–
CTD fusion protein such that capping enzyme can bind in vitro. However, kin28 mutant alleles cause reduced
Ceg1 levels in vivo and exhibit genetic interactions with a mutant ceg1 allele, while srb10 or ctk1 deletions do not.
Therefore, only the TFIIH-associated CTD kinase Kin28 appears necessary for proper capping enzyme target-
ing in vivo. Interestingly, levels of the polyadenylation factor Pta1 are also reduced in kin28 mutants, while
several other polyadenylation factors remain stable. Pta1 in yeast extracts binds specifically to the phosphor-
ylated CTD, suggesting that this interaction may mediate coupling of polyadenylation and transcription.

Eukaryotic pre-mRNAs are transcribed by RNA polymerase
II (Pol II) and undergo several processing events before ma-
turing into mRNA. Soon after initiation of transcription, pre-
mRNA is capped at its 59 terminus (27, 48). Transcripts are fur-
ther processed by the splicing and polyadenylation machineries
before translocation to the cytoplasm for translation. Cotrans-
criptional mRNA processing is facilitated by the recruitment of
mRNA processing factors to the carboxy-terminal domain (CTD)
of the Pol II large subunit (8, 22, 23, 26, 36, 37, 56).

The CTD is composed of a tandemly repeated heptad with
the consensus sequence YSPTSPS (1, 10). Mammalian Pol II
CTD has 52 repeats, whereas the yeast Saccharomyces cere-
visiae CTD has only 26 (12). Deletion of the mouse (4), Dro-
sophila (58), or yeast (2, 43) CTD is lethal, and partial dele-
tions result in conditional phenotypes, reducing transcription
and response to activators (5, 19, 38, 49). The CTD is phos-
phorylated in vivo, primarily at serine 2 and serine 5 of the
heptapeptide consensus repeat (12). Hyperphosphorylation of
the CTD appears to be coordinated with transcription initia-
tion and elongation in vivo (45, 54). Phosphorylation is medi-
ated by one or more CTD kinase activities, but the timing and
role of specific kinases are not clearly defined.

Several putative CTD kinases are members of the cyclin-
dependent kinase (CDK) family. These kinases typically con-
sist of a catalytic subunit bound to a regulatory cyclin subunit.
The Kin28-Ccl1 (Cdk7-cyclin H) kinase complex associated
with the general transcription factor TFIIH can phosphorylate
the CTD after preinitiation complex (PIC) formation, thereby
positively regulating transcription (16, 21). The Srb10-Srb11

(Cdk8-cyclin C) kinase complex is associated with the RNA
Pol II holoenzyme and may negatively regulate initiation of
transcription by phosphorylating the CTD before PIC forma-
tion (21, 35) or by phosphorylating upstream activator com-
plexes (24). CTD kinase 1 (CTDK1) is necessary for proper
CTD phosphorylation in vivo (33) and may also be involved in
transcriptional repression (32). The Ctk1 subunit is most sim-
ilar to the Cdk9 subunit of mammalian CTD kinase and elon-
gation factor pTEFb, suggesting a possible role for Ctk1 in
elongation (62). Of these three CTD kinases, only Kin28-Ccl1
is essential for viability, and the functions of Srb10 and Ctk1
are not redundant. Phosphorylation of different sites within the
consensus CTD repeat and temporal and spatial regulation of
the kinases are likely to play crucial roles in the interplay
between the CTD and the many factors that bind to it.

Placement of a cap structure on the 59 end of a nascent pre-
mRNA is the first detectable mRNA processing event. The
reaction occurs in three steps: removal of the gamma phos-
phate from the pre-mRNA by RNA triphosphatase, transfer of
GMP by guanylyltransferase, and methylation of the N7 posi-
tion of the new guanosine cap (for review, see references 41
and 51). Capping is restricted to Pol II transcripts by capping
enzyme recruitment to a phosphorylated CTD. This interac-
tion is mediated by a direct association of the capping enzyme
guanylyltransferase Ceg1 with the phosphorylated CTD (8, 36,
56). Interestingly, Ceg1 guanylyltransferase activity on the
CTD is allosterically regulated by its association with the
mRNA triphosphatase subunit Cet1 (7).

The CTD is also required for efficient splicing and polyade-
nylation in mammalian cells (37). Certain splicing factors can
be coimmunoprecipitated with hyperphosphorylated Pol II
(30, 40, 57). Polyadenylation factors can bind to a CTD affinity
column, yet demonstrate no apparent preference for the phos-
phorylation state of the CTD (37). In addition, the CTD has
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been shown to be an essential cofactor in mRNA polyadenyl-
ation (22). While either unphosphorylated or hyperphosphor-
ylated CTD stimulates the 39 cleavage reaction, the ability of
creatine phosphate or phosphoserine to also stimulate cleav-
age suggests that a phosphorylated CTD may be the relevant in
vivo cofactor.

We sought to further characterize the CTD phosphorylation
event responsible for capping enzyme recruitment. Genetic ex-
periments with S. cerevisiae suggest that the CTD kinase Kin28,
but neither Srb10 nor CTDK1, is necessary for capping enzyme
targeting. While any of these kinases can phosphorylate a glu-
tathione S-transferase (GST)-CTD fusion protein to allow cap-
ping enzyme binding in vitro, only kin28 mutant alleles exhibit
genetic interactions with ceg1-250 in vivo. Ceg1 levels are re-
duced in cells carrying Kin28 mutants or a partial CTD trun-
cation. Furthermore, conditional mutants in the serine 5, but
not serine 2, position of the CTD consensus heptapeptide
repeat YSPTSPS are lethal in combination with ceg1-250.
These data support the model that Kin28 phosphorylates the
CTD at the serine 5 position to mediate cotranscriptional re-
cruiting of the capping enzyme. It was also observed that levels
of the 39 RNA processing factor Pta1 are decreased in kin28
mutants and that Pta1 could bind specifically to a phosphory-

lated CTD. Therefore, CTD phosphorylation by Kin28 may also
mediate coupling of transcription and polyadenylation.

