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Three cyclin-dependent kinases, CDK7, -8, and -9, are specifically involved in transcription by RNA poly-
merase II (Pol II) and target the Pol II C-terminal domain (CTD). The role of CDK7 and CDKS kinase activity
in transcription has been unclear, with CDK7 shown to have variable effects on transcription and CDKS8
suggested to repress transcription and/or to target other gene-specific factors. Using a chemical genetics
approach, the Saccharomyces cerevisiae homologs of these kinases, Kin28 and Srb10, were engineered to
respond to a specific inhibitor and the inhibitor was used to test the role of these kinases in transcription in
vivo and in vitro. In vitro, these kinases can both promote transcription, with up to 70% of transcription
abolished when both kinases are inhibited together. Similarly, in vivo inhibition of both kinases together gives
the strongest decrease in transcription, as measured by chromatin immunoprecipitation of Pol II. Kin28 and
Srb10 also have overlapping roles in promoting ATP-dependent dissociation of the preinitiation complex (PIC)
into the Scaffold complex. Using the engineered kinases and an ATP analog, specific kinase substrates within
the PIC were identified. In addition to the previously known substrate, the Pol II CTD, it was found that Kin28

phosphorylates two subunits of Mediator and Srb10 targets two subunits of TFIID for phosphorylation.

An initial step in transcription by RNA polymerase II (Pol
II) is the formation of a preinitiation complex (PIC), in which
Pol IT and the general transcription factors are stably bound at
the promoter but Pol II is not yet in an active state to begin
RNA synthesis (23, 29). In the next step, the DNA helicase
XPB promotes ATP-dependent isomerization of the PIC into
the Open complex. In this state, a single-stranded DNA bubble
is formed spanning the transcription start site, and the tem-
plate DNA strand is pulled into the active site of Pol II. Upon
addition of the remaining nucleotides, polymerase initiates
transcription. In concert with these events, serine 5 in the
C-terminal domain (CTD) of Pol II becomes phosphorylated
independently of Open complex formation (17, 32, 43). In two
cases, this was shown to promote escape of Pol II from the
promoter (2, 18). In addition to Pol II, two general transcrip-
tion factors, TFIIB and TFIIF, dissociate from the promoter
during the initiation process, leaving the remaining general
factors at the promoter in the Scaffold complex (49). In vitro,
this complex can serve as an intermediate in transcription
reinitiation.

Genetic and biochemical approaches have identified four
Saccharomyces cerevisiae cyclin-dependent kinases specifically
involved in transcription: Kin28 (CDK?7), Srb10 (CDKS), Ctk1,
and Burl/Sgvl. The latter two kinases are related to mamma-
lian CDKO9 (32). All four of these kinases are known to phos-
phorylate the Pol II CTD, but each plays a different role in
gene expression. Kin28 is an essential gene and is a subunit of
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the general factor TFIIH, but the role of Kin28/CDK?7 kinase
activity in transcription is controversial. Northern and genome-
wide expression analyses have shown that Kin28 is required for
normal levels of Pol IT transcripts (16, 45). Kin28 activity is also
required for binding of capping enzymes to the phosphorylated
CTD (21, 38). However, studies examining the effect of Kin28
on transcription using chromatin immunoprecipitation (IP)
have given contradictory results as to the importance of Kin28
(21, 38). Likewise, in vitro studies using the kinase inhibitor H8
or mutations in Kin28 or human CDK?7 that reduce kinase
activity have shown effects on transcription ranging from none
to strong dependence (2, 17, 18, 20, 25, 39).

Srb10, originally identified as a suppressor of CTD trunca-
tions, is a nonessential subunit of the Mediator complex. Me-
diator binds RNA Pol IT and is required for yeast transcription
in vivo and in vitro in cellular extracts (23). Genetically, Stb10
has been found to act both positively and negatively in gene
expression. On a genome-wide scale, deletion of Srb10 dere-
pressed expression of 173 genes in rich glucose medium (16).
In other studies, mutation of Srb10 was found to induce ex-
pression of genes repressed by glucose, mating type-specific
genes, and genes involved in stress response and in nutrient
foraging (9). Consistent with a repressive function, it was found
that Srb10 could phosphorylate and inactivate Pol II in vitro
prior to PIC formation (14). CDKS, the mammalian homolog
of Srb10 in the Mediator complex NAT, was found to repress
transcription in vitro by phosphorylation of cyclin C, the co-
factor for CDK?7 (1). In contrast, Srb10 is required for efficient
activation of transcription by both Gal4 and Sip4 (15, 46).
Finally, it was found that Srb10 phosphorylation of the activa-
tors Gend and Stel2 destabilizes these proteins (10, 27).

Both yeast Ctkl and Burl/Sgvl are related to mammalian
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CDKO9 (32). CDKO is a subunit of the factor P-TEFb that
stimulates Pol II elongation by counteracting the action of
negative factors NELF and DSIF (30). Genetically, Ctkl and
Burl are suggested to be elongation factors, since mutations in
both cause sensitivity to 6-azauracil and each shows genetic
interactions with known Pol II elongation factors (32). How-
ever, these two kinases may have different targets, as BURI is
an essential gene whereas CTK1 is not.

In contrast to the very stable PIC, the Open complex is
unstable. In the human system, purified PICs rapidly lose ac-
tivity when treated with ATP (8). In the yeast system, PICs
incubated with ATP rapidly dissociate into the Scaffold com-
plex, which contains all PIC components except Pol 11, TFIIB,
and TFIIF (49). Scaffold complexes formed by addition of ATP
alone or by addition of all four nucleotides appear identical
(35, 49). This destabilization of Pol II may be required for
productive transcription, allowing Pol II to escape the pro-
moter. Scaffold complex formation requires a hydrolyzable
form of ATP; therefore, it is possible that one or more of the
kinases identified above are involved in PIC dissociation to the
Scaffold complex. To investigate the role of kinase activities in
transcription and Scaffold complex formation, we have used a
chemical genetics approach (4, 5) to specifically inhibit indi-
vidual kinases in vivo and in vitro. Surprisingly, we found that
Kin28 and Srb10 have overlapping roles in promoting tran-
scription and in formation of the Scaffold complex. We have
also identified new unexpected targets of these kinases within
the transcription machinery.

MATERIALS AND METHODS

Yeast strains. Strains with triple Flag epitope tags at the C terminus of coding
regions were derivatives of BY4705 (7) or BJ5460 (19). These strains were
constructed using the vector p3FLAG-KanMX as described previously (13) or
p3FLAG-Hyg (a gift from T. Tsukiyama).

