1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

NIH Public Access

Author Manuscript

Published in final edited form as:
Mol Cell. 2009 May 15; 34(3): 387-393. doi:10.1016/j.mol cel.2009.04.016.

TFIIH kinase places bivalent marks on the carboxyl-terminal
domain of RNA polymerase I

M. Sohail Akhtar®; 4 Martln Heidemann?4, Joshua T|etjen1 David Zhang1 Rob D.
Chapman2 Dirk E|ck > , and Aseem Z. Ansar|1’3’

1 Department of Biochemistry, 433 Babcock Drive, University of Wisconsin-Madison, Madison, WI
53706, USA

2 Institute of Clinical Molecular Biology and Tumor Genetics, Helmholtz Center Munich, Center of
Integrated Protein Science (CIPSM), Munich, Germany

3 The Genome Center of Wisconsin, Madison, WI 53706

SUMMARY

Post-translational modifications of the carboxyl-terminal domain (CTD) of the largest subunit of
RNA polymerase 11 (Pol I1) specify a molecular recognition code that is deciphered by proteins
involved in RNA biogenesis. The CTD is comprised of a repeating heptapeptide
(Y1S2P3T4S5PgS7). Recently, phosphorylation of Serine7 was shown to be important for co-
transcriptional processing of two snRNAs in mammalian cells. Here, we report that Kin28/Cdk7, a
subunit of the evolutionarily conserved TFIIH complex, is a Ser7 kinase. The ability of Kin28/Cdk?7
to phosphorylate Ser7 is particularly surprising because this kinase functions at promoters of protein-
coding genes, rather than being restricted to promoter-distal regions of SnRNA genes. Kin28/Cdk?7
is also known to phosphorylate Ser5 residues of the CTD at gene promoters. Taken together, our
results implicate the TFIIH kinase in placing bivalent Ser5 and Ser7 marks early in gene transcription.
These bivalent CTD marks, in concert with cues within nascent transcripts, specify the co-
transcriptional engagement of the relevant RNA processing machinery.

INTRODUCTION

The CTD is reversibly modified by several enzymes, including kinases, phosphatases, prolyl
isomerases and glycosylases (Phatnani and Greenleaf, 2006; Sims et al., 2004). Differentially
modified CTD heptapeptides are selectively bound by different protein complexes that
participate in RNA biogenesis (Buratowski, 2003; Corden, 2007; Egloff and Murphy, 2008;
Hirose and Manley, 2000; Phatnani and Greenleaf, 2006). A hypo-phosphorylated CTD
associates with the Mediator complex at gene promoters (Lee and Young, 2000; Myers and
Kornberg, 2000; Ptashne and Gann, 2002). Phosphorylation of Ser5, primarily by the TFIIH
associated kinase Kin28/Cdk7, enhances the association of the CTD with the m7G RNA
capping machinery (Komarnitsky et al., 2000; Schroeder et al., 2000). The subsequent
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phosphorylation of Ser2 by Ctk1/Cdk9, leads to the recruitment of 3’ end processing complexes
(Ahnetal., 2004; Licatalosi et al., 2002; Proudfoot et al, 2002). The sequential patterns of CTD
modifications are postulated to define a spatio-temporal code that instructs ordered engagement
with different functional complexes at various stages of the transcription cycle (Buratowski,
2003; Corden, 2007; Egloff and Murphy, 2008; Phatnani and Greenleaf, 2006).