MATERIALS AND METHODS

Plasmid construction. The plasmids used in this study are summarized in
Table 1. To generate pRS426-KIN28, the 1.3-kb HindIII-BamHI fragment from
YCplac22-KIN28 was ligated into the HindIII and BamHI sites of pRS426.
pRS314-hakin28(T17D), pRS314-hakin28(K36A), and pRS314-hakin28(T162A)
will be described by Keogh et al. (unpublished data). The remaining plasmids
were constructed as previously described (7, 9, 17, 33, 35, 44, 50, 52, 55). DNA
manipulations and transformation into bacteria were performed by standard
techniques (3).

Yeast strains. The yeast strains used in this study are summarized in Table 2.
YSB625 was generated by mating YSB491 with FY834. Ade1 Lys1 diploids were
selected, sporulated, and dissected. YSB625 was identified as an Ade1 Lys2 Ts2

spore, whose Ts2 phenotype could be complemented by pRS315-CEG1, but
not by pRS315. YSB626 and YSB627 were generated by mating 24-1.1A with
YSB517. Leu1 Trp1 diploids were selected, sporulated, and dissected. YSB626
was identified as a Leu1 Trp1 Ts1 spore. YSB627 was identified as a Leu1 Trp1

Ts2 spore; the Ts2 phenotype was complemented by pRS316-CEG1 but not by
pRS316. YSB626 and YSB627 were transformed with pRS426-KIN28, and the
Trp1 YCplac22-KIN28 was shuffled out, resulting in Leu1 Ura1 Trp2 strains.
To generate an srb10D strain, pRS316-CEG1 was transformed into YSB625. The
resulting strain was transformed with SalI-linearized pDJ29, and His1 Ura1

transformants were selected to generate YSB652. The cold sensitivity phenotype
associated with srb10D was observed in YSB652 and could be complemented
by RY2973. To generate a ctk1D strain, pRS316-CEG1 was transformed into

TABLE 1. Characteristics of plasmids used in this study

Plasmid Relevant features Source or reference

pRS315-CEG1 CEN/ARS LEU2 CEG1 17
pRS316-CEG1 CEN/ARS URA3 CEG1 17
pRS316-CET1 CEN/ARS URA3 CET1 7
YCplac22-KIN28 CEN/ARS TRP1 KIN28 9
YCplac22-kin28-16 CEN/ARS TRP1 kin28-16(N123D, P206L, V232A, L293S) 9
pRS426-KIN28 2 mm URA3 KIN28 This study
pRS314-hakin28(T17D) CEN/ARS TRP1 kin28(T17D), C-terminal HAa tag This study
pRS314-hakin28(K36A) CEN/ARS TRP1 kin28(K36A), C-terminal HA tag This study
pRS314-hakin28(T162A) CEN/ARS TRP1 kin28(T162A), C-terminal HA tag This study
pDJ29 srb10D::HIS3 35
RY2973 CEN/ARS URA3 SRB10 35
pSZH ctk1D::HIS3 52
pJYC1513 CEN/ARS URA3 CTK1 33
pRP1-101 CEN/ARS LEU2 rpb1D101 (11 wild-type heptapeptide repeats) 44
pRP112 CEN/ARS URA3 RPB1 44
pRP114 CEN/ARS LEU2 RPB1 44
pY1WT(10) CEN/ARS LEU2 rpb1 (10 wild-type repeats) C-terminal HA tag 55
pY1A2(8)WT(7) CEN/ARS LEU2 rpb1 (8 S2A, 7 wild-type repeats) C-terminal HA tag 55
pY1A5(5)WT(7) CEN/ARS LEU2 rpb1 (5 S5A, 7 wild-type repeats) C-terminal HA tag 55
rpb1-15 CEN/ARS LEU2 rpb1-15(T4292A) 49, 50
rpb1-18 CEN/ARS LEU2 rpb1-18(G808A) 49, 50
rpb1-19 CEN/ARS LEU2 rpb1-19(G4031A) 49, 50

a HA, hemagglutinin.

TABLE 2. S. cerevisiae strains used in this study

Strain Genotype Source or reference

PY469 MATa ura3 leu2 trp1 his3 ade2 ade3 can1 D. Pellman
YSB491 MATa ura3 leu2 trp1 his3 ade2 ade3 can1 ceg1-250 8
YSB625 MATa ura3 leu2 trp1 his3 lys2 can1 ceg1-250 This study
FY834 MATa ura3 leu2 trp1 his3 lys2 F. Winston
N398 MATa ura3 leu2 TRP1 his3 rpb1D187::HIS3 (pRP1-101) R. Young
N418 MATa ura3 leu2 TRP1 his3 rpb1D187::HIS3 (pRP112) R. Young
YSB516 MATa ura3 leu2 TRP1 his3 ceg1-250 rpb1D187::HIS3 (pRP112) 8
YSB626 MATa ura3 leu2 trp1 his3 ade2 ade3 can1 kin28D::LEU2 (pRS426-KIN28) This study
YSB627 MATa ura3 leu2 trp1 his3 ade2 ade3 can1 ceg1-250 kin28D::LEU2 (pRS426-KIN28) This study
24-1.1A MATa ura3 leu2 trp1 his3 ade2 ade3 can1 kin28D::LEU2 (YCplac22-KIN28) 9
YSB652 MATa ura3 leu2 trp1 his3 lys2 srb10D::HIS3 ceg1-250 (pRS316-CEG1) This study
YSB653 MATa ura3 leu2 trp1 his3 lys2 ctk1D::HIS3 ceg1-250 (pRS316-CEG1) This study
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YSB625. The resulting strain was transformed with the 2.9-kb SnaBI-VspI frag-
ment of pSZH/ctk1D::HIS3, and His1 Ura1 transformants were selected, to
generate YSB653. The cold and caffeine sensitivity phenotypes associated with
ctk1D were observed in YSB653 and could be complemented by pRS316-CTK1.