The Kin28 L83G allele was generated by in vitro mutagenesis, and the gene
was cloned into the integration vector pRS306 (42) to generate plasmid pSH573.
This plasmid was cut in the Kin28 coding sequence with HindIII and transformed
to strain BY4705, selecting for Ura™ integrants. Strains which had lost the
wild-type KIN28 gene, leaving kin28 L83G at the KIN28 chromosomal locus,
were selected on 5-fluorouracil plates, screened for sensitivity to NA-PP1, and
confirmed by PCR amplification and sequencing of the KIN28 locus. This strain
was triple Flag epitope-tagged at Kin28 as above to create strain SHY483.
Western analysis showed that the nontagged kin28 L83G strain (SHY473) had
two- to threefold lower levels of Kin28 protein than wild-type cells, probably due
to lower stability of the mutant protein. To compensate for this, the strain was
transformed with plasmid pSH579 containing the kin28 L83G allele on an ARS
CEN URAS3 vector. The resulting strain, SHY508, contained levels of Kin28
L83G protein comparable to Kin28 in wild-type strains. SHY508 was used for the
biochemical studies described in this paper.

To create the Srb10 Y236G strain, the SRB10 open reading frame was first
replaced by the KanMX gene in strain BY4705. This strain was transformed with
plasmid pSH599 (ARS CEN srb10 Y236G) to create strain SHY543. To create
the kin28 srb10 double analog-sensitive mutants, the SRBI0 gene was deleted
from SHYS508 and then transformed with pSH599 to create strain SHY549.

For purification of the CAK complex containing Tfb3, Ccll, and Kin28, the
TFB3 gene was tandem affinity purification (TAP) tagged in either wild-type or
Kin28 L83G strains as described previously (36) to create strains SHY405 and
SHY532. To purify Srb10 kinase by IP, in vitro mutagenesis was used to triple
Flag tag the C terminus of the SRB10 and srb10 Y236G genes on an ARS CEN
plasmid. These plasmids were used to transform a Asrb10 strain to create strains
SHY607 (SRB10-Flag3) and SHY608 (srb10 Y236G-Flag3).

Yeast growth assays. To test the sensitivity of strains to PP1 derivatives, 12 pl
of a saturated yeast culture grown in yeast extract-peptose-dextrose (YPD)
medium was diluted in 2.5 ml of YPD top agar (1% agar) and plated to YPD
plates. A 6-mm disk of 3MM paper (Whatman) was placed on top of the agar and
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spotted with 3 pl of 1 or 10 mM NA-PP1 or NM-PP1 in dimethyl sulfoxide. Plates
were incubated 14 to 24 h at 30°C.

Preparation of kinase complexes and in vitro kinase assay. Kin28 complexes
(CAK) were purified by the TAP-tag purification method (36) with the following
modifications. Whole-cell extracts (WCE) (~300 mg of protein) made from
SHY405 and SHY532 were loaded onto a 5-ml immunoglobulin G-Sepharose
column (Amersham Biosciences). After extensive washing with buffer A (20 mM
HEPES [pH 7.9], 300 mM potassium acetate [KOAc], 0.5 mM EDTA, 10%
glycerol, 0.05% NP-40, 1 mM dithiothreitol [DTT], and protease inhibitors), the
resin was incubated with 6 U of TEV-protease per mg of WCE at 16°C for 4 h.
The supernatant was made 2 mM in CaCl, and diluted four times with buffer B
(20 mM Tris [pH 8.0], 300 mM KOAc, 1 mM MgOAc, 1 mM imidazole, 2 mM
CaCl,, 10% glycerol, 0.01% NP-40, 2 mM DTT, and protease inhibitors). It was
then loaded onto a 0.8-ml calmodulin affinity column (Stratagene), washed with
buffer B, and eluted with buffer C (20 mM Tris [pH 8.0], 300 mM KOAc, 1 mM
MgOAc, 1 mM imidazole, 3 mM EGTA, 10% glycerol, 0.01% NP-40, 2 mM
DTT, and protease inhibitors). Fractions containing CAK were collected and
concentrated by using Centricon 30 (Millipore). Srb10 complexes were immune
precipitated from nuclear extracts made from SHY607 (SRB10-Flag3) and
SHY608 (srb10 Y236G-Flag3) strains. Typically, 0.5 mg of nuclear extract was
preincubated with 10 pl of protein G beads for 1 h. After brief centrifugation, the
supernatant was incubated with 3 .l of anti-Flag M2 antibody for 2 h at 4°C, and
then 10 pl of fresh protein G beads was added for an additional 1 h. The beads
were then washed extensively with buffer D (20 mM Tris [pH 7.5], 150 mM NaCl,
1 mM EDTA, 10% glycerol, 0.05% NP-40, 2 mM DTT, and protease inhibitors)
and resuspended in transcription buffer for kinase assay.

The substrate glutathione S-transferase (GST)-CTD, used in the kinase assay,
contained the entire Rpbl CTD from amino acids 1534 to 1733 fused to GST,
cloned in the vector pPGEX-5X-1 (Amersham), and was purified from Escherichia
coli using glutathione-Sepharose. For both Kin28 and Srb10 kinase assays, 1 pg
of GST-CTD was added to kinase complex in a 20-l reaction volume containing
transcription buffer plus phosphatase inhibitors (1 mM NaN,, 1 mM NaF, 0.4
mM NaVO3;, and 0.4 mM Na;VO,). Various amounts of NA-PP1 immediately
followed by 600 uM ATP-5 pCi of [y-*?P]ATP was then added for 4 min (for
Kin28 assay) or 30 min (for Srb10 assay) at room temperature. The reactions
were stopped by adding NuPAGE LDS sample buffer (Invitrogen), resolved by
4-t0-12% NuPAGE gel, and quantitated by PhosphorImager (Molecular Dynam-
ics).

Transcription. Plasmid template transcription was carried out as described
previously (35) except that phosphocreatine and creatine phosphokinase were
omitted from transcription reaction mixtures and another transcription buffer
(20 mM HEPES [pH 7.6], 100 mM KOAc, 0.05 mM EDTA, 3.5% glycerol, 2.5
mM DTT) was used. After PICs were formed by incubating nuclear extract,
activator Gal4-AH, and plasmid pSH515 for 40 min, various concentrations of
NA-PP1 immediately followed by 250 uM nucleoside triphosphates (NTPs) were
added for 4 min to give a single round of initiation.

Immobilized template transcription was performed as described previously
(35) with the following modifications. PICs were assembled by incubating nuclear
extract, activator Gal4-AH, and the immobilized template for 40 min and then
washed with transcription buffer plus 0.05% NP-40 three times. To initiate
transcription, various concentrations of NA-PP1 immediately followed by 600
M NTP were added for 4 min at room temperature.

Immobilized template assay. PIC formation was performed as described pre-
viously (49) except for the modifications described above. PIC dissociation ex-
periments were performed as described elsewhere (49) with the following mod-
ifications. After washing, PICs were resuspended in 50 wl of transcription buffer
containing 0.025% NP-40 and 1 ug of Haelll-digested E. coli DNA competitor.
Various concentrations of NA-PP1 immediately followed by 600 uM ATP-10
wCi of [y->*P]ATP were added for 4 min at room temperature. The supernatants
were removed and precipitated with trichloroacetic acid. The templates were
washed once and digested with PstI to isolate the Scaffold complexes. All samples
were analyzed by a 4 to 12% NuPAGE or a 3 to 8% Tris-acetate gel (Invitrogen)
and electroblotted to polyvinylidene difluoride membranes. Phosphorimager and
Western blot analysis were performed on the same membrane using the methods
described previously (35).