Ser7 phosphorylation was recently detected in mammalian cells (Chapman et al., 2007; Egloff
etal., 2007). This mark was most evident in polymerases engaged in transcription elongation,
well within the coding regions of genes (Chapman et al., 2007). While this CTD modification
is detected at protein-coding genes, it is functionally important for processing of two
spliceosomal snRNAs that are transcribed by Pol 1l (Egloff etal., 2007). Substituting Ser7 with
an alanine residue in tissue culture cells dramatically reduced transcription and processing of
snRNA genes, but did not alter the transcription or processing of protein-coding genes. In
agreement with this gene-specific role, Ser7 phosphorylation of the CTD was necessary for
the stable association of the Integrator complex with the transcribing polymerase (Egloff et al.,
2007). The multi-subunit Integrator complex is critical for 3’ processing of sSnRNA and does
not participate in processing transcripts of protein-coding genes (Baillat et al., 2005). Thus,
the Ser7 phosphorylation mark (Ser7-P) and the Integrator complex are functionally restricted
to the transcription of a specific gene class. This gene-specific role for Ser7-P raises the key
question whether the kinase that performs this task is uniquely recruited to SnRNA genes.
Furthermore, the enrichment of Ser7-P marks deep within the transcribed region suggests that
the Ser7 kinase may associate with the elongating Pol 11, consistent with its role in preparing
Pol 1l for association with the 3' sSnRNA processing machinery. Identifying the Ser7 kinase is
therefore critical for understanding the mechanisms that underlie the ability of the CTD to
orchestrate different processes during transcription.

The tandem heptapeptide (Y1SoP3T4S5PgS7) repeats of the CTD are conserved from protozoa
to humans. The number of heptapeptide repeats increases in proportion to the complexity of
the organism, with protozoa containing 15 repeats, budding yeast 26, and humans 52 (Chapman
et al., 2008; Corden, 1990) However, nearly 35 repeats were required for efficient
phosphorylation of Ser7 in mammalian cells (Chapman et al., 2007). Thus, organisms
containing fewer than 35 heptapeptide repeats might lack Ser7-P marks. The restriction of
Ser7-P function to higher eukaryotes was further suggested by the fact that most subunits of
the Integrator complex have clearly conserved homologues in other metazoan organisms but
are largely missing in budding yeast. Furthermore, DNA induced protein kinase, DNA-PK,
the only kinase known to phosphorylate Ser7, has no orthologs in budding yeast (Trigon et al.,
1998). Thus, it was not clear if the Ser7 residue of the heptapeptide is phosphorylated in single-
celled eukaryotes or if this modification is restricted to higher eukaryotes.

Ser7 is phosphorylated in budding yeast

To examine if the Ser7-P mark occurred in simpler eukaryotes we used a monoclonal aSer7-
P antibody (Chapman et al., 2007) to detect this modification on Pol 11 in whole cell extracts
of the budding yeast, Saccharomyces cerevisiae. The data unambiguously show that this new
modification occurs inbudding yeast (Figure 1A). Given the conservation from yeast to humans
of the Ser7-P mark and the CTD kinases that act on Ser5 and Ser2, it seemed reasonable that
the Ser7 kinase could be identified by proteomic and chemical-genomic analyses in yeast
(Bishop etal., 2001; Zhu etal., 2001). We therefore focused on 26 yeast kinases that are present
in the nuclear compartment under log-phase growth in rich medium (Kumar et al., 2002).
Twenty-three of these kinases were previously genetically tagged with the Tandem Affinity
Purification (TAP) module (Open Biosystems). The TAP module is chromosomally integrated
at the 3’ end of the kinase-coding region and the fusion protein is expressed at physiological
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levels (Ghaemmaghami et al., 2003, Puig et al, 2001). In the case of Srb10/Cdk8 kinase we
used the TAP fusion to its cyclin (Srb11) to purify the functional cyclin-kinase complex.
Because cyclins often direct substrates to their associated kinases (Nigg, 1996; Schulman et
al., 1998) we also purified the cyclin Ctk2 that associates with Ctk1/Cdk9 and Pho80 that
associates with Pho85 to examine if the co-precipitated kinases phosphorylate Ser7. The
enzymes were purified from yeast, and their ability to phosphorylate a recombinant CTD was
examined (Ansari et al., 2005). In this assay, only Kin28 efficiently phosphorylates Ser7
(Figure 1B). In control experiments, we readily detect the appearance of Ser5-P and Ser2-P
marks with the four CTD kinases known to perform those reactions (Figure S1 A and B).
Parallel immunoblots also show that all 23 fusions are expressed (Figure S1C) and the fused
kinases phosphorylate an orthologous universal substrate, Ptk2 (Figure S1D). Finally, to
quantify the extent of Ser5 and Ser7 phosphorylation by Kin28, we performed enzyme-linked
immunoassays (ELISA). The results suggest that Kin28 phosphorylates Ser7 as efficiently as
Ser5 (Figure 1C). In these assays Srb10, the other Ser5 kinase that associates with Pol 11, does
not phosphorylate Ser7.