In order to compare growth of yeast strains, the strains were grown overnight
at 30°C in synthetic complete minimal medium. Cultures were normalized to an
optical density at 600 nm (OD600) of 0.2, and three serial dilutions of 1:8 were
prepared. Aliquots of the four dilutions were then spotted on minimal medium
plates and incubated for 3 days at 30°C. Medium preparation, yeast transforma-
tions, and other yeast manipulations were performed by standard methods as
described previously (20).

CTD kinase and CEG1 genetic analyses. kin28 mutants were analyzed by
plasmid shuffling of YCplac22-KIN28, pRS314-hakin28(T17D), pRS314-hakin28
(K36A), YCplac22-kin28-16, or pRS314-hakin28(T162A) into YSB626 (CEG11)
or YSB627 (ceg1-250) and growth on 2Leu 2Trp 1fluoroorotic acid (FOA) syn-
thetic complete medium plates for 3 days at 30°C. To generate a pta1 kin28 strain,
FY1283 was mated with YSB626, and a spore was identified which was Ura1,
Leu1, FOAS, and Ts2. This pta1 kin28 strain, YSB688, and YSB626 and FY1283
were analyzed by plasmid shuffling of YCplac22-KIN28, pRS314-hakin28(T17D),
pRS314-hakin28(K36A), YCplac22-kin28-16, or pRS314-hakin28(T162A) and
growth on 2Trp 1FOA synthetic complete medium plates for 3 days at 30°C.
The wild type (YSB625) and srb10D (YSB652) and ctk1D (YSB653) mutants
were analyzed in combination with CEG1 and ceg1-250 by comparing the growth
levels of strains transformed with pRS316-CEG1 on 2His 2Ura plates and 2His
1FOA plates for 3 days at 30°C.

Yeast extract preparation and immunoblotting analysis. Yeast whole-cell
extracts were prepared as described previously (14). Lysis buffer contained
20 mM HEPES (pH 7.6), 10% glycerol, 200 mM KoAc, 1 mM EDTA, 1 mM
phenylmethyl sulfonyl fluoride and the phosphatase inhibitors NaF (10 mM) and
Na3VO4 (0.1 mM). Protein levels were detected by standard Western blotting
procedures (3). Antibodies against Ceg1 (18) and polyadenylation factors (28, 29,
53) (antibody 1664 [53]) have been described previously. Monoclonal antibody
B3, which recognizes the phosphorylated CTD (42, 46), was generously provid-
ed by B. Blencowe, and the monoclonal antibody against Pta1 was a gift of
P. O’Connor. Anti-Cet1 antibody was prepared by T. Takagi and will be de-
scribed elsewhere.

In vitro CTD interaction experiments. GST-CTD interaction experiments
were performed as described previously (8) with some modifications. GST-CTD
was bound to glutathione agarose (2 mg of protein/ml of beads). GST-CTD-
agarose (;200 ng of protein per reaction) was phosphorylated for 1 hour with
the following different kinases: recombinant Kin28-Ccl1 (0.9 mg; 20 mM HEPES-
KOH [pH 7.3], 15 mM magnesium acetate, 100 mM potassium acetate, 1 mM
dithiothreitol, 2.5 mM EGTA, 10% glycerol [generously provided by S. Koh,
C. Hengartner, and R. Young]), recombinant Srb10-Srb11 (0.8 mg; same buffer
as Kin28-Ccl1 [also provided by S. Koh, C. Hengartner, and R. Young]), CTDK1
(75 ng; 25 mM Tris-Cl [pH 7.9] [purified as in reference 33], 10 mM MgCl2), and
casein kinase I (500 U; manufacturer’s buffer; New England Biolabs). Each
buffer contained 200 mM ATP and 3 mCi of [g-32P]ATP (3,000 Ci/mmol). At the
end of the reaction, 20 ml of glutathione agarose was added to each tube as a
carrier, and the beads were washed.

While the phosphorylation reaction was carried out, recombinant Ceg1 and
Cet1 (50 and 100 ng per reaction, respectively) were incubated with GST-agarose
in buffer A containing 150 mg of bovine serum albumin per ml, 13 phosphatase
inhibitors (1 mM NaN3, 1 mM NaF, 0.4 mM Na3VO4), 0.01% NP-40, and 0.05%
Triton X-100 for 1 h at room temperature. The GST-agarose was then removed
by centrifugation. The precleared Ceg1-Cet1 mixture was then added to nonphos-
phorylated and phosphorylated GST-CTD and incubated for 1 h. Beads were
precipitated, washed extensively, and used for an enzyme-GMP formation assay
and immunoblotting as described previously (8). Phosphorylated GST-CTD was
detected by immunoblotting with H14 monoclonal antibody (BAbCO, Rich-
mond, Calif.). GST-CTD was detected by immunoblotting with anti-GST mono-
clonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.).

For interaction studies with polyadenylation factors, the GST fusion proteins
were incubated with the first column fractions from the factor purification (29).
Binding and analysis were carried out as described above.