32P labeling of N°-benzyl-ATP. [y->*P]N®-benzyl-ATP was produced by a
method described previously (31). Briefly, 10-His-tagged nucleoside-diphosphate
kinase (NDPK) was overexpressed and purified from E. coli cells by using a
HIS-Select HC nickel affinity gel (Sigma). NDPK was then bound to iminodi-
acetic acid-Co?* Sepharose beads (Sigma) in a Bio-Spin column (Bio-Rad).
After washing, [y->*P]ATP was loaded to the column to produce a population of
autophosphorylated NDPK. The column was then washed with buffer to remove
residual [y-**P]ATP and then washed with N°-benzyl-ADP to yield an eluted



VoL. 24, 2004

A

TWO KINASES PROMOTE Pol II TRANSCRIPTION 1723

<® Q\'bq' Q\‘bq’ ,C\Qo 0\0
& & NE: é\\" @
| 1] ] 1 Lo | |
NE PIC NE PIC NE PIC PIC PIC
Buri-Flag —» = e —
Ctk1-Flag —> w— TFIB —>
Kin28-Flag — > : v e Kin28 —> = e

Srtbd — - =-—

TBP —>

TOA2 — o —— . —

Srb10—>

Srb4d —

TBP —>

FIG. 1. Burl and Ctkl are not PIC components. (A) Nuclear extracts (NE) made from Kin28-Flag, Burl-Flag, and Ctk1-Flag strains were
incubated with the immobilized template for 40 min. PICs were isolated and analyzed by Western blotting. The top panel was probed with the
anti-Flag M2 antibody. The asterisk indicates the position of Kin28-Flag, Burl-Flag, or Ctk1-Flag protein. The lower three panels were probed with
antibodies directed against known PIC components. The experiment shown in panel B is the same as that in panel A but demonstrates that Srb10

is a stable PIC component (24).

mixture of N°benzyl-ADP and [y->*P]N®-benzyl-ATP. Following quantitation,
the product was used in substrate labeling experiments.

Substrate labeling by [y-*>P]N®-benzyl-ATP. The substrate labeling experi-
ments were performed the same as the immobilized template assay described
above, except that 1 to 5 nCi of [y->’P]N°-benzyl-ATP was used instead of
[y-32P]ATP.

Chromatin IP analysis. Strains containing the indicated wild-type or analog-
sensitive kinase (as-kinase) mutations were grown at 30°C in synthetic glucose
medium containing only required amino acids. At an A4y, of ~1.5, cultures were
split into two and NA-PP1 was added to one culture at a final concentration of
6 wM. Strains were incubated at 30°C with shaking for an additional 12 min.
Formaldehyde was added to each culture to a final concentration of 1% and
incubated for 10 min at room temperature. Cross-linking was stopped by the
addition of 125 mM glycine followed by a 5-min incubation. Cells were harvested
and lysed, and extracts were made essentially as described previously (22). DNA
was sonicated to obtain an average size of ~300 bp. IPs used 1 mg of protein
extract and 5 wl of polyclonal aRpb3, or no antibody, as a control. After incu-
bation of antibody with extract at 4°C for 3 h, protein A-Sepharose was added for
an additional 1 h. Beads were collected and washed a total of eight times and
eluted twice with buffer containing 1% sodium dodecyl sulfate (SDS) at 65°C.
Cross-linking was reversed overnight at 65°C, and DNA was isolated using the
QIAquick PCR purification kit (Qiagen). Input DNA was purified from 0.01 mg
of protein extract. PCRs used the ADHI1 (—255, —13; 844, 1013) and PMA1
(—370; 2018, 2290) primers described in reference 21. Primer PMA1 —370 was
paired with primer PMA1_M47, CAATGATTTTCTTTAACTAGCTGGGG.
The intergenic primers were complementary to a sequence beyond the end of the
Gall gene: GCTTTCAACCGCTGCGTTTTGG and CTGCATCTCGTCAGT
TGGCAAC. A 20-ul PCR volume included 2 p.Ci of [a-**P]dCTP, and ampli-
fication conditions were 95°C for 2 min; 95°C for 30 s, 52°C for 30 s, and 72°C for
1 min for 26 cycles; and 72°C for 3 min. The IP/input (IN) ratio of DNA used in
PCR for each replicate was 1:2. All samples were assayed as a titration of four
replicates to confirm linearity and quantified by phosphorimager. The ratio of
IP/IN was calculated for each replicate and adjusted for background by subtract-
ing the corresponding intergenic IP/IN ratio. These results were used to deter-

mine the means from two independent experiments. The averages and standard
deviations for those experiments are shown below graphically in Fig. 4B.

Extracts and antibodies. Nuclear and small-scale WCE were prepared as
described on the Hahn Laboratory website (www.fhcrc.org/labs/hahn). Monoclo-
nal Rpbl antibodies SWG16 and H14 were purchased from Covance Co., and
YN-18 was obtained from Santa Cruz Biotechnology. Anti-TAF2 antibody was a
gift from R. Tjian. Other antibodies used in this study have been described
previously (24, 35).

RESULTS

Kin28 and Srb10, but not Burl or Ctkl, are stably associ-
ated with PICs. The four kinases specifically implicated in
transcription, Kin28, Srb10, Burl, and Ctk1, are candidates for
promoting the Scaffold complex formation. Among them,
Kin28 and Srb10 were shown to be PIC components (Fig. 1)
(24, 29, 34). Using chromatin IP, Ctk1 has been localized near
promoter regions, but it was not distinguished if Ctkl is a
stable PIC component or associates with newly elongating
RNA Pol II (11). To investigate whether Ctkl and Burl are
stable PIC components, the immobilized template system was
used to form PICs with extracts made from strains containing
C-terminal Flag-tagged Burl, Ctk1, or Kin28. Although similar
levels of the three Flag-tagged kinases were present in the
nuclear extracts, Burl and Ctkl were not detectable in the
PICs by Western blotting (Fig. 1). In contrast, Kin28 was
clearly enriched in the PIC compared to nuclear extract. Other
known PIC components, such as Srb4, Tfbl, TBP, and Toa2,
were also probed by Western analysis and shown to be equiv-
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alent in PICs formed by all three Flag-tagged extracts. These
results show that Ctkl and Burl are not stable PIC compo-
nents and suggest that either Kin28 and/or Srb10 could be the
kinase responsible for PIC dissociation. Mass spectrometry
analysis of yeast PICs formed by the same methods used here
has not detected the presence of any other kinases in yeast
PICs (33).

