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The largest subunit of RNA polymerase II (RNAPII) C-termi-
nal heptarepeat domain (CTD) is subject to phosphorylation
during initiation and elongation of transcription by RNA poly-
merase II. Here we study the molecular mechanisms leading to
phosphorylation of Ser-7 in the human enzyme. Ser-7 becomes
phosphorylated before initiation of transcription at promoter
regions. We identify cyclin-dependent kinase 7 (CDK7) as one
responsible kinase. Phosphorylation of both Ser-5 and Ser-7 is
fully dependent on the cofactor complex Mediator. A subform
of Mediator associated with an active RNAPII is critical for
preinitiation complex formation and CTD phosphorylation.
The Mediator-RNAPII complex independently recruits TFIIB
and CDK7 to core promoter regions. CDK7 phosphorylates
Ser-7 selectively in the context of an intact preinitiation com-
plex. CDK?7 is not the only kinase that can modify Ser-7 of the
CTD. ChIP experiments with chemical inhibitors provide evi-
dence that other yet to be identified kinases further phosphor-
ylate Ser-7 in coding regions.

In mammalian cells the C-terminal domain of the Rpb1 sub-
unit of RNA polymerase IT (RNAPII)? consists of 52 heptare-
peats of the consensus sequence YSPTSPS (for review, see Refs.
1-3). When RNAPII enters the preinitiation complex (PIC) the
CTD becomes phosphorylated at least on three serine residues,
Ser-2, Ser-5, and Ser-7 (4), at a yet unknown number of repeat
elements. In theory, combinations of modifications could gen-
erate a complex pattern sometimes referred to as CTD code
hypothesis (5), in analogy to the modifications occurring on
lysine, arginine, and serine residues within N-terminal tails of
histones (6).
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Several kinases have been identified that modify the CTD.
These are CDK1, CDK2, CDK7, CDKS8, CDK9, Erk1/2, and
DNA-dependent protein kinase. CDK1 and CDK2 phosphor-
ylate preferentially Ser-5 of the CTD (7, 8). In the case of CDK1
this has been associated with repression of transcription during
mitosis (9). The signaling kinases Erk1/2 phosphorylate the
RNAPII CTD in response to oxidative and osmotic stress (10).
The promoter-associated kinase DNA-dependent protein
kinase phosphorylates the CTD at Ser-7 in vitro, although it
remains unclear whether this process is relevant to transcrip-
tion (11, 12). CDK8 and the paralogue CDC2L6 are associated
with the Mediator complex (13, 14). CDK8 has mostly been
associated with repression of transcription, yet there are also
reports that specific genes are activated by it (15, 16). CDK9 is
thought to release RNAPII that is paused by negative inhibitory
factors 5,6-dichloro-1-B-p-ribofuranosylbenzimidazole (DRB)
sensitivity-inducing factor and negative elongation factor some
30—40 base pairs downstream of the transcription start sites.
RNAPII then resumes elongation of transcription, during
which it becomes further phosphorylated at Ser-2. A marked
increase of Ser-2 phosphorylation is often seen near the 3’ end
of genes (4, 17). It is unclear whether this phosphorylation of
the CTD near the polyadenylation site is necessary for efficient
elongation by RNAPII per se (17, 18). Instead it may introduce
signals for the binding of factors that alter CTD conformation
and facilitate the interactions of RNA processing machineries
(19-21).

The kinase CDK7 is involved in both transcription and cell
cycle control. CDK?7 associates with the cyclin Hand MAT1 to
form an active kinase module, which then functions as an acti-
vator of CDK1 during mitosis (CAK function). The kinase mod-
ule is also part of the general factor TFIIH (22). Upon binding to
the PIC CDK?7, phosphorylates the CTD of RNAPII at Ser-5 (23,
24). Although Ser-5 phosphorylation by CDK7 is tightly linked
to PIC formation, it is not required for RNAPII to clear the
promoter and resume elongation (25). Instead Ser-5 phosphor-
ylation seems critical for cap formation at 5" ends of the newly
synthesized mRNA (26, 27). It has further been suggested that
RNAPII modified at Ser-5 attracts histone modifying factors
such as the trithorax group protein family (28).

