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The transcriptional coactivator Sub1 has been implicated in several aspects of mRNA metabolism in
yeast, such as activation of transcription, termination, and 3�-end formation. Here, we present evidence
that Sub1 plays a significant role in controlling phosphorylation of the RNA polymerase II large subunit
C-terminal domain (CTD). We show that SUB1 genetically interacts with the genes encoding all four
known CTD kinases, SRB10, KIN28, BUR1, and CTK1, suggesting that Sub1 acts to influence CTD
phosphorylation at more than one step of the transcription cycle. To address this directly, we first used
in vitro kinase assays, and we show that, on the one hand, SUB1 deletion increased CTD phosphorylation
by Kin28, Bur1, and Ctk1 but, on the other, it decreased CTD phosphorylation by Srb10. Second,
chromatin immunoprecipitation assays revealed that SUB1 deletion decreased Srb10 chromatin associa-
tion on the inducible GAL1 gene but increased Kin28 and Ctk1 chromatin association on actively
transcribed genes. Taken together, our data point to multiple roles for Sub1 in the regulation of CTD
phosphorylation throughout the transcription cycle.

A prominent feature of the largest subunit of RNA poly-
merase II (RNAP II), Rpb1, is the presence of a highly con-
served carboxy-terminal domain (CTD) that has an essential
role in transcription regulation in vivo (12, 17, 54). Although
the RNAP II CTD is not required for transcription in promoter-
independent assays in vitro, it is essential in vivo (50), and it is
required for efficient capping, splicing, and cleavage/poly-
adenylation of pre-mRNAs (15, 29, 47). In fact, the CTD has
been described as a platform that recruits RNA processing/
export and histone-modifying factors to the transcription
complex, coupling mRNA metabolism to chromatin func-
tion (8, 54).

The CTD is characterized by repetition of the consensus
heptapeptide sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser, ranging
from 26 repeats in yeast to 52 in mammals, which is subjected
to highly regulated phosphorylation (14, 15, 47). Unphosphor-
ylated RNAP II is mostly recruited to the preinitiation complex
(PIC) (45), and hyperphosphorylated RNAP II is associated
with initiation and elongation complexes (42). The CTD is
phosphorylated on serine 5 of the heptapeptide repeat pre-
dominantly during promoter escape and early elongation,
while serine 2 becomes phosphorylated principally during
elongation (16, 38). In addition, it has recently been demon-
strated that the CTD can be also phosphorylated on serine 7
(3, 13, 25).

Phosphorylation of the CTD is achieved primarily by mem-
bers of the cyclin-dependent kinase (CDK) family, which typ-
ically consist of a catalytic subunit and a regulatory cyclin
subunit (47). In Saccharomyces cerevisiae, at least four Cdk

complexes, composed of Kin28-Ccl1-Tfb3, Srb10-Srb11, Ctk1-
Ctk2-Ctk3, and Bur1-Bur2, are able to phosphorylate the
CTD, and all of them have a role in transcription regulation
(47, 54). Srb10 (Cdk8 in higher eukaryotes) provides the kinase
activity of the Mediator CDK8 module. Genetically, Srb10 has
been found to act both positively and negatively in gene ex-
pression (12, 30). It has also been shown through in vitro
studies to phosphorylate the CTD, on the one hand inactivat-
ing RNAP II prior to PIC formation (27) but, on the other,
promoting transcription and formation of the scaffold complex
(43). Kin28 (mammalian Cdk7), with Ccl1 and Tfb3, forms the
transcription factor TFIIK subcomplex of the TFIIH initiation
complex (reference 34 and references therein). Phosphoryla-
tion on Ser5 of the CTD by Kin28 is required for efficient
cotranscriptional recruitment of 5� capping enzymes and the
placement of the 7-methyl guanosine cap on pre-mRNAs (38,
59, 63), although it is not essential for transcription (31).
Kin28, as well as Cdk7, can also phosphorylate the Ser7 residue
of the CTD repeats (3, 25), and Cdk7 functions in promoter-
proximal pausing and, perhaps, termination by RNA polymer-
ase II (25).

The phosphorylation of Ser2 is more complex. In mamma-
lian and Drosophila cells, Cdk9/cyclinT, or P-TEFb, phosphor-
ylates Ser2 and functions to promote transcription elongation
(56). In S. cerevisiae, P-TEFb activity is split between two
separate complexes: the CTD kinase 1 complex (CTDK1),
consisting of Ctk1, Ctk2, and Ctk3, and the Bur1/Bur2 complex
(16, 71). Both complexes have been implicated in CTD phos-
phorylation during elongation. While Ctk1 is the main kinase
for Ser2 phosphorylation (16), the specificity of the Bur1/Bur2
complex kinase is not yet clear. Murray et al. (49) examined the
phosphorylation site specificity of Bur1 and showed that Bur1
associates primarily with Rpb1 and phosphorylates Ser5. How-
ever, it has been shown recently that Bur1/Bur2, in addition to
phosphorylating Ser2 near promoters, also stimulates Ser2
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phosphorylation by Ctk1 during elongation (57). In addition,
Bur1 phosphorylates the histone modifier Rad6/Bre1 (69, 70)
and the carboxyl-terminal domain of the elongation factor
Spt5, stimulating recruitment of the PAF1 elongation complex
(44, 73).

Another factor involved in modulation of CTD phosphory-
lation in S. cerevisiae is Sub1. Sub1 was originally identified as
a suppressor of TFIIB mutations and as a transcriptional stim-
ulatory protein, homologous to human positive coactivator
PC4 (24, 33, 40, 46, 68), that physically interacts with TFIIB,
arguing for a role as coactivator in transcription initiation by
RNAP II (28, 37). In that sense, Rosonina et al. (60) showed
that Sub1 contributes to the activation of osmoresponse genes
during osmotic shock through the assembly or stabilization of
promoter-associated complexes. On the other hand, Koyama
et al. (39) proposed a role for Sub1 as a repressor of the
inducible IMD2 gene. Sub1 has also been implicated in other
aspects of mRNA metabolism, such as transcription termina-
tion and 3�-end formation (10, 26). Moreover, several years
ago, we described allele-specific interactions between SUB1
and both KIN28 and FCP1, which encodes the CTD phos-
phatase Fcp1. We showed that cells lacking Sub1 displayed
decreased accumulation of Fcp1, altered RNAP II phosphor-
ylation, and decreased cross-linking of RNAP II to transcribed
genes (11). These results indicated that Sub1 has a role in
RNAP II CTD phosphorylation and in transcription elonga-
tion.

Here, we present evidence that Sub1 indeed plays a univer-
sal role in CTD phosphorylation. We show that SUB1 geneti-
cally interacts with the genes encoding all four of the CTD

kinases, SRB10, KIN28, BUR1, and CTK1, suggesting that Sub1
acts to influence CTD phosphorylation at more than one step
of the transcription cycle. Supporting this view, we show first,
by the results of in vitro kinase assays, that SUB1 deletion
increases CTD phosphorylation by Kin28, Bur1, and Ctk1 but
decreases CTD phosphorylation by Srb10, arguing for distinct
roles of Sub1 in transcription preinitiation and elongation.
Second, by the results of chromatin immunoprecipitation, we
find that SUB1 deletion increases Kin28 and Ctk1 chromatin
association while decreasing Srb10 chromatin association, in-
dicating that Sub1 is involved in regulating the association of
these kinases with the transcriptional machinery. Taken to-
gether, our data point to multiple roles for Sub1 in the regu-
lation of RNAP II CTD phosphorylation all along the tran-
scription cycle.