Specific inhibition of Kin28 and Srb10 kinases. To investi-
gate the roles of Kin28 and Srb10 in transcription, we first
attempted to use several nonspecific kinase inhibitors, includ-
ing HS8, which has been previously used to test the role of
mammalian CDK7. However, none of the inhibitors tested
reduced either transcription or CTD phosphorylation in the
yeast nuclear extract system (N. Yudkovsky, personal commu-
nication). We also attempted to express a dominant-negative
Kin28 mutant in yeast in order to purify the mutant kinase.
Unfortunately, this lethal mutation severely inhibited cell
growth in heterozygous diploids (N. Yudkovsky, personal com-
munication). As an alternative, we used a chemical genetics
strategy that allowed specific inhibition of individual kinases by
a small molecule inhibitor (4, 5). In this approach, a specific
conserved bulky residue in the kinase ATP binding pocket is
mutated to either glycine or alanine, resulting in an enlarged
pocket that is not present in other endogenous kinases. Chem-
ically modified PP1 derivatives, such as NA-PP1 (Fig. 2A), can
specifically fit into the enlarged nucleotide binding pocket and
inhibit kinase activity of these analog-sensitive (as) mutants.
For the c-Src kinase, enlarging the ATP binding pocket by this
method affected the structure of the nucleotide binding pocket
without affecting the phospho-acceptor binding site (47). Fur-
ther, the peptide substrate specificities of the wild type and
as-kinases were identical, as determined using a degenerate
peptide library, consistent with the identical structures of the
phospho-acceptor binding site in both enzymes (47).

Using this strategy to create kinase-as mutations, yeast
strains containing Kin28 L83G, Srb10 Y236G, or Kin28 L83G/
Srb10 Y236G double mutants were constructed and tested for
growth inhibition by the PP1 derivatives. NA-PP1 had no effect
on growth of the wild-type strain but strongly and equivalently
inhibited growth of the Kin28-as and Kin28-as/Srb10-as double
mutant (Fig. 2A and data not shown). In contrast, NA-PP1
added to the Srbl0-as strain had no detectable effect in this
assay, since Srb10 is not an essential gene (data not shown). All
strains were engineered to express the as-kinase mutants at
levels equivalent to the endogenous wild-type kinases (see Ma-
terials and Methods). None of these strains showed any obvi-
ous growth phenotypes, such as heat or cold sensitivity.

To further characterize the inhibitor sensitivity of the mu-
tant kinases, in vitro kinase assays were performed using GST-
CTD as a substrate. To mimic the experimental conditions of
the Scaffold formation and transcription assays, the kinase
assay was conducted in transcription buffer and 600 uM ATP/
[y->*P]ATP. Purified yeast CAK complexes containing Ccll,
TAP-tagged Tfb3, and either Kin28 or Kin28-as were used in
the GST-CTD kinase assay (Fig. 2B, upper panel). Under
these reaction conditions, 6 pM NA-PP1 almost completely
inhibited Kin28-as activity but had little effect on wild-type
Kin28 activity. Western analysis of the CAK complexes (Fig.
2B, lower panel) confirmed that equivalent amounts of Kin28
and Kin28-as were used in the kinase assay. To test the sensi-
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tivity of Srb10-as kinase to NA-PP1 inhibitor, immune precip-
itates from Srb10-Flag and Srb10-as-Flag extracts were tested
(Fig. 2C, upper panel). Again, equivalent amounts of wild-type
and mutant kinases were used in the in vitro assay (Fig. 2C,
lower panel). The activity associated with Srb10-as kinase de-
creased dramatically with increasing NA-PP1 concentrations.
The 6 wM concentration of NA-PP1 inhibited kinase activity
about 90%, whereas the activity of Srb10 wild type was not
affected. Two other phosphorylated polypeptides were ob-
served in this assay (Fig. 2C, upper panel) and were likely due
to background phosphorylation of nonspecifically precipitated
proteins by other kinases in the immune precipitates, since
they were also seen in control reactions using strains lacking
any Flag tag (lane 12).

Both Kin28 and Srb10 can promeote transcription in vitro.
The Kin28-as and Srb10-as strains were next used to investi-
gate the role of the kinases in transcription. These experiments
were performed using PICs isolated on immobilized promoter
templates (Fig. 3). Nuclear extracts and the activator Gal4-AH
were incubated with the immobilized HIS4 promoter contain-
ing a single upstream Gal4 binding site (34). PIC formation
was allowed to proceed for 40 min, and then PICs were washed
and resuspended in transcription buffer. NA-PP1 was added,
immediately followed by all four NTPs, and the reactions were
then incubated for 4 min, giving approximately a single round
of initiation. Primer extension assay of RNA synthesized is
shown in the top panel of Fig. 3A, and the results are quanti-
tated in the lower panel. A 12 uM concentration of NA-PP1,
which completely inhibited Kin28-as kinase activity (Fig. 2),
reduced transcription only 40% (lane 7). Under the same con-
ditions which inhibit Srb10 kinase activity ~95% (Fig. 2), in-
hibition of Srb10 alone did not significantly reduce transcrip-
tion. In contrast, inhibition of both kinases together gave a
70% reduction of transcription (lane 14). Similar results were
seen using plasmid promoter templates where the transcription
reaction was done in the presence of nuclear extract instead of
using purified PICs (data not shown). To compare this unex-
pected result with the effect of genetic mutations in the two
kinases, extracts were made from strains containing either a
Kin28 ts mutant (45) or a Kin28-as Asrb10 double mutation.
Consistent with the above results, addition of 24 WM NA-PP1
inhibited transcription by 80% in the Kin28-as Asrb10 extract
(Fig. 3B, lanes 5 and 6). In contrast, transcription was inhibited
only 50% in the kin28 ts extract when compared to addition of
saturating amounts of purified wild-type CAK complex to the
mutant extract (Fig. 3B, lanes 9 and 10). Taken together, our
results demonstrate that both Kin28 and Srb10 can stimulate
transcription with Kin28, the dominant kinase, able to promote
normal levels of transcription in the absence of Srb10. How-
ever, when Kin28 is inhibited, Srb10 can promote significant
levels of transcription. This is in contrast to previous models
for Srb10 function where it was thought to have either no role
or an inhibitory function in general transcription. The low level
of transcription remaining when both Srb10 and Kin28 were
inhibited may be due to either kinase-independent transcrip-
tion, incomplete inhibition of Kin28 and/or Srb10, or transcrip-
tion dependent on other kinase activities in the reaction. As
described below, other kinase activities that are not sensitive to
NA-PP1 are present in the purified PICs.



VoL. 24, 2004 TWO KINASES PROMOTE Pol II TRANSCRIPTION 1725

A Wild-Type Kin28-as

s
1-NA-PP1 1 mM NA-PP1
B Cc
Purified Kin28 Srb10 IP
complexes: Kin28-as Kin28-wt complexes: Srb10-as-Flag Srb10-wt-Flag No tag wt
r 1T 1 r 17 1 —
NA-PP1(uM): 0 00702 06 2 6 O0 00702 06 2 & NA-PP1(uM): 0 0.2 06 2 6 12 24 0 6 12 24 0
-—
-
GSTCTD—> M WSS GSTCTD
N re h re _
1 2 3 4 5 6 7 8 9 10 11 12 8 9 10 11 12
120 120
g 100 g 100 =
2 2
£ ®0 Z w0
E 60 G 60
& 40 2 40
g g
S 20 g 20
0 0
Kin28-as Kin28-wt Srb10-as Srb10-wt
S O
o 4{\, g\? g\ é\
& & s
Purified Kin28 *}é" & Srb10 IP & &
complexes: complexes: =) =) -