CDK?7 kinase activity at the CTD is subject to control by the
cofactor complex Mediator (PC2). Mediator binds to activators
in a complex with RNAPII (29, 30). Mediator then recruits the
limiting general factor TFIIB, ultimately leading to efficient
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preinitiation complex formation (31, 32). In yeast, Mediator
enhances the activity of the CDK7 kinase module by a yet
unknown mechanism (33). In other investigations Mediator
was shown to help to recruit TFIIH and a free CDK7 module
(34-36).

In a recent publication the yeast homologue of CDK?7
(termed KIN28) was shown to be responsible for phosphoryla-
tion of the CTD at Ser-7 at the 5" end of many yeast genes (37).
In mammals Ser-7 phosphorylation has been linked to protein-
coding and -noncoding small nuclear RNA genes (4, 38). The
underlying mechanism and the responsible kinases are un-
known. In agreement with the finding in yeast, we identify
human CDK7 as a CTD Ser-7 kinase. Beyond it we characterize
the molecular requirements for and investigate the steps during
which it is introduced during transcription. We also present
evidence for other kinases that target Ser-7.

EXPERIMENTAL PROCEDURES

Preparation and Immunodepletion of Nuclear Extracts—
Jurkat nuclear extracts were prepared as described previously
(39). Jurkat nuclear extracts were immunodepleted using anti-
RNAPII (1C7), MED15 (1H7), and MED25 (VC1) rat mono-
clonal antibodies, anti-TBP, TFIIH p62, CDK7, and CDK9 rab-
bit polyclonal antibodies (Santa Cruz sc-273, sc-292, sc- 529,
and sc-8338, respectively), and anti-TFIIB (IIB8) mouse mono-
clonal antibodies (Santa Cruz sc-23875) or anti-CDK8 goat
polyclonal antibodies (Santa Cruz sc-1521). Antibodies were
loaded onto protein A (p62, CDK7, CDK9, TFIIB)- or protein
G-Sepharose (MED15, MED25, CDK8, RNAPII) beads. 1 ug of
antibody was loaded for each microliter of Sepharose bead vol-
ume. For the depletion 100 ul of Jurkat nuclear extracts were
adjusted to 20 mm Tris-HCI, pH 6.8, 150 mm KCl, 0.1% Nonidet
P-40, 1 mm DTT, 0.2 mm EDTA, 10% glycerol, 0.2 mm PMSF
and incubated twice for 3 h with 25 ul of antibody-loaded pro-
tein A- or G-Sepharose beads (1 g of antibody/ul of Sepharose
bead volume) at 4 °C. The protein concentration of nuclear
extracts was 4—6 mg/ml.