RESULTS

In vitro CTD phosphorylation by various kinases is suffi-
cient to recruit capping enzyme. Many different kinases have
been shown to phosphorylate the CTD in vitro. The particular
kinases necessary for capping enzyme to bind Pol II have not
been identified. Therefore, we decided to test the ability of
individual CTD kinases to phosphorylate a GST-CTD fusion
protein and thereby recruit capping enzyme. We picked the
three kinases with clear in vivo connections to Pol II: the
TFIIH-associated Kin28-Ccl1 complex, the Pol II holoenzyme-
associated Srb10-Srb11 complex, and CTDK1, which is neces-
sary for normal levels of CTD phosphorylation in vivo. A

GST-CTD fusion protein was incubated with no kinase (GST-
CTD), Kin28-Ccl1, Srb10-Srb11, CTDK1, or the control pro-
tein casein kinase 1 [GST-CTD(P)]. Both Ceg1 and Cet1 cap-
ping enzyme subunits were then mixed with the GST-CTD
beads, and the complexes were pelleted. No capping enzyme
was detected in the unphosphorylated GST-CTD pellet (Fig. 1,
lane 1). However, each of the four kinases tested was able to
phosphorylate the GST-CTD sufficiently to recruit Ceg1 (lanes
2 to 5, a-Ceg1). Because we have previously found that the
guanylyltransferase is allosterically regulated by the CTD and
Cet1 (7), we tested the ability of the bound Ceg1 to form a
covalent complex with GMP. No obvious differences were ob-
served between CTD phosphorylated with different kinases
(Ceg1-*pG). Therefore, there are no apparent differences be-
tween kinases for in vitro CTD phosphorylation and capping
enzyme recruitment.

Kin28 is the CTD kinase necessary for capping enzyme
recruitment in vivo. Whereas various kinases can phosphory-
late the CTD in a manner sufficient to recruit capping enzyme
in vitro, these kinases are likely to function at different times or
locations in vivo. For example, Srb10 is able to phosphorylate
the CTD before PIC formation, whereas Kin28 phosphorylates
the CTD after PIC formation (21). To test the in vivo role of
specific kinases in CTD phosphorylation and capping enzyme
recruitment, a genetic approach was taken. Previously, we
found that a truncated CTD mutant (rpb1D101, 11 repeats)
and the ceg1-250 capping enzyme mutant, both of which are
viable at 30°C, are lethal in combination (8). Here, we analyzed
the combination of ceg1-250 with different CTD kinase mu-
tants.

A summary of genetic interactions between ceg1-250 and
several CTD kinase mutants is shown in Table 3. The srb10D
ceg1-250 double mutant does not display any combined growth
phenotypes different from that of either single mutant alone.

FIG. 1. In vitro CTD phosphorylation by various kinases allows binding of
Ceg1. Glutathione-agarose carrying GST-CTD was phosphorylated with [g-32P]
ATP by various kinases. Lanes: 1, no kinase; 2, Kin28-Ccl1; 3, Srb10-Srb11; 4,
CTDK1;5,caseinkinase1.PhosphorylatedGST-CTD[GST-CTD(P)]andnonphos-
phorylated GST-CTD glutathione-agarose beads were incubated with Ceg1 and
Cet1. The beads were pelleted and washed extensively. Phosphorylation of GST-
CTD was detected by autoradiogram [GST-CTD(*P)] and immunoblotting
[a-CTD(P)] with the H14 monoclonal antibody. GST-CTD and GST-CTD(P)
were detected by immunoblotting with anti-GST antibody. Capping enzyme in
the pellet was detected by both on autoradiogram of enzyme-GMP formation
(Ceg1-*pG) and immunoblotting (a-Ceg1) with anti-Ceg1 antibody.
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Similarly, a ctk1D ceg1-250 double mutant grew no worse than
either single mutant. However, the combination of certain
kin28 mutants with ceg1-250 (Table 3 and Fig. 2) resulted in
either synthetic lethality (T17D) or slower growth (kin28-16).
The kin28(K36A) mutant, which has a mild effect on Kin28
activity (data not shown), showed only a modest reduction in
growth rate when combined with ceg1-250. In contrast, another
kin28 mutant (T162A) that does not reduce CTD phosphory-
lation in vivo (data not shown and see below) displayed no
growth defect in combination with ceg1-250 (Fig. 2). In con-
clusion, in the three likely CTD kinases, only kin28 exhibits
genetic interactions with ceg1.

Genetic interactions with the ceg1-250 mutant suggest that

kin28(T17D), and -16 mutants are defective for the CTD ki-
nase activity necessary for capping enzyme recruitment. This is
in contrast to the kin28(T162A) mutant, which includes a mu-
tated threonine thought to be phosphorylated by Cak1, the
cyclin-dependent kinase-activating kinase (15). Our laboratory
and others have recently demonstrated that the kin28(T162A)
mutant, while still viable in S. cerevisiae, is not phosphorylated
at this site by Cak1 and is reduced in its kinase activity (31;
Keogh et al., unpublished data). Our genetic results here sug-
gest that this T162A mutation has no effect on the Kin28
activity necessary for the CTD phosphorylation event that re-
cruits capping enzyme (Table 3 and Fig. 2). This was investi-
gated further by genetic analyses with CAK1 conditional mu-
tants and CDC28 mutants that allowed for the deletion of
CAK1 (gifts of F. Cross and D. O. Morgan [11, 15]). Mutants
were viable and displayed no additional phenotypes in the case
of cak1-22 ceg1-250, as well as cdc28-169-43244 cak1D ceg1-250
(data not shown). Thus, even if Kin28 fails to receive an acti-
vating phosphorylation at T162, it retains sufficient CTD
kinase activity to recruit capping enzyme, despite its overall
reduced kinase activity.