Kin28 —> e w— - - ﬂ

Tib3-Flag—» s a——
Srb10-Flag—>» = = = =

Western blot
Western blot

FIG. 2. Inhibition of Kin28-as and Srbl0-as activities by NA-PP1. (A) Growth inhibition of either wild-type or Kin28-as strains. Three
microliters of 1 mM NA-PP1 was spotted on a 0.6-cm filter disk placed on a soft agar plate containing the indicated strain and incubated for 16 h
at 30°C. The structure of NA-PP1 is shown. (B) Kin28-as or Kin28 wild-type (wt) complexes were purified from yeast WCE as described in
Materials and Methods. The effects of NA-PP1 on the kinase activities of these complexes were assayed using GST-CTD as a substrate. Reactions
were performed in transcription buffer containing 600 uM ATP-5 wCi of [y-**P]ATP. After SDS-PAGE, the phosphorylated GST-CTD was
quantitated by phosphorimaging. The activities of Kin28-as (lane 1) and Kin28-wt (lane 7) were normalized to 100%. Shown below is Western
analysis of equal amounts of the two Kin28-purified complexes. (C) Immune precipitates from Srb10-as-Flag, Srb10-wt-Flag, and untagged strains
were assayed for kinase activities in the presence of increasing amounts of NA-PP1. Reactions and quantitation were performed as described for
panel B. Immune precipitate from an untagged strain was used as a control. The lower panel is a Western analysis of equal amounts of the anti-Flag
immune precipitates.

Both Kin28 and Srb10 can promote transcription in vivo. To Therefore, when Kin28 is inhibited, the association of Pol II
examine the role of these kinases in vivo, we analyzed strains with coding regions of transcribed genes measured by chro-
containing the kinase-as mutations for Pol II transcription with matin IP is likely a better measure of transcription (21, 38).
or without NA-PP1 addition. As described above, it is likely NA-PP1 added to yeast at concentrations below 10 uM was
that Kin28 kinase activity is required for mRNA stability. previously shown to specifically inhibit as-kinase activity (5).
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saturating amount of purified wild-type CAK was added.
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Exponentially growing cells were incubated with 6 pM NA-
PP1 for 12 min and cross-linked with formaldehyde for 10 min,
and then chromatin was isolated and analyzed using chromatin
IP. Western analysis of total cell protein (data not shown)
demonstrated that this brief treatment gave a significant de-
crease in the level of the Pol Ilo form in both the Kin28-as
and Srb10-as/Kin28-as double mutant but not in wild-type or
Srb10-as strains. To measure association of Pol II cross-linked
to DNA, antiserum against the Pol II subunit Rpb3 was used in
the IPs, as binding of this antibody is independent of the
phosphorylation state of the CTD. Comparisons below are
made for Pol II cross-linking in cultures either with or without
the 12-min drug treatment.

Strikingly, we found that the in vivo cross-linking results
paralleled those seen in vitro for the positive role of the two
kinases in transcription (Fig. 4). In Fig. 4B, the chromatin
IP/IN DNA signal was plotted as a ratio of the signals observed
with or without addition of NA-PP1. Addition of inhibitor to
the Kin28-as strain gave a 2.6-fold decrease in Pol II cross-
linking at the PMA1 open reading frame. In agreement with
the in vitro results, addition of inhibitor to the Kin28-as
Srb10-as double mutant strain gave a stronger reduction in Pol
II cross-linking, with a 5.7-fold decrease compared to the wild-
type strain. Similar results were seen at the ADH1 open read-
ing frame. Inhibition of both kinases together caused nearly a
twofold greater decrease in Pol II cross-linking compared to
inhibition of Kin28 alone. In contrast, inhibition of Srb10 alone
did not give a significant decrease in Pol II cross-linking at
either ADH1 or PMA1. We also probed for Pol II cross-linking
using PMA1 and ADHI1 probes which detect Pol II at both the
promoter and the 5’ end of the coding sequence. Interestingly,
inhibition of Kin28 or Srb10 alone did not cause a significant
decrease in Pol II cross-linking at either promoter. In contrast,
inhibition of Kin28 and Srb10 together caused a significant
decrease in Pol II cross-linking. This decrease could be due to
either instability of the PIC and/or a decrease in Pol II at the
5" end of the coding sequence.