Immobilized Template Assay—The major-late (ML) pro-
moter template was amplified by PCR from the vector
pG5MLT, which contains a G-free cassette downstream of
the ML promoter. The promoter comprises five GAL4 binding
sites immediately upstream of the ML promoter as described
(40). The primers were 5'-CGA TTC ATT AAT GCA GCT GG
(biotinylated) and 5'-AAC TCG ACT GCA GCA TAT GTA
TCATACACATACG. The pGL2-MRG5 promoter templates
were amplified from the vector pGL2-MRG5, which in turn
stems from pMRG5 plasmid, which contains a Luciferase
expression cassette in place of the G-free cassette of pMRG5.
The promoter comprises 5 GAL4 binding sites immediately
upstream of a synthetic human immunodeficiency virus/ML
core promoter as described previously (41). The primers were:
5'-GCA TTC TAG TTG TGG TTT GTC CAA (biotinylated)
and 5'-GCC GGG CCT TTC TTT ATG TT. DNA templates
were purified on 1% agarose gels and recovered using a gel
extraction kit (Qiagen). Biotinylated DNA templates were cou-
pled to paramagnetic streptavidin beads (Promega) as follows.
Beads were washed twice in B&W buffer (5 mm Tris-HCl pH
7.5, 1 mm EDTA, 1 m NaCl, 0.003% Nonidet P-40). Subse-
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quently the beads were resuspended in B&W buffer, and 15 ng
of biotinylated DNA (in Tris-EDTA with 1 M NaCl) template
was added for each microgram of magnetic beads. After shaking
for 45 min at room temperature, beads were washed once in
B&W buffer containing 0.5 mg/ml BSA (Sigma, fraction V). For
blocking, beads were resuspended at a concentration of 1 ug/ul
in blocking buffer which is buffer A (150 mm potassium gluta-
mate, 20 mm Hepes, pH 8.2, 5 mm MgCl,, 10 mm DTT, 0.025%
Nonidet P-40, 0.5 mg/ml BSA (Sigma, fraction V), 0.2 mm
PMSEF) plus 5 mg/ml BSA (Sigma, fraction V) and 5 mg/ml
polyvinylpyrrolidone (Sigma) and incubated for 15 min at room
temperature. Afterward beads were washed three times with
buffer A. A typical PIC assembly reaction was conducted in a
total volume of 200 ul containing 70 ug of beads coupled to
1050 ng of ML- or pGL2-MRGS5 promoter template, 200 ng of
GAL-VP16 (comprising the C-terminal 147 amino acids of the
GAL4 DNA binding domain linked to the complete VP16 acti-
vation domain, amino acids 411-490), 2 ug of poly(dG:dC)
competitor DNA, and 100-200 pg of Jurkat nuclear extract.
0.5 M P11 phosphocellulose fractions, recombinant yeast TBP,
yeast Toa, human TFIIB (hTFIIB), hTFIIE, and hTFIIF were
prepared as described previously (42, 43). Immobilized tem-
plate assays with the partially purified transcription system
contained 100 -200 ug of protein provided by a 0.5 M phospho-
cellulose P11 fraction. In addition, 100 ng of yeast TBP, 10 ng
of Toa, and if indicated, 200 ng of hTFIIB were added to the
reaction. A typical 200-ul reaction using the purified tran-
scription system contained 100 ng of yeast TBP, 10 ng of Toa,
200 ng of hTFIIB, 20 ng of hTFIIE, and 100 ng of hTFIIF. In
addition to the above components, 20 mm Hepes-KOH, pH 8.2,
5 mm MgCl,, 10 mm DTT, 0.025% Nonidet P-40, 0.5 mg/ml
BSA (Roche Applied Science), 10% (w/v) glycerol, 0.1 mg/ml
polyethylene glycol 8000, 0.2 mm PMSF were present in each
PIC assembly reaction. H-8 (N-[2-(methylamino)ethyl]-5-iso-
quinolinesulfonamide hydrochloride) was purchased from
Sigma. The total potassium ion concentration in the reaction
was adjusted to 150 mM with potassium glutamate. If PIC for-
mation reactions were carried out under ix vitro transcription
conditions, the same procedure as described above was fol-
lowed except that the potassium glutamate was omitted, and all
buffers and reactions were adjusted with 3 M potassium chlo-
ride to a final salt concentration of 60 mm potassium chloride.
After 45 min of incubation at 30 °C the complexes bound to
the immobilized templates were concentrated with a magnet
and washed with 200 ul of buffer A. Template-bound pro-
teins were incubated in an in vitro transcription reaction,
eluted, separated on 8 —18% SDS-PAA gels, and analyzed by
Western blotting.