MATERIALS AND METHODS

Yeast strains and media. The strains used in this study are listed in Table 1.
Yeast strain construction and other genetic manipulations were performed by
standard procedures (9). The 2% galactose and 2% raffinose media were pre-
pared as described previously (41).

In vitro kinase assays. Cells were grown to an optical density at 600 nm
(OD600) of 0.8, collected, washed, and suspended in lysis buffer (20 mM HEPES
[pH 7.6], 200 mM potassium acetate [KOAc], 10% glycerol, and 1 mM EDTA)
(35) with protease and phosphatase inhibitors. Yeast whole-cell extracts were
prepared by glass bead disruption of cells using a FastPrep system. Protein
concentrations were determined, and 150 �g was incubated with 15 �l of 12CA5
(antihemagglutinin [anti-HA]) or anti-MYC antibody coupled to protein G-
Sepharose for 2 h at 4°C to immunoprecipitate HA- and MYC-tagged kinases
(Kin28, Srb10, Ctk1, and Bur1). The immunoprecipitates were washed three
times with lysis buffer and twice with kinase buffer (20 mM HEPES [pH 7.6], 7.5
mM MgOAc, 100 mM KOAc, 2% glycerol). The beads were resuspended in 25

TABLE 1. Yeast strains

Strain Description Source

YSB756 mat� ade2-1 ade3-22 can1-100 his3-11,15 ura3-1 kin28::LEU2 �KIN28-3�HA TRP CEN� S. Buratowski
OCSC154 mat� ade2-1 ade3-22 can1-100 his3-11,15 ura3-1 kin28::LEU2 �KIN28-3�HA TRP CEN� sub1::URA3 This study
YSB609 mat� ade2-1 ade3-22 can1-100 his3-11,15 ura3-1 kin28::LEU2 �kin28-K36A–3�HA TRP CEN� S. Buratowski
YSB776 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 SRB10-3�HA::TRP S. Buratowski
OCSC159 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 SRB10-3�HA::TRP sub1::URA3 This study
OCSC166 mat� ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 sub1::URA3 This study
OCSC261 mat� ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 srb10::KAN This study
OCSC169 mat� ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 srb10::KAN sub1::URA3 This study
OCSC267 mat� ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 ADH1-SUB1 This study
OCSC268 mat� ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 srb10::KAN [ADH1-SUB1 LEU CEN] This study
YSB786 mata his3-�200 leu2-3,112 ura3-52 ceg1-�1::his3 �CEG1-3�HA LEU CEN� S. Buratowski
OCS570 mata his3-�200 leu2-3,112 ura3-52 ceg1-�1::his3 �CEG1-3�HA LEU CEN� sub1::URA3 This study
YSB770 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 BUR1-3�HA::TRP S. Buratowski
OCSC157 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 BUR1-3�HA::TRP sub1::URA3 This study
OCSC560 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 BUR1-3�HA::TRP SUB1-GST:: KanMX This study
YSB1021 mata his3-�200 leu2-�1 trp1-�63 ura3-52 lys2-�202 bur1�::HIS3 �bur1-23–3�HA LEU CEN� S. Buratowski
GY458 mata his4-912� lys2-128� suc2-�uas (	1900/	390) ura3-52 trp1-�63 G. Prelich
OCSC301 mata his4-912� lys2-128� suc2-�uas (	1900/	390) ura3-52 trp1-�63 sub1::URA3 This study
GY170 mata his4-912� lys2-128� suc2-�uas (	1900/	390) ura3-52 trp1-�63 bur1-2 G. Prelich
OCSC303 mata his4-912� lys2-128� suc2-�uas (	1900/	390) ura3-52 trp1-�63 bur1-2 sub1::URA3 This study
ERYM356 mata ura3-52 lys2-801amber ade2-101ochre trp1-�63 his3-�200 leu2-�1 CTK-6�HA::TRP1 This study
ERYM357 mata ura3-52 lys2-801amber ade2-101ochre trp1-�63 his3-�200 leu2-�1 CTK1-6�HA::TRP1 sub1::KanMX This study
OCSC558 mata ura3-52 lys2-801amber ade2-101ochre trp1-�63 his3-�200 leu2-�1 CTK-6�HA::TRP1 SUB1-GST::KanMX This study
OCSC1077 mata ura3-52 lys2-801amber ade2-101ochre trp1-�63 his3-�200 leu2-�1 CTK-6�HA::TRP1 SRB10-MYC::HIS3 This study
OCSC1078 mata ura3-52 lys2-801amber ade2-101ochre trp1-�63 his3-�200 leu2-�1 CTK1-6�HA::TRP1

SRB10-3�MYC::HIS3 sub1::KanMX
This study

OCSC1160 mata ura3-52 lys801 ade2-101 trp-�63 his3-�200 leu2-�1 KIN28-6�HA::TRP1 This study
OCSC1168 mata ura3-52 lys801 ade2-101 trp-�63 his3-�200 leu2-�1 KIN28-6�HA::TRP1 SUB1-3�FLAG::KanMX This study
YP655 mat� ade2-1 his4-260 leu2-3,112 trp1-289 ura3-1 CDC5-3�HA::KanMX P. San Segundo
OCSC1323 mat� ade2-1 his4-260 leu2-3,112 trp1-289 ura3-1 CDC5-3�HA::KanMX sub1::URA3 This study
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�l of kinase buffer with 2.5 mM ATP and incubated with 30 ng of glutathione
S-transferase (GST)-CTD for 30 min at 30°C. The reaction mixtures were run
and then electrophoresed on 8% SDS–polyacrylamide gels, transferred, and
immunoblotted with the following antibodies: 8WG16 (nonphosphorylated
CTD; Covance), CTD4H8 (phosphorylated CTD Ser5 [CTD Ser5P]; Millipore),
or ab5095 (CTD Ser2P; Abcam).

ChIPs. The preparation of chromatin was performed as previously described
(11, 35). For the Ser5P immunoprecipitations (IPs), CTD4H8 antibody was used
and immunoprecipitation was performed as described in reference 11. PCR of
purified chromatin was performed by quantitative real-time PCR with an ABI
Prism 7000 detection system (Applied Biosystems), using SYBR Premix Ex Taq
(Takara Bio, Inc.) and following the manufacturer’s instructions. Four serial
10-fold dilutions of genomic DNA were amplified using the same reaction mix-
ture as for the samples to construct the standard curves. All real-time PCRs were
performed in quadruplicate and with at least three independent chromatin IPs
(ChIPs). Quantitative analysis was carried out using the ABI Prism 7000 SDS
software (version 1.2.3). The values obtained for the immunoprecipitated PCR
products were compared to those of the total input, and the ratio of the value for
each PCR product of transcribed genes to that of a nontranscribed region of
chromosome VII was calculated. Numbers on the y axis of graphs are detailed in
the corresponding figure legends. ChIP assays of cells grown under conditions of
galactose induction were performed as described previously (41).

RNA isolation and RT-PCR. Total RNA was extracted as described previ-
ously (62), and reverse transcription (RT)-PCR was performed using a Pri-
meScript RT reagent kit (Takara Bio, Inc.) following the manufacturer’s
instructions.

RESULTS

SUB1 deletion enhances both CTD Ser5 phosphorylation by
Kin28 and its recruitment to gene promoters. We previously
described a genetic interaction between SUB1 and KIN28 (11),
suggesting that Sub1 influences CTD phosphorylation by
Kin28. In order to study the significance of this genetic inter-
action, we followed two strategies. We first performed in vitro
kinase assays to determine if Sub1 influences CTD phosphor-
ylation by Kin28 and then carried out chromatin immunopre-
cipitation (ChIP) experiments to analyze whether Sub1 influ-
ences Kin28’s association with gene promoters.