Kin28 and Srb10 possess the activity responsible for PIC
dissociation. To investigate the roles of Kin28 and Srb10 in
PIC dissociation, PICs were formed on immobilized templates;
various concentrations of NA-PP1 were added and immedi-
ately followed by ATP/[y-**P]ATP addition. After incubation
for 4 min, factors released into the supernatant and factors
remaining on the promoter template were analyzed by West-
ern blotting (Fig. 5). [y-**P]JATP was added to detect phos-
phorylation and will be addressed below. Little effect of NA-
PP1 was observed on the dissociation of PICs containing
wild-type kinases or the Srb10-as kinase. In contrast, PIC dis-
sociation was reduced when Kin28 alone or both Kin28 and
Srb10 were inhibited. Increasing levels of NA-PP1 blocked the
release of factors (Pol II, IIF, and IIB) into the supernatant
and increased the level of factors remaining on the promoter
(Fig. 5). PIC components that do not normally dissociate were
not affected (TBP and Srb4). The inhibition of PIC dissocia-
tion was more complete when both Kin28 and Srb10 were
inhibited compared to inhibiting Kin28 alone. Comparing West-
ern blotting signals when 6 wuM NA-PP1 inhibitor was used
(Fig. 5B), up to 70% inhibition of Pol II, TFIIB, and TFIIF
release was observed in the double mutant strain compared to
at most 30% inhibition in the Kin28-as single mutant. From
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these results, we conclude that Kin28 and Srb10 kinase activ-
ities both promote PIC dissociation into the Scaffold complex.
PIC dissociation is accompanied by phosphorylation of the
Pol II CTD by Kin28 and Srb10. To investigate the activity of
Kin28 and Srb10 kinases on Pol II CTD phosphorylation dur-
ing Pol II dissociation, the membrane from the experiment of
Fig. 5 was analyzed for *?P incorporation to examine the effect
of inhibiting Kin28 and Srb10 on Pol II phosphorylation. Fig-
ure 6A shows the phosphorimage of the membrane containing
factors released from the template upon ATP addition. Inhi-
bition of Srb10 alone had little effect on the amount of phos-
phorylated Pol II released (Fig. 6A, lanes 9 to 12). When Kin28
was inhibited, the phosphorylated Pol II released was reduced
by 30% at 6 .M and by 80% at 24 .M NA-PP1 (Fig. 6A, lanes
5 to 8). In contrast, when both Kin28 and Srb10 were inhibited,
the amount of phosphorylated Pol II released was reduced by
70% at 6 .M and by 90% at 24 pM NA-PP1 (lanes 13 to 16).
To examine this in more detail, samples from a PIC disso-
ciation experiment were analyzed for the state of Pol II phos-
phorylation by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) using a 3-to-8% Tris-acetate gel to separate different
phosphorylated forms of Rpb1 (Fig. 6B). For this analysis, the
Western blot was probed with antisera to the N terminus of
Rpbl. As expected, PICs contained the nonphosphorylated I1a
form of Pol II. Without NA-PP1, addition of ATP to all ex-
tracts led to multiple phosphorylation of the CTD, giving the
slower-mobility ITo form. This result showed that the wild-type
and mutant kinases were equally capable of processive CTD
phosphorylation. In the Kin28-as mutant extract, NA-PP1 in-
hibited this processive phosphorylation, and Pol II remaining
on the template was found equally in the Ila form and in a
form of intermediate mobility, labeled ITo*. In contrast, in a
PIC with both Kin28-as and Srb10-as enzymes, NA-PP1 almost
completely inhibited the shift of Pol II into any slower-mobility
forms. Together, the results of Fig. 6 demonstrate that both
Srb10 and Kin28 are the primary kinases responsible for CTD
phosphorylation upon formation of the Scaffold complex.
Identification of other specific targets of Kin28 and Srb10
kinases. From the above results and from previous studies, it is
clear that both Kin28 and Srb10 phosphorylate the CTD in the
PIC. However, whether these kinases have any specific targets
in other general factors or coactivators when present in the
PIC has not been examined. To determine if Kin28 and Srb10
target any other PIC components for phosphorylation, the
labeling of proteins in the Scaffold complex and supernatant by
[y->*P]ATP was examined (Fig. 7A, lanes 1 to 6). From this, it
was apparent that many PIC components and probably other
contaminating factors on the immobilized templates become
phosphorylated upon addition of ATP. When these reactions
were performed using the Kin28-as Srb10-as double mutant
extract with added NA-PP1, phosphorylation of these factors
apart from Rpb1 was not obviously inhibited, strongly suggest-
ing the presence of other kinases on the immobilized templates
(data not shown). Since these other kinases were not detected
by mass spectrometry analysis, they are more likely present at
substoichiometric levels compared to authentic PIC compo-
nents. To test for specific phosphorylation of PIC components
by Kin28 or Srb10 that may have been masked by this back-
ground phosphorylation and to separately identify the targets
of the two kinases, we again used the as-kinases. It was previ-
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FIG. 4. Inhibition of Kin28 and Srb10 in vivo. (A) Representative chromatin IP data from one experiment. The indicated strains were either
treated or not treated with 6 uM NA-PP1 for 12 min and cross-linked with formaldehyde, and sheared DNA was isolated. Pol II cross-linking was
assayed by IP with Rpb3 antisera followed by quantitative PCR. For all samples, a series of four different DNA concentrations were used for PCR
in the linear range of the assay. Shown are PCR products of representative IN or IP samples. (B) Quantitation of results from two separate
chromatin IP experiments. Results are plotted as the ratio of signals seen with and without NA-PP1 treatment.
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FIG. 5. Inhibition of Kin28 and Srb10 kinases inhibits PIC dissociation. PICs were assembled on the immobilized template using nuclear
extracts (NE) made from wild-type, Kin28-as, Srb10-as, and Kin28-as Srb10-as strains. Variable amounts of NA-PP1 along with 600 uM ATP-10
nCi of [y-**P]ATP were added for 4 min. (A) Scaffold complexes (Scaf) were washed, isolated by PstI digestion, and analyzed by Western blotting
for the indicated factors. Factors in the PIC without ATP addition (PIC) are shown for comparison. (B) Factors released from the PIC upon ATP
addition into the supernatant (Sup) (Pol II, IIB, and IIF) were recovered and analyzed by Western blotting.

ously shown that as-kinases with the enlarged ATP binding
pocket can often use the modified ATP analog N°-benzyl-ATP
much more efficiently than other wild-type kinases, allowing
direct identification of substrates for the engineered kinase
(31, 40, 41). In addition, it was shown that an as-kinase utilizing
N°®-benzyl-ATP had the same polypeptide substrate specificity
as a wild-type kinase with ATP substrate (47).

PIC dissociation was performed as before except that ATP/
[y->*P]N®-benzyl-ATP was added. For Kin28-as, three major
polypeptides of 191, 97, and 39 kDa were phosphorylated (Fig.
7A, lanes 8 and 10). The majority of the 191-kDa protein
dissociated into the supernatant, whereas the 97- and 39-kDa
proteins mostly remained in the Scaffold. The total phosphor-
ylation signal of the 191-kDa protein was about 20-fold stron-
ger than that observed in the 97- and 39-kDa polypeptides. For
Srb10-as, many polypeptides were phosphorylated at a low
level; however, the phosphorylation levels of three polypep-
tides of 191, 150, and 90 kDa were strongest (Fig. 7A, lanes 15
and 16). In contrast to the Kin28 substrates, the phosphoryla-

tion levels of all three Srb10 substrates were similar. In both
the Kin28-as and Srbl0-as labeling experiments, wild-type
PICs were assayed as controls, and the N°-benzyl-ATP-phos-
phorylated proteins could barely be observed (lanes 7, 9, 12,
and 13), confirming the specificity of these assays.

Labeling of Kin28 and Srb10 substrates is inhibited by
NA-PP1. Earlier, it was shown that the phosphorylation of
GST-CTD by the purified as-kinases was inhibited by NA-PP1
(Fig. 2). However, this did not directly address whether the
as-kinases could be inhibited when assembled into the PIC and
their natural substrates were modified. To examine this, we
tested if phosphorylation of the specific substrates identified
above using N°-benzyl-ATP could be inhibited by NA-PP1.
Kin28-as and Srbl0-as Scaffolds were formed as before by
adding ATP/[y-**P]N°®-benzyl-ATP in the presence of increas-
ing amounts of NA-PP1. Samples were resolved by SDS-
PAGE. The labeling of both Kin28 and Srb10 substrates was
greatly reduced with increasing NA-PP1 concentration (Fig.
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FIG. 6. Inhibition of Kin28 and Srb10 kinases inhibits phosphorylation of the Pol II CTD. (A) Phosphorylated Pol II released into the
supernatant (Sup) during Scaffold complex formation. Phosphorimager analysis was performed on the membrane containing the supernatants (Fig.
5), and the quantitation of the phosphorylated Pol II CTD is shown below. The phosphorylation signal of each extract without inhibitor (lanes 1,
5,9 and 13) was normalized to 100% (lower panel). (B) Both Kin28 and Srb10 contribute to hyperphosphorylation of the CTD during Scaffold
complex formation. PIC and Scaffold complexes formed from the indicated extracts were fractionated on a 3 to 8% Tris-acetate gel and analyzed
by Western blotting using antibody YN-18, which detects Rpb1 independent of the phosphorylation state. Ilo* represents a partially phosphor-

ylated Pol II form.

7B). Specifically, the 191-kDa Kin28 substrate showed 95%
inhibition and the 191-kDa Srb10 substrate showed 90% inhi-
bition by 24 uM NA-PP1. The 39-kDa substrate was not ex-
amined in this experiment, as it was run off the bottom of the
gel. These results, together with the in vitro kinase assay, con-
firmed the NA-PP1 sensitivity of the as-kinases when assem-
bled into PICs.