TFIIH kinase phosphorylates Serine 7

Cyclin-dependent kinases (Cdk) are promiscuous enzymes and their substrate choices are
governed by cyclins that recruit specific target proteins (Nigg, 1996; Schulman et al., 1998).
The substrate preference of Cdk7, the human homolog of Kin28, is specified by other subunits
of the TFIIH complex (Feaver et al., 1994; Svejstrup et al., 1994; Watanabe et al., 2000). Thus,
Kin28 within the TFIIH complex could display altered substrate selectivity and might not
phosphorylate Ser7. We therefore examined if the TFIIH-associated Kin28 would
phosphorylate Ser7 residue of the CTD. Kin28 associates with the cyclin Ccl1 and a third
partner (Tfb3) to form an active TFIIK complex that phosphorylates Ser5 of the CTD (Feaver
etal., 1994, Feaver et al., 1997). TFIIK further associates with the “core” seven-subunit
complex to form the TFIIH complex (Figure 2A) (Feaver et al., 1994; Svejstrup et al., 1994;
Ranish et al., 2004). As part of the TFIIH complex, the kinase shows a high degree of substrate
specificity and selectively phosphorylates the CTD, two subunits of transcriptional machinery
(Med4 and Rgrl), and the transcription activator Gal4 (Feaver et al., 1994; Watanabe et al.,
2000; Guidi et al., 2004; Hirst et al., 1999; Liu et al., 2004; Muratani et al., 2005; Sadowski et
al., 1991). We purified TFIIH using TAP-fusions to different subunits of the complex. In each
case, the associated Kin28 kinase robustly phosphorylates Ser7 as well as Ser5 (Figure 2A).
These results indicate that TFIIH-associated Kin28, despite its increased substrate-specificity,
phosphorylates Ser7.

TFIIH complex itself associates with numerous protein partners and even with the U1-snRNA
(Esnault et al., 2008; Roeder, 2005; Kwek et al., 2002; Zurita and Merino, 2003). Hence, rather
than Kin28, it is possible that an unrelated kinase that sub-stoichiometrically associates with
TFIIH is responsible for the Ser7 modification. To address this concern we engineered the
TAP-tagged Kin28 to accept a bulky analog of a kinase inhibitor (Figure S2). This bulky analog
is incapable of docking into ATP binding pockets of unmodified kinases (Bishop et al.,
2000; Bishop et al., 2001). In contrast, the engineered Kin28as (analog sensitized) is inhibited
at micro-molar concentrations of the designed inhibitor, 1-NAPP1 (Kanin et al., 2007; Liu et
al., 2004). The TAP-tagged Kin28as (Kin28-L83G) enzyme is unable to phosphorylate Ser5
or Ser7 in the presence of the inhibitor but is as active as the wild type kinase in the presence
of ATP (Figure 2B). As expected, due to the inability of the inhibitor to dock in an unmodified
ATP binding pocket, the activity of wild-type Kin28 is not detectably perturbed by the inhibitor.
These results suggest that Kin28 directly phosphorylates Ser7. However, Ser7 phosphorylation
might be dependent on prior phosphorylation of Ser5 by Kin28 (Chapman et al., 2007). We
therefore examined the ability of Kin28 to phosphorylate recombinant CTD substrates wherein
Ser2, 5 or 7 have been substituted by an alanine residue (Fig. 2C). The data show that an alanine
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at positions 2 or 7 does not detectably affect the ability of Kin28 to phosphorylate Ser5. In
contrast, replacing Ser5 with an alanine dramatically reduces the ability of Kin28 to
phosphorylate Ser7. In other words, inhibiting Ser5 phosphorylation by chemical inhibition
could block subsequent phosphorylation of Ser7 by a different kinase. To directly test if Kin28
can phosphorylate both Ser5 and Ser7, we used N6-benzyl-ATP as a phospho-donor in kinase
reactions with Kin28 or Kin28as (Figure 2D and Figure S2). This modified ATP docks into
the expanded ATP binding pocket of Kin28as but is not used efficiently by unmodified kinases.
The enlargement of the ATP binding site does not alter substrate specificity of the kinase (Liu
et al., 1998; Bishop et al., 2000; Bishop et al., 2001; Liu et al., 2004). In this context, the
appearance of Ser7-P mark with N6-benzyl-ATP therefore confirms that Kin28as
phosphorylates both Ser7 and Ser5 residues of the CTD heptad (Figure 2D).