We first tested whether Sub1 affects Kin28 activity toward
the CTD. HA-Kin28-containing complexes from SUB1 (wild
type [wt]) and sub1� whole-cell extracts prepared from cells
expressing HA-Kin28 in place of endogenous Kin28 were im-
munoprecipitated via the HA epitope tag and assayed in an in
vitro IP kinase assay using as the substrate a GST-CTD fusion
protein, as previously described (35). GST-CTD was incubated
with no kinase or with HA-Kin28 immunoprecipitated from wt
and sub1� cell extracts (Fig. 1A). Reaction mixtures were

FIG. 1. SUB1 deletion increases Kin28 CTD kinase activity and Kin28 cross-linking to gene promoters. (A) In vitro kinase assay. Whole-cell
extracts were prepared from wild-type (wt) and sub1� strains expressing HA-tagged Kin28. The epitope-tagged kinase complexes were immuno-
precipitated with 12CA5-protein A beads, and kinase activity was assayed with 2.5 mM ATP and recombinant GST-CTD as substrate. SDS-PAGE
and immunoblot analysis were performed to analyze CTD phosphorylation, using the following antibodies: CTD4H8 (anti-CTD Ser5P), 8WG16
(anti-CTD), 12CA5 (anti-HA, for Kin28-HA), and PGK (anti-PGK, as total protein level control). (B) Whole-cell extracts were prepared from the
following strains: tagged Kin28-HA (wt and kin28-K36A mutant), Sub1-HA, and Cdc5-HA strains and two nontagged strains (wt and sub1�). In
vitro kinase assays were conducted as described for panel A, and CTD Ser5 phosphorylation analyzed with CTD4H8 antibody. (C) Whole-cell
extracts were prepared from wt and sub1� strains expressing HA-tagged Cdc5, and in vitro kinase assays performed to analyze CTD Ser5P as
described above. (D) In vitro kinase assay to analyze CTD Ser5 phosphorylation was performed using immunoprecipitated Kin28-HA and Rpb3
from wt and sub1� Kin28-HA tagged strains. (E) Kin28-HA sub1� cells were transformed with an empty plasmid (vector) or with a plasmid bearing
SUB1 (pSUB1) under the control of its own promoter. Kin28-HA was immunoprecipitated, kinase assays performed, and CTD Ser5P analyzed as
described for panel B.
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loaded onto an 8% SDS–PAGE gel and immunoblotted with
CTD4H8 antibody, which recognizes CTD phosphorylation on
Ser5 (53, 64), and with 8W16G antibody, which recognizes
unphosphorylated CTD (7, 65). Equivalent IP of Kin28-HA
was confirmed by Western blot assay using an anti-HA anti-
body. As shown by the results in Fig. 1A, Kin28-HA was active
on GST-CTD in both wt and sub1� cell IPs, since it efficiently
phosphorylated the CTD on Ser5 as determined by immuno-
blotting. Strikingly, Kin28 activity in the IPs from sub1� cells
was greater than its activity in those from wt cells. Since SUB1
deletion did not affect total Kin28 levels (Fig. 1A, HA blot),
this result suggests that Sub1 negatively influences Kin28 ki-
nase activity.

In light of the above results and of additional related results
described below, we wished to verify the specificity of the IP
kinase assay. To this end, we performed a number of additional
control experiments. First, we analyzed the extent of nonspe-
cific background kinase activity by using extracts from strains
expressing the following proteins for anti-HA IP: Kin28-HA
(wt and Kin28-K36A, a mutant devoid of kinase activity [59]),
Sub1-HA, Cdc5-HA (a non-CTD kinase functioning in mitosis
and cytokinesis [5]), and two nontagged strains (wt and sub1�).
As shown by the results in Fig. 1B, only wild-type Kin28-HA
was able to phosphorylate GST-CTD efficiently. Thus, IPs of
HA-Sub1, HA-Cdc5, or extracts not expressing a tagged pro-
tein contained no significant Ser5 kinase activity. Second,
we immunoprecipitated the HA-tagged unrelated kinase
Cdc5-HA from sub1� as well as wt extracts and detected no
Ser5 kinase activity in either case (Fig. 1C). Third, we analyzed
the possibility that the kinase activities observed in wt and
sub1� cell extracts could be due to other kinases that might
coimmunoprecipitate with HA-Kin28, perhaps reflecting a
bridging interaction with some other associated factor, such as
RNAP II. For this purpose, we immunoprecipitated Kin28-HA
and RNAP II (with anti-HA and Rpb3 antibodies, respec-
tively) from wt and sub1� Kin28-HA extracts. GST-CTD ki-
nase activity was observed only in the Kin28-HA IPs (Fig. 1D).
Fourth, to provide further evidence that loss of Sub1 was
indeed responsible for the observed effects on GST-CTD ki-
nase activity, Kin28-HA sub1� cells were transformed with an
empty plasmid or with a plasmid bearing SUB1 under the
control of its own promoter and IP kinase assays were per-
formed as described above. As shown by the results in Fig. 1E,
wild-type levels of kinase activity were restored when SUB1
was expressed from the low-copy-number plasmid in sub1�
cells, confirming that increased Kin28 kinase activity was in
fact due to lack of Sub1. Finally, Sub1 did not coimmunopre-
cipitate with Kin28-HA (or with the three other CTD kinases
analyzed below) when using extracts from wt cells (data not
shown), indicating that its effects on kinase activity were indi-
rect (see Discussion).

We next wished to determine whether Sub1 also affects
Kin28 recruitment to gene promoters. We therefore analyzed
the recruitment of Kin28 to the promoters of several constitu-
tively transcribed genes, ADH1, ACT1, PMA1, and PYK1, in
the presence or absence of Sub1. For this purpose, we per-
formed ChIP coupled with quantitative PCR (qPCR) with
Kin28-HA-expressing wt and sub1� cells. Significantly, Kin28
cross-linking was increased at the promoter regions of all genes
tested in the absence of Sub1 (Fig. 2A). The enrichment of

Kin28 at promoters in sub1� cells compared to that in wt cells
(considered 100%) ranged from 125% at the ADH1 promoter
to 225% at the ACT1 promoter. These data are in agreement
with the observed increase of CTD phosphorylation in sub1�
cells shown previously (11). Taking into account that Sub1
negatively affects the recruitment of RNAP II (11, 60), as we
have confirmed here for sub1� cells (data not shown), the
Kin28-HA/Rpb1 ratio was increased at promoter regions in
sub1� cells compared to the ratio in wild-type cells (Fig. 2B).
Hence, SUB1 deletion significantly enhanced the levels of
Kin28 associated with the RNAP II transcriptional machinery.
Taken together, our data support the idea that Sub1 associates
with the transcription complex and modulates RNAP II CTD
Ser5 phosphorylation by Kin28.

Promoter association of Ser5-phosphorylated RNAP II and
the capping enzyme Ceg1 increases in sub1� cells. Ser5 phos-
phorylation is strongest at the promoter regions of transcribed
genes and diminishes downstream (38). We therefore tested
whether increased Kin28 recruitment to promoters in sub1�
cells resulted in increased Ser5 CTD phosphorylation at the
promoters of several genes. For this purpose, we performed
ChIP on wt and sub1� cells with CTD4H8 and 8WG16 anti-
bodies. As expected and as previously described (11), de-
creased RNAP II was detected at the promoters of ACT1,
PMA1, and PYK1 genes in sub1� cells compared to the
amounts in wt cells. However, Ser5P cross-linking in sub1�
cells increased significantly at ACT1-P and PYK1-P and slightly
at PMA1-P (Fig. 2C). Therefore, SUB1 deletion caused an
increase in Ser5 phosphorylation associated with gene promot-
ers relative to total RNAP II, in agreement with the observed
increase in Kin28 activity and association with chromatin.