Identification of Mediator and TFIID subunits as kinase
targets. To identify the kinase targets seen above, genes en-
coding candidate PIC components were C-terminally epitope

tagged using three copies of the Flag epitope. Since Flag alters
the mobility of polypeptides on SDS-PAGE, comparison of
phosphorylated proteins in tagged and untagged extracts will
identify the target. To simplify this approach, nuclear extracts
from Kin28-as or Srbl0-as (1st NE) were mixed with equal
amounts of an extract from a Flag-tagged strain (2nd NE), and
PICs were formed. Scaffolds were generated using ATP/[y-
32P|N®-benzyl-ATP and analyzed by phosphorimaging and
Western blotting. It was expected that one half of the PICs
would contain the as-kinase. If the kinase and the Flag-tagged
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FIG. 7. Identification of Kin28 and Srb10 substrates in the PIC. (A) The immobilized template assay was performed as described in the legend
for Fig. 6, using the indicated nuclear extracts (NE). After PICs were assembled, 600 uM ATP/[y->*P]ATP or 600 uM ATP/[y-**P]N°-benzyl-ATP
was used to form Scaffolds. Scaffold complexes (Scaf) and supernatants (Sup) were analyzed on a 4 to 12% NuPAGE gel and visualized by
phosphorimaging. Lanes 1 to 6, PIC phosphorylation after adding ATP/[y-**P]ATP; lanes 7 to 16, specific labeling of Kin28 or Srb10 substrates
after adding ATP/[y-*?P]N®-benzyl-ATP. * and A indicate the three major substrates of Kin28 and Srb10, respectively. (B) NA-PP1 inhibited
specific labeling of the Kin28 and Srb10 substrates. Wild-type (WT), Kin28-as, and Srb10-as Scaffolds were formed using 600 uM ATP/[y->*P]N°-
benzyl-ATP in the absence or presence of an increasing amount of NA-PP1. Samples were resolved on a 3 to 8% Tris-acetate gel. The positions

of Kin28 and Srb10 substrates are indicated by the * and A symbols, respectively.

protein are not tightly associated in the starting extracts, PICs
containing the kinase-as should contain a mixture of tagged
and untagged PIC component. Thus, if the specific target is
tagged, a doublet of phosphorylated polypeptides arising from
the tagged and untagged polypeptides will be observed.

For the 39-kDa Kin28 substrate, TFIIB, Kin28, Srb5, Tfb4,
and Med4 were chosen as the most likely candidates, consid-
ering factors presumed to be PIC components in the range of
39 kDa. The genes encoding these factors were Flag tagged,
and extracts were made from the tagged strains. PICs were
formed on immobilized templates using the strategy above,
except for Kin28-as-Flag, which was used directly. Only the
Scaffold that formed with Med4-Flag plus Kin28-as extracts
showed a doublet of phosphorylated polypeptides (Fig. 8A, left

panel). Western blotting using anti-Flag antibody confirmed
that the top band was Med4-Flag (Fig. 8A, right panel). Sim-
ilarly, Rgrl, Sin4, Ada3, and Bdfl were chosen as the 97-kDa
Kin28 substrate candidates, and doublet bands were seen only
in the Scaffold formed with Rgrl-Flag plus Kin28-as extract.
Western blotting using anti-Rgrl and anti-Flag antibody con-
firmed that the doublet was Rgrl-Flag and Rgrl (Fig. 8B and
data not shown). Thus, we conclude that the 39-kDa and 97-
kDa substrates of Kin28 are Med4 and Rgrl. Med4 and Rgrl
are two subunits of the Mediator complex. A phosphorylated
species of Med4 was identified in yeast extract, but the corre-
sponding kinase was not determined (3). As expected, the
191-kDa Kin28 substrate was Rpb1, as shown by H14 antibody

(Fig. 8).
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FIG. 8. Identification of Med4 and Rgr1 as Kin28 substrates in the PIC. (A) Identification of Med4 as the 39-kDa Kin28 substrate. Substrate
candidates were Flag tagged in a wild-type strain background (except Kin28, which directly used Kin28-as-Flag). Nuclear extract made from a
Flag-tagged strain (2nd NE) was mixed with Kin28-as nuclear extract (1st NE) in equal amounts. Scaffolds were formed as described in the legend
for Fig. 7, loaded onto a 4 to 12% NuPAGE gel, and electroblotted to a polyvinylidene difluoride membrane. Phosphorimaging and Western
blotting were performed on the same membrane. The * indicates the position of Med4-Flag on both phosphorimaging and Western blotting.
(B) Identification of Rgrl as the 97-kDa Kin28 substrate. The procedure was the same as for panel A, except samples were separated on a 3 to
8% Tris-acetate gel. The * indicates the position of Rgrl-Flag on both phosphorimaging and Western blotting. In addition, Rpb1 was identified

as the 191-kDa Kin28 substrate by H14 antibody in both panels A and B.

A similar method was used to identify Srb10 substrates in the
PIC. For the 90-kDa substrate, Scaffold formed with Bdf1-Flag
and Srb10-as extracts showed doublet bands, suggesting Bdfl
was the 90-kDa Srb10 substrate (Fig. 9, lane 6). This result was
further confirmed by directly Flag tagging Bdfl1 in the Srb10-as
strain background. Scaffold formed from this extract displayed
a slower-migrating phosphorylated polypeptide than the 90-

kDa substrate (Fig. 9, lane 5). Western blotting with anti-Flag
antibody confirmed the slower-migrating band was Bdfl-Flag
(Fig. 9, lanes 11 and 12). We also directly Flag tagged TAF2 in
the Srb10-as strain, and a slower migrating band was displayed
in the Scaffold, thus confirming TAF2 was the 150-kDa Srb10
substrate (Fig. 9, lanes 1 and 3). TAF2 is a subunit of the
TFIID complex (44). Interestingly, Bdfl was also reported to
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the position of Bdf1-Flag, and the “0” indicates the position of TAF2-Flag.

were used as indicated.

be a factor associated with TFIID and is the yeast counterpart
to a TAF1 domain in larger eukaryotes (26). Thus, we identi-
fied Bdfl and TAF2 as two novel substrates of Srb10.

DISCUSSION

Previous studies have given contradictory results on the role
of CDK7/Kin28 in transcription. In vitro studies using either
the nonspecific kinase inhibitor HS or a kinase-defective mu-
tant have shown transcription dependence on CDK?7/Kin28
ranging from no effect to strong dependence. At the CTD-
dependent dihydrofolate reductase and AdE4 promoters, de-
pendence was attributed to polymerase escape, because kinase
activity was not required for synthesis of the first phosphodi-
ester bond during abortive initiation or Open complex forma-
tion (2, 18). In vivo, temperature-sensitive mutants of Kin28
have been used in mRNA analysis. However, general mRNA
stability is likely affected in these mutants, since mRNA cap-
ping enzyme is not recruited to Pol II after Kin28 inactivation
(21, 38). In more direct studies using chromatin IP to examine
Pol II located at promoters and coding sequences, one study
found a dramatic decrease in the level of Pol II associated with
both promoter and gene sequences after heat shock of a ts
kin28 mutant (38). In contrast, another study using a partially
defective Kin28 kinase mutant found little difference in Pol II
occupancy despite the fact that these strains had much lower
levels of the hyperphosphorylated IIo form of Pol II (21).