Chemical genomics evidence for Ser7 phosphorylation by Kin28 in vivo

We examined the consequences of chemically inhibiting Kin28 on Ser7 phosphorylation
patterns across the genome. The growth of cells bearing the Kin28as allele is greatly attenuated
by micro-molar concentrations of the cell-permeable inhibitor (Figure S3) (Kanin et al.,
2007; Liu et al., 2004). Chromatin immunoprecipitation (ChIP) assays show that within 20
minutes of inhibition, the Ser5-P marks of CTD are dramatically reduced in Kin28as strains
(Kanin et al., 2007; Liu et al., 2004). Using high-resolution genome tiling microarrays, we
examined the genome-wide profiles of Ser5-P and Ser7-P CTD modifications (Figure 3). We
focused on the sSnRNA genes that code for spliceosomal transcripts because of the key role of
Ser7 phosphorylation in the expression of these genes (Figure 3A). At all five SnRNA genes
the profiles of Ser7-P closely mirror those of Ser5-P (Figure 3 and Figure S4). SNR6 (U6),
which is transcribed by Pol 111, serves as negative control with background levels of Pol 1l and
Ser5/7 phosphorylation profiles. Strikingly, inhibition of Kin28 eliminates both Ser7-P and
Ser5-P peaks. A similar remodeling of the profiles is also seen at protein-coding genes (Figure
3B). We focused on protein-coding genes with uniformly robust Pol 11 occupancy across the
entire open reading frame (Steinmetz et al., 2006). Of these 415 genes, 308 with well-defined
transcription start sites were clustered based on the CTD modification profiles. Upon Kin28
inhibition, the attenuation of Ser7-P and Ser5-P profiles is clearly evident (Figure 3B). The
results across the genome reflect this loss of Ser7-P phosphorylation at the promoter regions
and are consistent with the ability of Kin28 to phosphorylate Ser7. The results strongly
implicate Kin28 in the phosphorylation of Ser7 and Ser5 residues of the CTD in vivo.

Human homolog, Cdk7 phosphorylates Ser 7 residue

TFIIH and its associated kinase are highly conserved from yeast to humans (Chapman et al.,
2008; Coin and Egly, 1998; Egloff and Murphy, 2008; Zurita and Merino, 2003). To determine
if the substrate specificity for Ser7 was conserved in the human ortholog we examined the
ability of the Cdk7/cyclinH complex, as well as other purified Cdks, to phosphorylate Ser7.
The results demonstrate that the human ortholog of Kin28 phosphorylates both Ser7 as well
as the expected Ser5 residue of the CTD heptapeptide (Figure 4). Moreover, Cdk8/CycC like
its yeast ortholog Srb10/Srb11 phosphorylates Ser5 but not Ser7. Thus, Kin28 and Cdk7 show
identical substrate specificity for Ser5 and Ser7 of the CTD.