In Vitro Transcription Assay—In vitro transcription reac-
tions were carried out in two steps. First a PIC was formed and
washed as described above, then % of a 200-ul PIC formation
reaction was resuspended in 25 ul of transcription buffer (20
mMm Hepes-KOH, pH 8.2, 60 mm KCl, 5 mm MgCl,, 10 mm DTT,
0.025% Nonidet P-40, 0.5 mg/ml BSA (Roche Applied Science),
10% (w/v) glycerol, 0.1 mg/ml polyethylene glycol 8000, 4 units
of RNasin (Promega), 0.2 mm PMSF). Transcription was initi-
ated by the addition of the NTP mix supplemented with 1 ul of
[@-3?P]JUTP (3000 Ci/mmol). Final NTP concentrations were
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100 uM for each, ATP and CTP, 20 um for 3'-O-methyl-GTP, 5
uMm for UTP. Transcription reactions were incubated at 30 °C
for 30 min and stopped by the addition of 400 ul of transcrip-
tion stop buffer (7 M urea, 10 mm Tris-HCI, pH 7.8, 10 mMm
EDTA, pH 8.0, 300 mMm sodium acetate, 0.5% (w/v) SDS, 100 mm
lithium chloride, 0.4 mg/ml yeast tRNA). Reactions were
extracted with phenol/chloroform, and RNAs were precipi-
tated with isopropanol. RNAs were analyzed after gel electro-
phoresis by autoradiography.

In Vitro Kinase Assay—CDK?7, p62, and Mediator were im-
munopurified as described in the immunodepletion procedure.
Protein-loaded IP beads were washed 3 times with 50 column
volumes BC150 (20 mm Tris-HCL, pH 7.3, 0.2 mm EDTA, 20%
glycerol, 150 mm KCl) supplemented with 0.1% Nonidet P-40
before the kinase assay experiment. Either 10 ul of CDK7, p62,
or Mediator-loaded IP beads were included in a 50-ul reaction.
As a positive control, 10 ul of Jurkat nuclear extract (adjusted to
BC150 supplemented with 0.1% Nonidet P-40) were used in
one reaction. In addition a kinase assay reaction contained 20
mMm HEPES, pH 8.2, 5 mm MgCl,, 10 mm DTT, 0.025% Nonidet
P-40, 0.5 mg/ml BSA (Roche Applied Science), 0.2 mm PMSF,
10 units RNase inhibitor (Promega), 10% (w/v) glycerol, 0.1
mg/ml polyethylene glycol 8000, 25 ng/ul poly(dG-dC). The salt
concentration was adjusted to a final concentration of 60 mm
KCl. The substrate used in the kinase assay, GST-CTD, was
expressed in Escherichia coli and affinity-purified on glutathi-
one-Sepharose as described previously (39). Approximately 0.1
pg of GST-CTD was included in a single 50-ul reaction. Reac-
tions were incubated for 30 min at 30 °C. ATP was added to a
final concentration of 100 uM, and the incubation was then
continued for another 30 min. Reactions were stopped by add-
ing Laemmli buffer and analyzed by Western blot.