Kin28 phosphorylation of the CTD at Ser5 mediates co-
transcriptional recruitment of the capping enzyme Ceg1 (e.g.,
see references 38, 63, and 67). We previously reported that
SUB1 genetically interacts in an allele-specific manner with
several kin28 mutants (kin28-T17D, kin28-K36D, and kin28-
T162D) (11). Interestingly, these interactions are comparable
to interactions previously described between ceg1-250 and
kin28 mutants (59). That is, the effects displayed by combining
sub1� or ceg1-250 mutations with kin28 mutations resulted in
similar phenotypes, ranging from lethality (sub1� kin28-T17D
and ceg1-250 kin28-T17D) to slight or no effect (sub1� kin28-
T162D and ceg1-250 kin28-T162D, respectively). Although we
did not observe a genetic interaction between sub1� and ceg1-
250 mutants (11), we hypothesized that due to the increased
Kin28 activity and increased CTD Ser5P in sub1� cells, Ceg1
recruitment to promoters could also be increased. To test this,
ChIP analysis was performed with wt and sub1� cells express-
ing Ceg1-HA. As shown by the results in Fig. 2D, recruitment
of the capping enzyme was in fact decreased in sub1� cells
compared to the level in wt cells (Fig. 2D). However, if we
compare Ceg1 and Rpb1 occupancies at promoters and calcu-
late the Ceg1/Rpb1 ratio, considered to be 1.0 in wt cells, there
was a slight increase in the Ceg1/Rpb1 ratio at the PYK1
(1:1.33) and ACT1 (1:1.57) promoters in sub1� cells (Fig. 2D,
compare the results for Rpb1 and Ceg1-HA). Notably, in the
case of PMA1, where the CTD Ser5P/Rpb1 ratio was 1.0, the
Ceg1/Rpb1 ratio was also 1.0; in the case of ACT1, where
the CTD Ser5P/Rpb1 ratio was 
1 (1.93), the Ceg1/Rpb1 ratio
was also 
1 (1.57), in agreement with a functional relationship
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between Ser5 phosphorylation and Ceg1 capping enzyme re-
cruitment.

SUB1 genetically interacts with SRB10. To extend the above
results, we next asked whether another CTD kinase, Srb10,
might also be affected by Sub1, first by testing whether SUB1
and SRB10 interact genetically. We examined the effects of
both SUB1 deletion (sub1�) and SUB1 overexpression
(ADH1SUB1) from the strong ADH1 promoter on the growth
of srb10� cells, which display a growth defect at both 30 and
37°C. Strikingly, the growth defect of srb10� cells was partially
suppressed by SUB1 deletion and dramatically enhanced by
SUB1 overexpression, with the strongest effect at 37°C (Fig.
3A). We observed similar effects when we overexpressed SUB1
from a GAL1-inducible promoter (data not shown). Although
we have consistently observed, here (Fig. 3A) and elsewhere
(11), that when Sub1 is overexpressed, cells tend to grow
slightly more slowly than wt cells at 37°C and that sub1� cells
generally grow slightly faster than wt cells at this temperature,
the effects of both deletion and overexpression of SUB1 on the
srb10� cells were much stronger than the effects observed on

wt cells. This strong genetic interaction suggests that Sub1 also
influences Srb10 kinase activity.

Sub1 positively influences Srb10 kinase activity and associ-
ation with chromatin. We next performed in vitro IP kinase
assays as described above to determine if SUB1 deletion influ-
ences CTD phosphorylation by Srb10. For this purpose, we
generated strains expressing Srb10-MYC in the wt or sub1�
background, where we previously had HA tagged Ctk1 (see
below). Srb10 has the capacity to phosphorylate the CTD on
both Ser2 and Ser5 (6, 27, 58). As shown by the results in Fig.
3B, the Srb10-MYC immunoprecipitated from wt and sub1�
cell extracts was active, since it phosphorylated the CTD on
Ser5 and Ser2, as determined by immunoblotting with a mono-
clonal Ser5 antibody (CTD4H8) that specifically recognizes
Ser5 phosphorylation (64) and a polyclonal Ser2 antibody
(ab5095) that preferentially recognizes Ser2-phosphorylated,
as well as unphosphorylated, CTD (57), respectively. However,
in contrast to Kin28, the Srb10 kinase activity in sub1� cells
was significantly reduced compared to that in wt cells for both
Ser5 and Ser2 phosphorylation (Fig. 3B). We also performed

FIG. 2. SUB1 deletion increases Kin28 and Rpb1 Ser5P cross-linking to gene promoters. ChIP analysis. ChIPs were performed on wt and sub1�
Kin28 HA-tagged strains. (A) Kin28 binding to the promoters of four constitutively expressed genes, ADH1-P, ACT1-P, PYK1-P, and PMA1-P, was
examined by qRT-PCR, and quantifications (see Materials and Methods) were graphed. Numbers on the y axis represent the percentages of Kin28
cross-linked to gene promoters in sub1� cells relative to the levels in wt cells, where the level of cross-linking is considered to be 100%.
(B) Kin28-HA/Rpb1 ratio. Percentages of Kin28-HA and Rpb1 cross-linking for sub1� cells relative to the levels in wt cells were independently
quantified, and the ratio was calculated and then graphed. (C) ChIP analysis of Rpb1 and CTD Ser5P was performed in wild-type (wt) and sub1�
cells using 8WG16 (anti-Rpb1) and CTD4H8 (anti-CTD Ser5P) antibodies. Rpb1 and Rpb1 CTD Ser5P binding to promoters of ACT1, PYK1, and
PMA1 genes was analyzed by qRT-PCR, and the results graphed. Numbers on the y axis represent the percentages of Rpb1 and Rpb1 CTD Ser5P
cross-linked to gene promoters in sub1� cells relative to the levels in wt cells, where the level of cross-linking is considered to be 100%.
(D) Occupancy of Rpb1 and Ceg1-HA at promoters of ACT1, PYK1, and PMA1 genes was determined by ChIP in wt and sub1� cells using 8WG16
and HA antibodies. Numbers on the y axis represent the percentages of Rpb1 and Ceg1-HA cross-linked to gene promoters in sub1� cells relative
to the levels in wt cells, where the level of cross-linking is considered 100%. Error bars show standard deviations.
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IP kinase assays with Srb10-HA strains (data not shown). Both
Srb10-MYC and Srb10-HA displayed decreased CTD phos-
phorylation when cells lacked Sub1. As SUB1 deletion did not
affect the total Srb10 levels (Fig. 3B), our results indicate that
Sub1, in contrast to its negative effect on Kin28, positively
influences Srb10 kinase activity.

We next investigated whether Sub1 influences Srb10 associ-
ation with chromatin. The Srb8-11 complex is known to be
required for Gal4-dependent activation of GAL1 transcription
(41). We therefore conducted ChIP experiments in cells grown
both under conditions of GAL1 induction (2% galactose) and
in noninducible conditions (2% raffinose). In addition, we ex-
tracted RNA to monitor GAL1 gene induction by RT-PCR.
We also tested the expression of the constitutive gene PYK1
and of the SRB10 and SUB1 genes. As shown by the results in

Fig. 3C, as expected, GAL1 is only expressed in cells grown in
galactose-containing medium, while PYK1 and SRB10 are ex-
pressed similarly in both inducible and noninducible condi-
tions. Unexpectedly, we detected an increase of SUB1 mRNA
levels during galactose induction (Fig. 3C).