DISCUSSION

The identification of TFIIH-associated kinase as the Ser7 kinase is unexpected for multiple
reasons. First, it belongs to the cyclin-dependent kinase (Cdk) family. Members of this family
prefer Ser-Pro dipeptide cores in its substrates whereas Ser7 of the CTD is flanked by a tyrosine
residue (Songyang et al., 1996). Second, Kin28/Cdk?7 as a subunit of TFIIH associates with
Pol 1l at gene promoters and not deep within transcribed regions where the Ser7-P mark was
first found to be enriched (Chapman et al., 2007). Third, this kinase associates with most, if
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not all, Pol 11 transcribed genes and is not known to play a specific role in ShDRNA gene
expression. Fourth, biochemical analyses suggest that TFIIH is not associated with Pol Il and
the transcriptional machinery at ShARNA promoters (Hernandez, 2001). Finally, Kin28/Cdk7
is known to specifically phosphorylate Ser5 residues of the CTD and does not display an ability
to phosphorylate the adjacent Ser2 residues appreciably.

In contrast to expectations, our data strongly implicate TFIIH in the placement of Ser7 marks
at promoters of Pol ll-transcribed genes and reveal the involvement of TFIIH in the
transcription of sSnRNA in vivo. We anticipate that the Integrator complex (or its functional
analog in budding yeast) is recruited, in part, by Ser7 phosphorylation at SnRNA gene
promoters. This recruitment is a consequence not only of Ser7-P marks, but also the promoter
elements and the specialized pre-initiation complex that binds those elements. After promoter-
escape, the RNA processing complex travels with the elongating polymerase, and in response
to the 3’-end box at the end of the SnRNA transcription unit, the processing complex associates
with the nascent transcript and engages in co-transcriptional processing. At protein-coding
genes, the promoter-bound factors facilitate the association of the CPSF complex (Dantonel et
al., 1997; Glover-Cutter et al., 2007) or the Nrd1 complex (Vasiljeva et al., 2008; Gudipati et
al., 2008) with Pol 1. Each of these complexes, Integrator, Nrd1 or CPSF responds to different
processing sequences within nascent transcripts.

Our data suggest that bivalent Ser5-P+Ser7-P marks are placed by the TFIIH-associated kinase
during early stages of gene transcription. It is likely that this bivalent mark, rather than Ser5-
P alone, is recognized by Burl or pTEFb/Cdk9, enzymes that act next on the CTD (Viladevall
etal., 2009; Qiu et al., 2009). Furthermore, given the universality of the Ser7-P mark, we
propose that information relayed by promoter-specific complexes, differential CTD
modifications, and RNA-borne signals is integrated to engage the relevant protein complex to
process different classes of transcripts. These observations force a re-evaluation of the basic
recognition determinants and mechanisms used by partnering proteins to decipher the CTD
code.

EXPERIMENTAL PROCEDURES

Strains and kinases

TAP-tagged Kin28as (Kin28-L83G) was a gift from Prof. Steven Hahn (Seattle, Washington).
Mammalian kinases were purchased from Proginase/Biomol. TAP tagged yeast kinases were
purchased from Open biosystems and purified as described previously (Liu et al., 2004; Puig
etal., 2001).

In vitro kinase assay detected by dot blot

The substrate, GST-CTD3 (three repeats of YSPTSPS attached to GST), GST-CTD16, GST-
CTD4 (and its respective alanine mutants, 2A,5A and 7A) purifications and enzymatic assays
were carried out as described previously (Ansari et al., 2005; Patturajan et al., 1998). For
inhibition assays, the kinase was pre-incubated for 5 minutes with an inhibitor (6uM of 1-NA-
PP1) or synthetic analog of ATP (0.6mM of N6-benzyl ATP) prior to the reaction. For the
assay, 1:200 dilution of primary rat IgG (aSer2-P or aSer5-P or aSer7-P) and 1:10000 dilution
of secondary HRP anti-rat 1gG (Southern Biotech) antibodies were used.