We previously reported a synthetic lethal combination of a
partially truncated CTD and ceg1-250 (8) and now find that the
double mutant kin28(T17D) ceg1-250 is also a lethal combina-
tion. Tetrad analysis of a cross between rpb1D101 and kin28
(T17D) reveals that the double mutant is also inviable (data
not shown). This contrasts with loss-of-function alleles in srb10,
which improve growth of CTD truncation mutants (21). Our
data indicate that the Pol II CTD and the TFIIH-associated
CTD kinase Kin28 interact genetically with each other and
with the capping enzyme.

CTD phosphorylation and Ceg1 protein levels are reduced
in CTD truncation and Kin28 mutants. Disruption of either
Kin28 or Ctk1 activity results in a decrease in CTD phosphor-
ylation (12). To examine whether such a decrease affects lev-
els of capping enzyme components, immunoblotting was per-
formed with a variety of CTD kinase mutants (Fig. 3). By using
the B3 monoclonal antibody that recognizes phosphoepitopes
on the CTD (45), a decrease in CTD phosphorylation [CTD(P)]

FIG. 2. kin28 mutants display synthetic mutant phenotypes in combination
with ceg1-250. kin28 mutants were analyzed in combination with CEG1 and
ceg1-250 upon shuffling of pRS314, YCplac22-KIN28, pRS314-hakin28(T17D),
pRS314-hakin28(K36A), YCplac22-kin28-16, and pRS314-hakin28(T162A) into
YSB626 and YSB627, respectively. Growth of double mutants was compared by
spotting a 1:8 dilution of an OD600 5 0.2 culture onto 2Leu 2Trp 1FOA syn-
thetic complete medium plates for 2 days at 30°C.

FIG. 3. CTD phosphorylation and Ceg1 are affected in CTD truncation and
CTD kinase mutants. Whole-cell extracts were prepared from strains grown for
6 h at 30°C. Eighty micrograms of extract from each strain was assayed by im-
munoblotting with B3 [a-CTD(P)], anti-Ceg1, and anti-Cet1 antibodies. Lanes:
1, wild type, PY469; 2, ceg1-250, YSB491; 3, ctk1D, YSB653; 4, srb10D, YSB652;
5, rpb1D101 (CTD truncation, 11 wild-type heptapeptide repeats), N398; 6 to 9,
FOAR strains yielded from shuffling of kin28 mutants (T17D, K36A, -16, and
T162A, respectively) into YSB626, as described in the legend to Fig. 2.

TABLE 3. Summary of genetic analyses between
CTD kinase mutants and ceg1-250

CTD kinase
genotypea

Result with growth at 30°C for 3 daysb

CEG1 ceg1-250

KIN28 1111 1111
kin28(T17D) 11 2
kin28(K36A) 11 11/1
kin28-16 11 1
SRB10 1111 1111
srb10D 11 11
CTK1 1111 1111
ctk1D 11 11

a Construction and analyses of double mutant combinations are described in
Materials and Methods.

b 1111, wild-type growth after 3 days; 11, 50% reduced colony size; 1,
75% reduced colony size; 2, no apparent colonies.

VOL. 20, 2000 Kin28 IS REQUIRED FOR CAPPING ENZYME-CTD INTERACTIONS 107



was seen in ctk1D and CTD truncation strains, but not in an
srb10D strain. CTD phosphorylation is also decreased in the
kin28 mutant kin28(T17D), kin28(K36A), and kin28-16 strains,
but not in the kin28(T162A) strain. The decrease in CTD phos-
phorylation in specific kin28 mutants parallels those in strains
that exhibit synthetic phenotypes in combination with ceg1-250
(Fig. 2).

Wild-type Ceg1 levels were reduced in the CTD truncation
strain (Fig. 3, lane 5). Ceg1 was also reduced in the kin28
(T17D) and kin28-16 mutants, but was relatively unaffected in
kin28(K36A) and kin28(T162A) mutants (lanes 6 to 9). The
reduction in Ceg1 levels correlates well with the genetic inter-
actions with ceg1-250. The most severe reductions are caused
by CTD truncation and kin28(T17D); when combined with the
further reduction in guanylyltransferase levels caused by the
ceg-250 mutation (lane 2), they are synthetically lethal. kin28-
16 is more affected by combination with ceg1-250 than kin28
(K36A) and has correspondingly reduced levels of Ceg1. kin28
(T162A) does not affect phosphorylated CTD or Ceg1 levels
and shows no genetic interactions with ceg1-250.

Interestingly, Ceg1 was unaffected in the ctk1D strain, de-
spite the decrease in CTD phosphorylation (lane 3). There-
fore, an overall decrease in CTD phosphorylation alone is not
sufficient to reduce Ceg1 levels. It is likely that the reduction in
CTD phosphorylation caused by ctk1D reflects a defect differ-
ent from that caused by the kin28 mutations. In an srb10D
strain, Ceg1 levels were actually slightly increased (lane 4). The
increase is not due to an increase in Ceg1 mRNA levels (data
not shown). Although the mechanism is not understood, it may
be a reflection of the competition between Kin28 and Srb10 for
CTD phosphorylation as proposed by Hengartner et al. (21).
Surprisingly, levels of the triphosphatase subunit Cet1 re-
mained largely unaffected in all CTD kinase mutants (Fig. 3,
a-Cet1 panel), even when Ceg1 was reduced. Therefore, Cet1
is likely to be stable when present in excess over Ceg1.