We next examined the effect of Sub1 on the association of
Srb10 with the GAL1 and PYK1 promoters by ChIP. As ex-
pected, in wild-type cells, Srb10 was not present at the GAL1
promoter when cells were grown in raffinose medium but was
rapidly and efficiently recruited when cells were transferred to
galactose-containing medium (20 min of galactose induction).
However, Srb10 recruitment was significantly decreased in the
absence of Sub1 (Fig. 3D). In the case of PYK1, although Srb10
cross-linking to the promoter region was less efficient, it was
also decreased in cells lacking Sub1 (Fig. 3D). These results

FIG. 3. SUB1 genetically interacts with SRB10, and SUB1 deletion negatively influences Srb10 kinase activity and association with active genes.
(A) Genetic interaction between SUB1 and SRB10. SUB1 deletion partially suppresses the slow-growth phenotype of srb10� cells and overex-
pression of SUB1 enhances it, as shown by spot assay. To overexpress SUB1, its open reading frame was cloned under the control of the ADH1
promoter in a plasmid that was transformed into the srb10� strain (ADH1SUB1). Yeast strains with the indicated genotypes were spotted onto
synthetic complete medium and grown at 30 and 37°C for 2 days. (B) Results of in vitro CTD kinase assay showing that SUB1 deletion causes a
decrease in CTD phosphorylation by Srb10. Whole-cell extracts were prepared from the wt and sub1� strains expressing MYC-tagged Srb10, and
in vitro kinase assay and CTD phosphorylation analysis were performed as described in the Fig. 1 legend. CTD Ser5 and Ser2 phosphorylation was
analyzed using the following antibodies: CTD4H8 (anti-CTD Ser5P), ab5095 (anti-CTD Ser2P), 8WG16 (anti-CTD), anti-MYC antibody (Srb10
levels), and anti-PGK antibody (PGK levels, as control). (C) Induction of GAL1 transcription was monitored by RT-PCR. Total RNA was isolated
from wt and sub1� cells grown under noninducible (2% raffinose [RAF]) and inducible (2% galactose [GAL]) conditions. cDNA was synthesized,
and PCR performed using specific primers for GAL1, PYK1, SUB1, and SRB10 genes. (D) ChIP analysis of Srb10 was conducted with wt and sub1�
cells grown in raffinose- or galactose-containing medium, using anti-MYC antibody. Srb10-MYC cross-linking to the promoter of PYK1 and to the
upstream activating sequence of the GAL1 (UAS-GAL1) gene was analyzed by qRT-PCR. Quantifications of the results are shown in the graph,
where numbers on the y axis represent the ratio of the values obtained from specific primer products to the value for the negative control
(intergenic region of chromosome VII), after normalizing to the results for the input controls. Error bars show standard deviations. (E) SRB10
deletion causes an increase in CTD Ser5 phosphorylation by Kin28, reflecting increased Kin28 levels in the srb10� cells. Whole-cell extracts were
prepared from wt and srb10� strains expressing HA-tagged Kin28, and in vitro kinase assays and CTD phosphorylation analysis were performed.
CTD phosphorylation was analyzed using the following antibodies: CTD4H8 (anti-CTD Ser5P) and 8WG16 (anti-CTD). Kin28-HA and PGK
levels were analyzed using 12CA5 (anti-HA) and anti-PGK, respectively.
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FIG. 4. Sub1 influences recruitment and kinase activity of the elongation kinase Ctk1 during transcription. (A) sub1� and ctk1� are synthet-
ically lethal. A diploid yeast strain heterozygous for both SUB1 and CTK1 (sub1�::URA3/SUB1 ctk1�::kanMX/CTK1) was sporulated, and the
meiotic progeny were separated by tetrad dissection and allowed to grow for 3 days. Thirteen tetrads were dissected, with nine showing a tetratype
segregation pattern (eight of which are shown), and two showing a paternal ditype segregation pattern. The genotype of the resulting colonies was
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indicate that Sub1 positively influences Srb10 recruitment to
the GAL1 and, to a lesser extent, PYK1 promoter, which agrees
with the observed decrease of Srb10 kinase activity in sub1�
cells.

We next asked whether the effects of SUB1 deletion on
Srb10 might contribute to the effects we observed on Kin28.
Previous studies have shown that TFIIH is negatively regulated
by CDK8-containing Mediator complexes in human cells (4)
and that Srb10 inhibits KIN28 transcription in meiotic yeast
cells (51). Extending these results, we observed that deletion of
SRB10 resulted in an increase in Kin28-HA levels and, as a
consequence, an increase in Kin28 activity, as analyzed by in
vitro kinase assays (Fig. 3E). The effect of SRB10 deletion on
Kin28 levels was specific, as we detected no changes in the
levels of Sub1-HA, Ceg1-HA, or Ctk1-HA in srb10� cells com-
pared to their levels in wt cells (data not shown). Since Srb10
promoter recruitment and activity were reduced in sub1� cells,
this could explain, at least in part, how Kin28 recruitment
and/or activity was enhanced (see Discussion).

sub1� and ctk1� mutations are synthetically lethal. We
showed previously that SUB1 deletion results in increased lev-
els of CTD Ser2 phosphorylation on RNAP II associated with
chromatin (11). To extend this result, we performed genetic
experiments to investigate whether SUB1 also interacts with
the gene encoding the elongating CTD Ser 2 kinase Ctk1.
Although it is well established that Ser2 phosphorylation fol-
lows Ser5 phosphorylation, it is not yet clear whether Ser5
phosphorylation is required for subsequent Ser2 phosphoryla-
tion and transcriptional elongation. It has been suggested that
CTD Ser5 phosphorylation by Kin28 does not affect the level
of CTD Ser2 phosphorylation (16); however, CTD Ser5P is a
preferential substrate for Ser2 phosphorylation by Ctk1 (32)
and it has recently been suggested that Ser5 phosphorylation
stimulates Ser2 phosphorylation by Bur1/Bur2 kinase (57).

We first examined whether SUB1 genetically interacts with
CTK1. For this, we generated a diploid strain lacking one copy
each of SUB1 and CTK1 and analyzed the meiotic progeny by
tetrad dissection (Fig. 4A). As expected, haploid progeny lack-
ing SUB1 showed no growth defect compared to the growth of
the wt, whereas the growth of cells lacking CTK1 was signifi-
cantly impaired. Significantly, however, in every case, meiotic
progeny lacking both CTK1 and SUB1 were nonviable, indi-
cating a synthetic lethal genetic interaction between these
genes (Fig. 4A). This interaction, together with the genetic
interactions with genes encoding other CTD kinases, suggests
that Sub1 regulates phosphorylation of the CTD at multiple
stages of the transcription cycle, including elongation.