In vitro kinase assay detected by ELISA

Recombinant kinase (100ng) was incubated with excess CTD-peptide linked to 96-well plates
and phosphorylation of CTD was quantitated via ELISA experiments after incubation with
aSer2-P, aSer5-P and aSer7-P specific antibodies (for details see supplementary materials).
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ChlP-chip analysis

The Chromain immunoprecipitation (ChlP) followed by identification on genome-tiled
microarray (chip) analysis performed as described previously (Kanin et al., 2007; Steinmetz
et al., 2006). In brief, for ChIP the yeast whole cell extract was incubated over night at 4°C
with the either aSer7-P (4E12) or aSer5-P (H14) or aRpb3 (Neoclone) antibodies. Amplified
DNA was hybridized to custom designed NimbleGen microarrays containing 379,876 features
tiling the yeast genome (Tietjan and Ansari, unpublished). Microarray data was analyzed using
standard techniques as described previously (Steinmetz et al., 2006).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kin28 phosphorylates the Ser7 of Pol 11 CTD

(A) Western blot of protein extracted from human T-cell line (Raji cells) and yeast. Dual
labeling was performed with antibody to Rpb1 (green) and phospho-CTD (red). mAbs aSer2-
P, aSer5-P and aSer7-P recognize the phosphorylated Ser2, Ser5 and Ser7 of the CTD.

(B) Dot blot probing Ser7-P marks on GST-CTD phosphorylated by individually purified yeast
nuclear kinases. GST-CTD unphosphorylated (—) and phosphorylated by yeast cell extract
(EXT) are used as negative and positive controls respectively.

(C) ELISA of synthetic CTD peptide phosphorylated by purified yeast Kin28, Slt2, Snfl and
Srb11 probed with aSer2-P (green), aSer5-P (red) and aSer7-P (purple) antibodies. The
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measurements were taken in triplicate and the error bars in this and all the subsequent figures
correspond to SD.
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Figure 2. TFIIH-associated Kin28 phosphorylates the Ser7 of Pol 11 CTD
(A) The schematic diagram (top left) shows the different subunits of TFIIK and the core TFIIH
complex. Dot blot and ELISA of GST-CTD phosphorylated by TFIIH purified using TAP-

tagged Kin28, Ccll, Rad3 or Rad25.

Page 12

(B) The diagram (top) illustrates the docking of ATP into the catalytic pocket of wild type
kinase. Dot blot (bottom) of GST-CTD phosphorylated by Kin28 and its analog sensitive
mutant Kin28as (Kin28-L83G) in the presence and absence of an inhibitor was probed with

aSer5-P and aSer7-P antibodies.

(C) Dot blot of GST-CTD and its various mutants at positions 2, 5, and 7 phosphorylated by

purified Kin28 and probed with aSer5-P and aSer7-P antibodies.
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(D) The diagram (top) illustrates the ability of Kin28as to use of the ATP analog (N6-benzyl

ATP) as a co-factor. Dot blot (bottom) of GST-CTD phosphorylated by Kin28 and Kin28as in
presence and absence of the N6- benzyl ATP was probed with aSer5-P and aSer7-P antibodies.
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Figure 3. In vivo inhibition of Kin28 affects the Ser7 phosphorylation pattern

(A) ChIP-chip profiles for two SnRNAs (remaining three are in the supplemental figures). The
occupancy profiles of Pol 11 (blue), Ser7-P (purple) and Ser5-P (red) at SNR14 and SNR6
(control) are shown. Uninhibited profiles are shown as solid lines and profiles in chemically
inhibited cells are shown as dashed lines. TSS and 3’ processing sites are marked by an arrow
and a red bar respectively. All x-axes are shown as the distance in base pairs relative to the
TSS and y-axes are shown on a log2 scale for ChIP-chip enrichment (IP/input).

(B) Heat maps of 308 protein-coding genes showing Ser7-P and Ser5-P occupancy profiles
over a 1kb region centered over the TSS (white bar) for the Kin28as strain with and without
inhibition. The change in profiles upon inhibition is shown on the right. Yellow profiles indicate
enrichment and blue profiles indicate depletion of the phosphorylated CTD.
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Figure 4. Mammalian Cdk7 phosphorylates the Ser7 of Pol 11 CTD

ELISA of a synthetic CTD peptide (four repeats) phosphorylated by purified mammalian
kinases and their corresponding cyclins were probed with aSer5-P (red) and aSer7-P (purple)
antibodies.
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