Since Ceg1 protein levels are decreased in a CTD truncation
mutant, we tested whether they could be rescued by a wild-type
polymerase. The rpb1D101 mutant strain was transformed with
plasmids containing RPB1, CEG1, or CET1, and whole-cell
extracts were prepared. Immunoblotting (Fig. 4) shows that
addition of an RPB1 gene with full-length CTD restores levels
of Ceg1 protein (lane 4). An additional copy of CEG1 also
increases overall levels of Ceg1 protein (lane 5). We previously
observed that an additional copy of CET1 raises Ceg1 protein

levels of a ceg1-250 mutant (7) in the context of a wild-type Pol
II CTD, but additional copies of CET1 fail to rescue Ceg1 lev-
els caused by the CTD truncation (lane 6). The change in levels
of Ceg1 is mediated at the protein level (probably stability),
since RNA analysis showed that Ceg1 mRNA levels were un-
affected in the CTD truncation mutant (data not shown).

The effects of CTD and Kin28 mutations on Ceg1 levels
provide further in vivo evidence for their functional interac-
tions. We previously showed that capping enzyme is recruited
to the hyperphosphorylated CTD in vitro (7, 8). The immuno-
blotting results suggest that capping enzyme guanylyltransfer-
ase levels are posttranslationally regulated. Ceg1 bound to the
phosphorylated CTD levels may be stabilized relative to un-
bound Ceg1. This could provide a mechanism for keeping
capping enzyme levels correlated with the amount of actively
transcribing RNA Pol II.

Serine 5 of the heptapeptide repeat is critical for capping
enzyme recruitment. The primary phosphorylation sites of the
CTD repeat YSPTSPS are serine 2 and serine 5 (59). During
active growth, the yeast CTD is predominantly phosphorylated
on serine 5, while serine 2 phosphorylation increases upon heat
shock or diauxic shift (46). Mutant CTDs in which every serine
2 or every serine 5 is replaced by alanine do not support
viability (55). However, conditional mutants have been gener-
ated in which the amino- or carboxy-terminal half of the CTD
is wild type and the other half changes all serine 2 positions
[rpb1(S2A)] or serine 5 positions [rpb1(S5A)] to alanine (55).
To examine the effect of such a mutated CTD on capping en-
zyme levels, whole-cell extracts were prepared and subjected to
immunoblot analysis (Fig. 5A). Whereas Cet1 remained unaf-
fected in rpb1(S2A) and rpb1(S5A) extracts, Ceg1 levels were
reduced in both mutants, although not to the extent seen with
the CTD truncation mutant.

We also analyzed the growth effects of RPB1 mutants in the
presence of ceg1-250. Both CEG1 and ceg1-250 strains were
generated which allowed plasmid shuffling of RPB1, and vari-
ous conditional mutants were tested for the ability to support
viability at the normally permissive temperature of 30°C (Fig.
5B). Mutations in regions of RPB1 outside of the CTD had no
deleterious effects in combination with ceg1-250 (rpb1-15, -18,
and -19). As observed previously, a partially truncated CTD
(10 wild-type consensus repeats) is synthetically lethal in com-
bination with ceg1-250. The rpb1(S5A) ceg1-250 double mutant
is inviable. This contrasts with the serine 2 mutant, which dis-
plays no significant growth reduction in combination with ceg1-
250.

The rpb1(S2A) and rpb1(S5A) mutants tested as shown in
Fig. 5B were mutated in the amino-terminal half of the CTD.
S2A and S5A mutants in the carboxy-terminal half of the CTD
(55) were also tested to see whether capping enzyme was more
dependent on one particular half of the CTD. We observed
lethality for both S5A mutants in combination with ceg1-250
(data not shown). Similarly, both S2A mutants were viable but
slower growing in combination with ceg1-250 (data not shown).
These data suggest that both halves of the CTD contribute to
recruitment of capping enzyme. Furthermore, phosphorylation
of serine 5, the site modified by the Kin28 kinase, appears to
play a particularly critical role in capping enzyme recruitment
to Pol II.

The 3* processing factor Pta1 is affected by kin28 mutants.
Mammalian mRNA 39 processing factors, such as the cleavage
and polyadenylation specificity factor (CPSF) and cleavage
stimulatory factor (CstF), also are linked to Pol II transcription
via the CTD, although it remains unclear whether CTD phos-
phorylation is required for the interaction. Previous experi-
ments have not shown a clear preference by CPSF and the

FIG. 4. Ceg1 protein is restored with wild-type Rpb1. Whole-cell extracts
were prepared from strains grown for 6 h at 30°C. Eighty micrograms of extract
from each strain was assayed by immunoblotting with B3 [a-CTD(P)], anti-Ceg1,
and anti-Cet1 antibodies. Lanes: 1, wild type, PY469; 2, ceg1-250, YSB491; 3
to 6, rpb1D101 (CTD truncation, 11 wild-type heptapeptide repeats), N398
transformed with vector alone (pRS316), RPB1 (pRP112), pRS316-CEG1, and
pRS316-CET1, respectively.
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CstF complex for phosphorylated CTD by using a CTD affinity
column (37). It has also been suggested that CPSF may be
initially recruited to promoters by TFIID and then transferred
to the CTD at the start of transcription (13). By immunoblot-
ting, we examined whether the levels of the 39 processing
machinery in yeast are affected by CTD kinase mutants.