Sub1 negatively regulates Ctk1 activity and recruitment. We
previously analyzed total CTD Ser2 phosphorylation by ChIP
and detected an increase on chromatin-associated RNAP II in

the absence of SUB1 (11). In light of the results described
above, this increase could be due to an inhibitory effect of Sub1
on Ctk1 recruitment and/or activity that is alleviated in sub1�
cells. To test these possibilities, we generated strains express-
ing Ctk1 with a C-terminal 6�HA tag in the wt or sub1�
background. We then investigated whether Ctk1 kinase activity
was also impaired in sub1� cells, again using in vitro IP kinase
assays. Indeed, Ctk1 kinase activity toward GST-CTD in IPs
from sub1� cells was increased compared to its level in the wt,
as determined by Western blotting using the anti-Ser2P anti-
body (Fig. 4B). The Ctk1 levels, as measured by Western
blotting with anti-HA antibody, were equivalent in the two IPs.
We also verified the specificity of the Ser2 activity in the IPs by
using extracts from two nontagged strains (wt and sub1�). The
kinase activity in HA IPs from these strains was barely detect-
able compared to the Ctk1-6�HA kinase activity (data not
shown). Thus, we conclude that Sub1 negatively influences
Ctk1 kinase activity.

The Ctk1-6�HA strains (wt and sub1�) that we analyzed
were designed to also express Srb10-MYC. This allowed us to
determine the effect of SUB1 deletion on Srb10 and Ctk1
kinase activity in the same cells, using a single cell extract. As
shown in Fig. 3B and 4B, we observed a decrease in GST-CTD
phosphorylation when Srb10-MYC was immunoprecipitated
from sub1� extracts (Fig. 3B) and an increase when Ctk1-HA
was immunoprecipitated from the same extracts (Fig. 4B).
These results confirm that Sub1 has a positive influence on
Srb10 kinase activity, probably acting at the level of PIC for-
mation, and a negative effect on Ctk1 activity, likely during
transcription elongation.

We next examined the effect of Sub1 on the recruitment of
Ctk1 to active genes. The Ctk1-6�HA association with three
different genes was determined by ChIP (Fig. 4D). Compared
to the levels in wt cells, we observed increases of �1.5- to
2.5-fold in the levels of Ctk1-6�HA at the PMA1, PYK1, and
ACT1 genes in cells lacking Sub1. Considering that Sub1 neg-
atively affects the recruitment of RNAP II (11, 60), as we have
confirmed for sub1� cells expressing Ctk1-6�HA (data not
shown), the Ctk1/Rpb1 ratio was increased in sub1� cells from
the promoter to the 3� regions (Fig. 4E). Thus, the deletion of
SUB1 significantly increased the levels of Ctk1 associated with
the RNAP II transcription machinery.

Together, our data indicate that the increased Ser2 phos-
phorylation observed in the absence of SUB1 is due to three
factors: increased Ctk1 recruitment, increased Ctk1 kinase ac-
tivity, and reduced Fcp1 phosphatase levels (11).

SUB1 deletion increases the elongation defects of bur1 mu-
tants. Bur1 associates with nonphosphorylated Rpb1 and
phosphorylates Ser5 and Ser2 of the CTD (32, 45). More
recently, it has been shown that Bur1/Bur2 phosphorylates

inferred by growth or lack of growth on selective medium. Cells with a deletion of CTK1 alone show a slow-growth phenotype, as reported
previously. (B) SUB1 deletion causes increased Ctk1 kinase activity. Whole-cell extracts were prepared from wt and sub1� strains with an
HA-tagged Ctk1, and in vitro kinase assay was performed as described in the Fig. 1 legend to analyze CTD Ser2 phosphorylation, using anti-CTD
Ser2P. (C) Schematic representation of the ACT1, PYK1, and PMA1 genes. Numbers are nucleotide positions relative to start codon (�1), and
black bars represent PCR products analyzed by ChIP. (D) Increased Ctk1-HA association with chromatin in cells lacking SUB1. ChIP for Ctk1-HA
was performed in wt and sub1� cells. Ctk1-HA association with PMA1, PYK1, and ACT1 genes was analyzed by qRT-PCR, and quantifications were
graphed (see Materials and Methods). (E) Ctk1-HA/Rpb1 ratio. Ctk1-HA and Rpb1 cross-linking were independently quantified in wt and sub1�
cells, and then Ctk1/Rpb1 ratio was calculated and graphed. Error bars show standard deviations.

VOL. 30, 2010 Sub1 AND RNAP II CTD PHOSPHORYLATION 5187



FIG. 5. Bur1 kinase recruitment and activity is also enhanced by deletion of SUB1. (A) SUB1 deletion increases the elongation defect of bur1
mutants. Phenotypic analysis of SUB1-BUR1 genetic interaction. SUB1 was deleted in a bur1-2 strain and in the isogenic wt strain. In the case of
the bur1-23 mutant, we generated a diploid strain by crossing it with a sub1� mutant. The diploid was sporulated, and the tetrads dissected and
analyzed. The growth phenotype of one tetrad is shown. Yeast strains with the indicated genotypes were spotted on yeast extract-peptone-dextrose
or synthetic complete (SC) medium containing 50 �g/ml of 6-azauracil (6-AU), and plates were incubated for 3 days. As shown, SUB1 deletion
increases the growth and elongation defects of bur1-23 cells and the elongation defect of bur1-2 cells. (B) sub1� cells are sensitive to 6-AU in liquid
medium. Growth curves of wt and sub1� strains in SC medium without or with 75 �g/ml of 6-AU. (C) Bur1 kinase activity is increased in sub1�
mutant. In vitro kinase assay was performed as described in the Fig. 1 legend in wt and sub1� cells expressing an HA-tagged Bur1. CTD
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Ser2 near promoters and stimulates Ser2 phosphorylation by
Ctk1 during transcription elongation (57). To complete our
genetic study aimed at understanding the connection between
Sub1 and CTD kinases, we next examined possible genetic
interactions between SUB1 and BUR1. For this purpose, we
used two bur1 mutants, the bur1-2 and bur1-23 strains (35, 55,
72). Both bur1 mutations impair Bur1’s in vitro kinase activity,
while bur1-23 cells show defects in elongation efficiency as
measured by ChIP, although cotranscriptional phosphorylation
of CTD Ser5 and Ser2 was not strongly affected (35). The
bur1-2 mutant shows an overall slow-growth phenotype, while
bur1-23 presents a more serious growth defect at 28°C and
strong thermosensitivity at 37°C. Both mutants are sensitive to
6-azauracil (6-AU), a drug commonly used to detect effects in
elongation (23, 66).

We deleted SUB1 in wt and bur1-2 isogenic strains and
analyzed the effect on growth phenotypes at 28 and 37°C and
in medium containing 6-AU (Fig. 5A, bottom). In the case of
bur1-23, we generated a diploid by crossing it with the sub1�
strain. The diploid was sporulated, and the tetrads dissected
and analyzed. The growth phenotypes of one tetrad type are
shown in Fig. 5A (top). SUB1 deletion was found to exacerbate
the 6-AU sensitivity of the bur1-2 mutant, as seen by increased
sensitivity to the drug in bur1-2 sub1� cells compared to that of
bur1-2 mutant cells. In the case of the bur1-23 mutant, SUB1
deletion strongly enhanced both the growth defect and sensi-
tivity to 6-AU (Fig. 5A). Although SUB1 deletion alone did not
result in sensitivity to 6-AU in these assays (Fig. 5A and data
not shown), sensitivity to the drug was detected when cells
were grown in liquid medium (Fig. 5B). In any event, these
data reveal a genetic interaction between SUB1 and BUR1.
Indeed, the fact that the bur1-2 sub1� double mutant only
displayed a synthetic phenotype on 6-AU-containing medium
likely indicates that SUB1 deletion mainly affects bur1 elonga-
tion defects (35, 71).