Our original goal in examining the two kinases was to dis-
cover the mechanism of PIC dissociation to the Scaffold com-
plex. Since inhibitors such as H8 and kinase-defective muta-
tions were difficult to use in our system, we used as-kinase
mutations for both Kin28 and Srb10 (4, 5). When mutated,

7 8 9 10 11 12

6, Srb10-as extract was mixed with a Bdf1-Flag extract. The A indicates
For Western blotting, anti-Flag M2 and the H14 anti-Ser5 antibodies

both kinases retained activity but were specifically inhibited by
NA-PP1, allowing us to test the role of these kinases in tran-
scription and PIC dissociation. An advantage of using this
method is that the inhibitor is specific for only the mutated
kinase and the inhibitor is cell permeable, allowing tests of
kinase function both in vivo and in vitro.

Surprisingly, we found that both kinases could contribute to
transcription in vitro. Addition of 12 puM NA-PP1 had no
significant effect on transcription using extracts from either
wild-type or Srbl0-as strains. In contrast, a 40% decrease in
transcription was seen when Kin28 alone was inhibited. How-
ever, in a strain where both kinases contained analog-sensitive
mutations, transcription was inhibited up to 70%. These results
were also consistent with those seen in extracts made from
strains containing a Kin28 ts mutation or a Kin28-as Asrb10
double mutation. Strikingly, the positive function of Kin28 and
Srb10 was also observed using chromatin IP to examine Pol 11
associated in vivo with either the coding sequence or 5" end of
two genes. At the two promoters tested, inhibition of both
kinases together gave a two- to threefold greater decrease in
Pol II cross-linking compared to inhibition of Kin28 alone.

Combined, our in vivo and in vitro studies demonstrate that
both Kin28 and Srb10 have a positive role in promoting tran-
scription by Pol II, with Kin28 being the dominant kinase. The
result that Srb10 can promote significant levels of transcription
in the absence of Kin28 contradicts previous models where
Srb10 had either no role or an inhibitory role in general tran-
scription. As yet, we cannot determine which step in transcrip-
tion requires the action of the two kinases. In the yeast nuclear
extract system, we have been unable to observe promoter-
specific abortive initiation, so we cannot test whether initiation
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or promoter escape is a kinase-requiring step in yeast. Previous
studies have shown only gene-specific negative and positive
functions for Srb10 in transcription. However, in light of these
new studies, a general role for Srb10 in initiation would have
been masked by the function of Kin28. Genetic analysis has
shown that Kin28 and Srbl0 are not redundant, since only
Kin28 is essential for growth. From Western analysis of drug-
treated cells (data not shown), it is clear that Kin28 is primarily
responsible for the highly phosphorylated form of Pol II. Pre-
vious studies have suggested that this highly phosphorylated
form is required for recruitment of capping and other RNA
processing factors (30). Thus, one essential role of Kin28 ki-
nase activity not fulfilled by Srb10 is stimulation of RNA pro-
cessing, since Srb10 is much less processive in phosphorylation
than Kin28 (Fig. 6) (6). In contrast, we propose that transcrip-
tion does not require the highly phosphorylated Ilo form of Pol
II and that this function can be fulfilled to a significant extent
by a lesser phosphorylated state generated by the Srb10 kinase.

When both kinases are inhibited in vitro or in vivo, a fraction
of normal transcription is still observed. Whether this remain-
ing transcription is due to incomplete inhibition of Srb10 and
Kin28, is kinase independent, or is promoted by one or more
other kinases is not yet known. Of the four S. cerevisiae cyclin-
dependent kinases known to be involved in transcription, we
have shown that only Kin28 and Srb10 are stable components
of the PIC. Although we found evidence for other kinase
activities in purified PICs, these enzymes are likely very subs-
toichiometric with other PIC components, since they were not
observed in mass spectrometry analysis of PICs purified using
the immobilized template method (33).

Blocking Kin28 and Srb10 kinase activities was also found to
inhibit PIC dissociation into the Scaffold complex upon ATP
addition. This was demonstrated both by a decrease in the
amount of phosphorylated Pol II released as well as by a
decrease in the amount of total Pol II, TFIIB, and TFIIF
released upon ATP addition. The inhibition of Scaffold com-
plex formation correlated very closely with the decrease in
transcription seen, suggesting that these two processes are
closely related. Similar to the transcription results, blocking
both kinases inhibited PIC dissociation to the greatest extent.

Since altered-specificity kinases can preferentially use ATP
analogs such as N°-benzyl-ATP, we tested directly whether
either Kin28 or Srb10 had any relevant targets in the PIC apart
from the Pol I CTD. For Kin28, it was clear that two polypep-
tides in the PIC apart from the CTD were specific targets for
phosphorylation. These additional polypeptides were identi-
fied as the Mediator subunits Med4 and Rgrl. From the elec-
tron microscopy structure of the Pol II-Mediator complex,
both of these subunits are proposed to be located in the middle
or tail region of Mediator. This region is proposed to be near
the base of the CTD on Pol II (12). Therefore, it is reasonable
that one kinase could target the CTD as well as these two
Mediator subunits for phosphorylation in the PIC. Previously
observed in vitro CDK7 targets seen in isolated kinase assays
(TBP, TFIIFw, and TFIIEa) (28, 37, 48) were not phosphor-
ylated in the PIC, suggesting that phosphorylation of these
polypeptides does not normally occur during the transcription
reaction.

In contrast to the high specificity seen with Kin28, Srb10
phosphorylated many more PIC polypeptides at a low level.
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Despite this, we found three polypeptides were phosphorylated
by Srb10 at a higher level than others. These were identified as
the Pol II CTD and two TFIID subunits, Bdfl and TAF2.
Srb10 is known to both repress and activate a subset of genes;
however, the direct target is unknown except in a few cases. It
is possible that phosphorylation of TFIID contributes to gene-
specific regulation at some of these Srb10-regulated promot-
ers, since these subunits appear to be required at only a subset
of all yeast genes.

From the results presented here, it is clear that PIC disso-
ciation is dependent on the kinase activities of Kin28 and
Srb10. The simplest model for this dissociation is that phos-
phorylation of the Pol II CTD leads to instability of Pol II in
the Open Complex, and dissociation of Pol II, TFIIB, and
TFIIF follows. The CTD is the most likely target for this
reaction, since both Kin28 and Srb10 have overlapping activi-
ties in PIC dissociation and the CTD is the only common target
of these kinases. However, until the sites of phosphorylation on
the TFIID and Mediator subunits are identified and mutated,
we cannot rule out a role for these modifications in PIC dis-
sociation and transcription. Possible roles for these modifica-
tions could be stabilization of the Scaffold to facilitate tran-
scription reinitiation, promoter escape, or initiation. Testing
these models will require mutation of these target polypeptides
to eliminate the modification and measurement of genome-
wide effects as well as specific effects on transcription initiation
and reinitiation in vitro.
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