Four separable factors are required for 39 end formation in
yeast; cleavage-polyadenylation factor IA (CFIA), CFIB, and
CFII are required for 39 cleavage, while CFIA, CFIB, polyade-
nylation factor I (PFI), and poly(A) polymerase (PAP) per-
form the poly(A) addition (6, 29). Analysis of several members
of the 39 polyadenylation machinery is shown in Fig. 6A. Pta1

and Cft1 are components of both PFI and CFII (47, 53, 60, 61),
Rna15 is a member of CFIA (29, 39), and Hrp1 constitutes
CFIB (28). Cft1, Rna15, and Hrp1 levels were not changed
even when there was a decrease in CTD phosphorylation. In
contrast, Pta1 levels were significantly reduced in the two kin28
mutants most defective for CTD phosphorylation (T17D and
kin28-16), the same mutants that had the strongest effect on
Ceg1 levels. The interaction between polyadenylation factors
and Kin28 was further supported by genetic analysis. The con-
ditional pta1-2 allele displays synthetic lethality in combination
with kin28(T17D), kin28(K36A), and kin28-16, but no reduced
growth phenotype in combination with kin28(T162A) (data not

FIG. 5. Serine 5 is critical for capping enzyme recruitment. rpb1 mutants
were analyzed in combination with CEG1 and ceg1-250 upon shuffling of Leu2-
marked vector alone (pRS315), RPB1 (wild-type CTD, 26 repeats; pRP114), rpb1
(CTDD) [a CTD truncation mutant, 10 repeats; pY1WT(10)], rpb1(S2A) [pY1A2

(8)WT(7)], rpb1(S5A) [pY1A5(5)WT(7)], rpb-15, rpb1-18, and rpb1-19 into N418
and YSB516, respectively. rpb1 mutants were isolated by growth on 2Leu 1FOA
media. (A) Whole-cell extracts were prepared from strains grown for 6 h at 30°C.
Eighty micrograms of extract from each strain was assayed by immunoblotting
with B3 [a-CTD(P)], anti-Ceg1, and anti-Cet1 antibodies. Lanes: 1, wild type,
PY469; 2, ceg1-250, YSB491; 3 to 5, FOAR CEG1 rpb1 shuffled mutants rpb1
(CTDD) [10 repeats, pY1WT(10)], rpb1(S2A) [pY1A2(8)WT(7)], and rpb1(S5A)
[pY1A5(5)WT(7)], respectively. (B) Growth of rpb1 mutants was compared by
spotting them onto 2Leu 1FOA synthetic complete medium plates for 2 days at
30°C.

FIG. 6. Interactions between the 39 processing factor Pta1 and the phosphor-
ylated CTD. (A) Pta1 protein levels are reduced in kin28 mutant strains. Whole-
cell extracts were prepared from strains grown for 6 h at 30°C. Eighty micrograms
of extract from each strain was assayed by immunoblotting with B3 [a-CTD(P)],
anti-Cft1, anti-Pta1, anti-Rna15, and anti-Hrp1 antibodies. Lanes: 1, wild type,
PY469; 2, ceg1-250, YSB491; 3, ctk1D, YSB653; 4, srb10D, YSB 652; 5, rpb1D101
(CTD truncation, 11 wild-type heptapeptide repeats), N398; 6 to 9, FOAR strains
yielded from shuffling kin28 mutants (T17D, K36A, -16, and T162A, respectively)
into YSB626, as described in the legend to Fig. 2. (B) Pta1 is specifically retained
on the phosphorylated CTD. Partially purified polyadenylation factors were
incubated with GST (lanes 1, 4, and 7), unphosphorylated GST-CTD fusion
protein (lanes 2, 5, and 8), or phosphorylated GST-CTD(P) (lanes 3, 6, and 9).
Beads were pelleted and washed, and bound proteins were assayed by immuno-
blotting with anti-Pta1 antibodies. The CFI and CFII lanes are positive controls.
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shown). Northern blotting showed that levels of PTA1 mRNA
were not reduced in the kin28 mutants, consistent with a de-
fective interaction at the protein level (data not shown). Sur-
prisingly, the partial CTD truncation (rpb1D101) did not ap-
pear to have a strong effect on wild-type Pta1 protein levels,
although synthetic lethal interactions were observed between
pta1-2 and several rpb1 mutants (data not shown). These data
suggest that CTD phosphorylation by Kin28 plays a role in
recruitment of 39 processing machinery, possibly through an
interaction with PFI and/or CFII.

To test for the interactions in vitro, a GST-CTD fusion
protein was phosphorylated and incubated with partially puri-
fied CFI and CFII (these are early fractions that both contain
Pta1). No association of Pta1 with either GST or unphosphor-
ylated GST-CTD was observed (Fig. 6B, lanes 1, 2, 4, 5, 7, and
8). In contrast, Pta1 was effectively retained on phosphorylated
GST-CTD(P) beads (lanes 3, 6, and 9). We also observed
preferential retention of Cft1 on the phosphorylated GST-
CTD column (data not shown). At this point it is not clear if
Pta1 and Cft1 directly contact the phosphorylated CTD or are
recruited indirectly as part of a larger complex.

DISCUSSION

Capping enzyme does not use specific RNA sequences to
recognize mRNAs transcribed by Pol II. Rather, it is targeted
to the Pol II initiation complex and caps mRNAs cotranscrip-
tionally. Capping enzyme is only one of a myriad of factors that
bind to the CTD at various stages of the transcription cycle, but
has been the only factor to show clear specificity for the phos-
phorylated form of polymerase. Several CTD kinases are can-
didates for mediating CTD phosphorylation and capping en-
zyme recruitment. Here, we present in vivo evidence that it is
the TFIIH-associated CTD kinase Kin28 and its CTD phos-
phorylation site serine 5 that are necessary for capping enzyme
recruitment. Furthermore, we find that the yeast 39-processing
factor Pta1 also binds specifically to the phosphorylated CTD
in vitro and is stabilized by Kin28 activity in vivo.