SUB1 deletion alters Bur1 kinase activity. The genetic in-
teraction of SUB1 with BUR1 suggested that, similarly to
Kin28, Srb10, and Ctk1, Sub1 may influence Bur1 kinase ac-
tivity. Given that phosphorylation of the RNAP II CTD by
Kin28 was reported to enhance Bur1/Bur2 recruitment and
Ser2 CTD phosphorylation near promoters (57), it is possible
that the increased Kin28 activity in sub1� cells can lead to
increased CTD phosphorylation by Bur1. On the other hand,
Bur1 was observed to associate primarily with Rpb1 containing
unphosphorylated CTD repeats and then to phosphorylate
Rpb1 on Ser5 (49). Therefore, we decided to analyze both Ser5
and Ser2 CTD phosphorylation by in vitro IP kinase assays with
wt and sub1� cells containing HA epitope-tagged Bur1, again
using the GST-CTD fusion protein as the substrate. Signifi-
cantly, the deletion of SUB1 resulted in increased Ser5 and

Ser2 phosphorylation in the Bur1-HA IPs (Fig. 5C). Consistent
with the results of Murray et al. (49), Ser5 phosphorylation by
Bur1 was more efficient than the Ser2 phosphorylation (Fig.
5C, compare results for wt cells in left and right panels, re-
spectively). It has been shown that Bur1 has the capacity for
autophosphorylation and that Bur1 phosphorylation promotes
CTD phosphorylation (49, 72). We therefore tested whether
SUB1 deletion affects Bur1 autophosphorylation by immuno-
precipitating Bur1-HA from wt and sub1� cell extracts and
performing in vitro kinase assays with coimmunoprecipitating
proteins. As shown by the results in Fig. 5D, top, Bur1 coim-
munoprecipitated and phosphorylated Rpb1 and, consistent
with the results obtained with GST-CTD, this phosphorylation
was increased in sub1� extracts. Significantly, Bur1-HA auto-
phosphorylation was also increased in the absence of Sub1
(Fig. 5D, bottom). Therefore, it is possible that increased CTD
phosphorylation in sub1� cells is due to an increase of Bur1
kinase activation.

Like the cell cycle CDKs, with the exception of Srb10, tran-
scriptional CDKs undergo activating phosphorylation within
their T loops. Thus, previous studies demonstrated that Cak1
phosphorylates Kin28, Bur1, and Ctk1 within their T loops and
stimulates their activities (22, 36, 52, 72). Therefore, we tested
whether Cak1 levels were altered in the absence of SUB1.
However, we did not detect any significant variation of Cak1
levels in sub1� cells compared to the level in wt cells, nor did
we detect Cak1 coimmunoprecipitating with Sub1 (results not
shown).

ChIP analysis of Bur1-HA performed in wt and sub1� cells
showed no significant difference in total Bur1 cross-linked to
genes (Fig. 5E). However, again if we consider that Rpb1
cross-linking is reduced in sub1� cells (see above and reference
11), the Bur1-HA/Rpb1 ratio was slightly increased (�1.2- to
2.0-fold [data not shown]). But in this case, increased recruit-
ment could be an indirect effect due to increased Kin28 activ-
ity, because, as mentioned above, phosphorylation by Kin28
enhances Bur1/Bur2 recruitment (57).

DISCUSSION

We have presented evidence that Sub1 influences RNAP II
CTD phosphorylation via interactions with all four CTD ki-
nases, Kin28, Srb10, Bur1, and Ctk1. These effects were ob-
served both genetically and biochemically, including effects on
kinase activity and/or recruitment to chromatin. Our results
thus indicate that Sub1 can act throughout the transcription
cycle as a general regulator of CTD phosphorylation. Below,
we discuss the implications of Sub1’s interactions with these
kinases and how Sub1 can influence CTD phosphorylation and
transcription by RNAP II.

phosphorylation was analyzed using anti-CTD Ser5P (CTD4H8, top left), anti-CDT Ser2P (ab5095, top right) and anti-nonphosphorylated CTD
(8WG16) antibodies. Bur1-HA levels were tested with anti-HA antibody. For both Ser2P and Ser5P, we observe increased phosphorylation of the
CTD in the absence of Sub1. (D) SUB1 deletion increases Bur1 autophosphorylation and Bur1/RNAP II-CTD interaction. Whole-cell extracts
were prepared from wt and sub1� Bur1-HA strains. Epitope-tagged kinase complexes were immunoprecipitated with 12CA5-protein A beads, and
kinase activity with or without ATP was assayed. SDS-PAGE and immunoblot analysis were performed to analyze Bur1 autophosphorylation using
HA antibody and CTD Ser5P/Bur1-HA coimmunoprecipitation using anti-Ser5P (CTD4H8) antibody. (E) SUB1 deletion slightly influences Bur1
association with coding gene regions compared to its influence on Rpb1 association. Bur1 occupancy at PMA1, PYK1, and ACT1 genes was assayed
by ChIP in wt and sub1� cells. Graph shows qRT-PCR quantifications performed as described in the Fig. 4 legend.
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Opposing effects of Sub1 on CTD phosphorylation during
transcription initiation. It has been proposed that the timing
of Srb10 and Kin28 activation can regulate transcription. Srb10
phosphorylates the CTD prior to PIC formation and inhibits
transcription, while Kin28 promotes transcription by phosphor-
ylating the CTD after PIC formation (27). However, Srb10,
together with Kin28, can also promote transcription and con-
tribute to PIC dissociation and scaffold complex formation
(43). Here, we have shown that the presence of Sub1 has a
negative effect on the growth of cells lacking Srb10. But our in
vitro kinase assays showed that Sub1 positively influences CTD
phosphorylation by Srb10, implying a negative effect on tran-
scription inhibition according to Hengartner et al. (27). In
contrast, we have detected additive effects on cell growth when
combining mutations of KIN28, CTK1, and BUR1 with SUB1
deletion, consistent with a positive role of Sub1 in transcription
(28) and with the fact that sub1� decreases RNAP II recruit-
ment to gene promoters (11). However, the results of our
kinase and ChIP assays indicate a repressive role for Sub1 on

CTD phosphorylation by Kin28, Ctk1, and Bur1. How can
these disparate results be reconciled?

In the absence of Kin28 activity, Srb10 activity is important
to promote transcription (43). It is possible, then, that when
SUB1 is overexpressed in srb10� cells, Kin28 activity at the PIC
is inhibited by Sub1, which in this case cannot be compensated
by the action of Srb10. Therefore, PIC dissociation, scaffold
complex formation, and consequently, transcription are im-
paired, giving rise to the observed growth defect. Altogether,
our data are consistent with a negative role for Sub1 in tran-
scription preinitiation, favoring Srb10 kinase activity and neg-
atively influencing CTD phosphorylation by Kin28 (Fig. 6).