Several lines of evidence indicate that Kin28 is the kinase
responsible for capping enzyme recruitment. First, combina-
tion of a capping enzyme guanylyltransferase mutation with
mutant kin28 alleles results in exacerbated phenotypes, and the
severity of the synthetic phenotype (from lethality to slower
growth to no effect) correlates with severity of the kin28 allele
(Table 3 and Fig. 2). This finding parallels the synthetic lethal-
ity observed between the capping enzyme mutant and a partial
CTD truncation (7). We also observed synthetic lethality be-
tween the kin28(T17D) allele and the CTD truncation (data
not shown), completing the triangle of interactions between
these three components of the capping enzyme recruitment
mechanism. These synthetic lethal interactions suggest that
KIN28, the Pol II CTD, and CEG1 all interact within the same
pathway, because compromising any two members of the path-
way reduces cell viability. Based on the genetic analysis alone,
it is impossible to determine whether these interactions are
direct or indirect. We cannot rule out the possibility that the
kin28 mutant alleles affect expression of some other factor
required for Ceg1 and Pta1 stability or function. However, in
combination with the published biochemical experiments (7, 8,
21, 26, 36, 37), it seems most likely that Kin28 phosphorylation
of the CTD mediates recruitment of the capping and polyade-
nylation factors.

A second indication that Kin28 is the relevant kinase comes
from the observation that the CTD truncation and kin28 mu-
tants exhibit reduced levels of Ceg1 protein (Fig. 3 and 4), but
not mRNA (data not shown). This suggests that Ceg1 bound

to the phosphorylated CTD is stabilized relative to unbound
Ceg1. This differential stability, in combination with the allo-
steric interactions observed between capping enzyme subunits
and the CTD (7, 25), may be important for preventing untar-
geted capping enzyme activity.

Kin28 phosphorylates serine 5 of the CTD consensus repeat.
We find that rpb1 alleles carrying mutations of serine 5 to
alanine in either the first or second half of the CTD are syn-
thetically lethal in combination with a ceg1 mutant. Similar
rpb1 alleles that change serine 2 to alanine are viable in the
presence of ceg1-250, but the double mutant grows more
slowly than either mutant alone. Therefore, both serines 2 and
5 may contribute to binding of capping enzyme to the CTD,
but the contribution of serine 5 is likely to be more important.
This is in good agreement with studies of the mammalian
capping enzyme reporting that capping enzyme could bind to a
CTD peptide phosphorylated at either serine 2 or 5, but that
only the serine 5 phosphorylation provided the allosteric acti-
vation of guanylyltransferase activity (25).

The in vivo specificity of capping enzyme interaction with
the Kin28 CTD kinase contrasts markedly with the absence of
interactions seen with the srb10 and ctk1 deletions. All three
kinases can phosphorylate the CTD in vitro to allow binding of
capping enzyme. Like the kin28 mutants, a ctk1D mutant is
decreased in bulk CTD phosphorylation, yet no genetic or
biochemical perturbation of capping enzyme is seen. There-
fore, although both Kin28 and Ctk1 are necessary for CTD
phosphorylation in vivo, it is likely that the CTDK1 phosphor-
ylation occurs at a location or time that is not relevant to
capping enzyme recruitment. Whereas Kin28 is present as a
component of TFIIH in the promoter-bound transcription
complex, Ctk1 is not (E. J. Cho, unpublished results). It ap-
pears that the Kin28 kinase only functions in the context of the
promoter (21). Since capping enzyme can be recruited directly
to the initiation complex (8) and capping occurs after only 20
to 30 nucleotides have been transcribed (27, 48), it makes good
sense that Kin28 should be the kinase responsible for capping
enzyme recruitment. CTDK1 may phosphorylate the CTD at a
later phase in the transcription cycle, perhaps as a modulator
of transcriptional elongation efficiency by RNA Pol II (34).

The CTD also appears to mediate coupling of transcription
to mRNA splicing and 39 processing (37). In some cases, the
phosphorylated CTD appears to preferentially interact with
these RNA processing machineries, while other experiments
show less of a difference between the CTD species (see refer-
ences 22, 23, and 37 and references therein). We find that in
kin28 mutants defective for CTD phosphorylation, the poly-
adenylation factor Pta1 is notably less abundant and that Pta1
in crude fractions can bind specifically to the phosphorylated
CTD. Pta1 is proposed to be a component of both PFI and
CFII in yeast, and both complexes contain homologues of
several subunits of the mammalian CPSF (47, 60, 61). Further
in vivo studies with Pta1, as well as other yeast polyadenylation
and splicing components, may reveal whether the function of
these factors requires or is simply enhanced by a particular
CTD phosphorylation state.

Our data support and extend the emerging model for the
cotranscriptional processing of RNA Pol II transcripts. Hyper-
phosphorylation of the CTD by Kin28, a component of the
general transcription factor TFIIH, is coordinated with the
transition from transcription initiation to elongation. Specifi-
cally, recruitment of mRNA processing machinery to the CTD
structure unique to RNA Pol II provides an elegant means of
targeting cap placement, splicing, and cleavage or polyadenyl-
ation to the proper RNA substrate. Several studies have sug-
gested coordinated activities between the different mRNA pro-
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cessing machineries, and their close proximity on the CTD
provides a means for these interactions. Future studies of the
cross-talk between processing machineries and the transcrip-
tion complex should prove insightful when considering the
association and subsequent dissociation of factors depending
upon the CTD phosphorylation state.
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