Sub1 also negatively affects Ctk1 association with chromatin.
Recently, it has been suggested that Ctk1 contributes to scaf-
fold maintenance, as it promotes the dissociation of basal tran-
scription factors from elongating polymerase independent of
its kinase activity (1). It is thus probable that, as suggested by
in vitro studies for its human homolog PC4 (46), Sub1 has the
capacity to repress transcription while promoting PIC forma-

FIG. 6. Model showing how Sub1 might function to regulate RNAP II CTD phosphorylation. In wild-type cells, nonphosphorylated Sub1 joins
the promoter (PROM) (possibly via TFIIB [see references 28, 37, and 60]), contacting the promoter via its DNA binding domain. At that point,
Sub1 interacts with the CDK8 (Srb10) Mediator complex, helping to maintain the PIC in a stable but inactive conformation. Sub1 is then
phosphorylated (possibly by the action of kinases at the PIC, similarly to PC4), losing its DNA binding capacity and promoting clearance of TFIIB
(26, 35). The PIC next changes conformation such that Kin28 can be activated and, with the help of Srb10, promotes PIC dissociation into the
scaffold complex, as well as the recruitment of elongating kinases Ctk1 and Bur1. In contrast, in sub1� cells, Srb10 activity and recruitment are
decreased, while Kin28 recruitment and activity increase, in agreement with TFIIH being negatively regulated by CDK8-containing Mediator
complexes (4, 51). As a result, Ser5P levels are increased, and consequently, Bur1 and Ctk1 association with chromatin is also enhanced (19, 57).
Furthermore, in sub1� cells, there is a reduction in Fcp1 phosphatase levels and its association with chromatin, which induces an additional
increase in Ser2P, impairing RNAP II recycling after transcription termination. Thus, a decrease in RNAP II recruitment is observed in cells
lacking Sub1 (11). Different font sizes in the figure labels indicate the increase or decrease of the corresponding CTD-modifying enzymes in sub1�
versus wt cells.
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tion and, possibly, PIC dissociation into the scaffold complex
through the action of CTD kinases, RNAP II, and TFIIB. In
agreement with this, it has been suggested that Sub1 is a
clearance factor, since it promotes the release of TFIIB from
the promoter by disrupting the interaction between TFIIB and
TATA-binding protein (37).

Additionally, PC4 transcription inhibition correlates with its
ability to inhibit RNAP II phosphorylation by cdk-1, cdk-2, and
cdk-7 in vitro (61). This inhibition is regulated by phosphory-
lation, as unphosphorylated PC4 displayed the kinase inhibi-
tory activity, whereas phosphorylated PC4 was devoid of it.
Sub1 is also likely regulated by phosphorylation, as it can be
phosphorylated in vitro, regulating its capacity to bind DNA
(28).

Sub1 influences CTD Ser5P and CTD Ser2P by different
mechanisms. Our genetic and biochemical studies have pro-
vided evidence that Sub1 has opposing effects on CTD phos-
phorylation at the preinitiation step versus the initiation/elon-
gation steps. Increased Ser5 phosphorylation in cells lacking
SUB1 is the result of increased Kin28 recruitment and kinase
activity. Although SUB1 deletion reduces the levels of the Ser2
phosphatase Fcp1 (11), we have not observed a similar effect
for the Ser5 phosphatase Ssu72 (data not shown). In addition,
we have observed no genetic interaction between SUB1 and
the recently described RNAP II CTD Ser5 phosphatase RTR1
(48; data not shown). These results suggest that Sub1 influ-
ences Ser5 and Ser2 phosphorylation/dephosphorylation by
different mechanisms.

Taken together, our data indicate that the increase in Ser2
phosphorylation observed in the absence of SUB1 is due to as
many as four distinct factors: (i) increased Ctk1 recruitment,
probably due to the effects of Sub1 on PIC formation and/or
dissociation of the scaffold complex; (ii) increased Ctk1 kinase
activity and reduced Fcp1 phosphatase levels (11), in agree-
ment with the fact that Fcp1 and Ctk1 play opposite roles in
CTD Ser2 phosphorylation (16); (iii) the likelihood that some
of the increase in Ser2 phosphorylation is due to the Ser5
phosphorylation increase, as CTD Ser5P is a preferential sub-
strate for Ser2 phosphorylation by Ctk1 (32); and (iv) an in-
crease in Bur1 kinase activity.

A model for Sub1 regulation of the CTD kinases. An impor-
tant question concerns the mechanism(s) by which Sub1 influ-
ences the activity and chromatin recruitment of the four CTD
kinases. Based on our results and those of previous studies, we
propose that the Sub1-Srb10 connection provides the key to
explaining the Sub1 effect on recruitment. Srb10 provides the
kinase activity of the CDK8 (Srb8-11) module of Mediator,
which plays negative roles in the recruitment of RNAP II and
TFIIH. CDK8 sterically blocks Mediator interactions with
RNAP II (20), and Mediator appears to play a critical role in
PIC assembly at the level of TFIIH and TFIIE recruitment
(21). In addition, TFIIH is negatively regulated by CDK8-
containing Mediator complexes in human cells (4), Srb10 in-
hibits KIN28 transcription in yeast (51), and we have observed
that SRB10 deletion increases Kin28 levels and, as a conse-
quence, Kin28-HA kinase activity. And finally, Sub1 is genet-
ically and functionally linked to Mediator (18). Thus, Sub1
might influence CTD kinase recruitment via effects on the
Mediator CDK8 complex. In fact, Sub1 has a positive role in
promoting Srb10 recruitment to the inducible GAL1 gene, the

transcription of which depends on the Srb8-11 and SAGA
complexes (41).

Since Srb10 promoter recruitment and kinase activity were
reduced in sub1� cells, this might suggest that SUB1 deletion
should increase Kin28 levels. However, our results showed that
Kin28 levels were in fact unaltered in cells lacking Sub1. One
possibility is that the decrease in Srb10 activity and/or recruit-
ment due to SUB1 deletion is not sufficient to significantly
affect KIN28 expression, as was observed with SRB10 deletion.
The levels of Srb10 in sub1� cells remained at wt levels, and
this could be sufficient to maintain KIN28 expression at wt
levels. However, the reduction in Srb10 kinase activity brought
about by SUB1 deletion could in turn affect Kin28 activity. For
example, if Srb10 phosphorylates Kin28 or its cyclin partner, as
is the case in mammals (4), this could explain, at least in part,
how SUB1 deletion enhances Kin28 activity and/or promoter
recruitment without increasing its levels.

It is possible, then, that in sub1� cells, Srb10’s inhibitory
effect on Kin28 is reduced, enhancing the recruitment of Kin28
and thereby enhancing the recruitment of Ctk1 subsequent to
PIC formation. This idea is in agreement not only with the
above-described studies indicating an evolutionarily conserved
negative effect of Srb10/Cdk8 on Kin28 but also with recent
work showing that Mediator CDK8 can interact with and re-
cruit P-TEFb to the transcriptional machinery in mammals
(19). Increased Ctk1 activity, along with decreased Fcp1 levels
(11), in sub1� cells will then reduce RNAP II recycling and, as
a result, its recruitment to gene promoters (Fig. 6) (11, 60).

Perhaps most strikingly, the results of our in vitro IP kinase
assays indicate that, in addition to regulating the recruitment
of CTD kinases, Sub1 affects CTD phosphorylation by influ-
encing the activity of all four CTD kinases. We currently do not
understand the biochemical basis for these effects. The altered
kinase activities were not due to the absence of Sub1 in the
sub1� cell IPs because Sub1 did not immunoprecipitate with
any of the CTD kinases in extracts from wt cells, indicating that
Sub1 plays an indirect role in regulating the activities of the
kinases. We also have found no evidence that Sub1 modifies
CTD kinase activities by influencing posttranslational modifi-
cations of the kinases. We thus consider two possible explana-
tions for the effects of Sub1 on the activities of the kinases. One
is that Sub1 enhances the association (or dissociation) of an
unidentified common regulator with the kinases, while the
second is that Sub1 in some way influences kinase conforma-
tion and, thus, accessibility to the CTD. We are currently
investigating these possibilities. In any case, the fact that Sub1
coordinates both the activities and recruitment to active genes
of all four CTD kinases strongly supports an important role for
Sub1 in regulating CTD phosphorylation throughout the tran-
scription cycle.
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