Chromatin Immunoprecipitation (ChIP)—For ChIP experi-
ments, HeLa cells stably transfected with pML53 (39) were
grown to 80% confluence. Luciferase gene expression was
induced with 1 ug/ml doxycycline (Sigma) for 1 h at 37 °C.
When roscovitine (Calbiochem) was used, 30 ug/ml roscovi-
tine was added 30 min before the addition of doxycycline.
ChIPs were conducted essentially as described previously (44).
Cross-linking was done by incubating 1 X 10® cells with 1%
formaldehyde for 10 min at room temperature, and 100 ul of
chromatin extract with a DNA concentration of 1 mg/ml was
used for a single chromatin IP (antibodies were IgG (Santa
Cruz, sc-2027), RNAPII (Santa Cruz, sc-899), CTD Ser-5P
(3E8), CTD Ser-7P (4E12)). DNA from input and ChIP samples
was purified and eluted in 50 ul of 10 mm Tris-HCI, pH 8.0, and
1 ul of DNA was used for subsequent analysis by real-time PCR.
Quantitative real time PCR was carried out with the SYBR
Green PCR Master Mix (Applied Biosystems) kit according to
the manufacturer’s instructions on a Step One Plus Time PCR
system (Applied Biosystems). Primers were as follows: pro for-
ward (5'-AGG CGT GTA CGG TGG GAG GCC) and pro
reverse (5'-AGG CTG GAT CGG TCC CGG TGT); luc for-
ward (5'-AAT GGA AGA CGC CAA AAA CAT) and luc
reverse (5'-TTC ATA GCT TCT GCC AAC CGA); orf forward
(5’-CCT CTG GAT CTA CTG GGT TAC CT) and orf reverse
(5'-GGA ACA ACA CTT AAA ATC GCA GT), and control
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FIGURE 1. Gradual phosphorylation of Ser-7 residues on RNAPII bound to
DNA templates. A, shown is a reaction scheme. NEX, nuclear extract. B, preini-
tiation complexes were formed on ML-promoter templates in the presence of
the activator GAL-VP16 and the indicated concentrations of ATP (lanes 3-10).
As a control for the presence of residual ATP, the kinase inhibitor H-8 was used
in lane 2 in the absence of exogenously added ATP. In, 20% input of the PIC
formation reaction. Two exposures are shown to better illuminate the differ-
ent CTD forms with gradually increasing mobility. Note that minor amounts
of phosphorylated RNAPII (Ser-5-P-long exposure) present in nuclear extracts
migrate with mobility different from the hypophosphorylated forms gener-
ated at low ATP levels.

forward (5'-GAG TAA TTG GTG ATG AGG ACG AG) and
control reverse (5'-TAG ACG ACG CTCAGT GAATACAG).

RESULTS

Gradual Phosphorylation of Ser-7 Residues on RNAPII Bound
to DNA Templates—T o study phosphorylation of the CTD dur-
ing preinitiation complex formation, we employed immobi-
lized DNA template assays. Preinitiation complexes were
formed on recombinant promoter templates under conditions
that facilitate RNAPII transcription in vitro. Here we used an
active nuclear extract from human Jurkat T-cells as a source for
general factors, RNAPII and CTD kinases. The DNA template
comprised five GAL4 binding sites upstream of the adenovirus
ML core promoter (39). Templates were then washed briefly,
and proteins bound to them were eluted and analyzed in West-
ern blots. In Fig. 1 phosphorylation of the RNAPII CTD at Ser-5
and Ser-7 was analyzed with highly specific monoclonal anti-
bodies (Chapman et al. 4). CTD Ser-7 phosphorylation is first
detected at an ATP concentration of about 2 um, which is
slightly higher than the ATP concentration at which we first
detect Ser-5 phosphorylation (1 um). With increasing ATP
concentrations, the CTD apparently becomes further phosphor-
ylated, resulting in reduced mobility. We conclude that, like for
Ser-5, several residues in the CTD become phosphorylated at
Ser-7. Phosphorylation of Ser-7 is dependent on the presence of
DNA templates. In the above experiment we also included
recombinant GAL-VP16 to promote preinitiation complex for-
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FIGURE 2. CTD Ser-7 phosphorylation requires Mediator. A, PICs were
formed on pGL2-MRG5 promoter templates in the presence of 1 um ATP and
washed and either analyzed directly by immunoblot (lanes 3 and 4) or sub-
jected to a second incubation step in the presence of 100 um concentrations
of each ATP, CTP, GTP, and UTP (lanes 5 and 6). Mock-treated (Also) or Medi-
ator-depleted (AMED) Jurkat nuclear extract was used. B, preinitiation com-
plexes were formed in the presence of 1 um ATP either with mock-treated
(Also), Mediator-depleted (AMED), or Mediator-depleted extract supple-
mented with Mediator affinity purified on IP beads as indicated. Mediator IPs
were washed stringently at 800 mm KCl before add-back. PICs were either
analyzed by immunoblot or probed in an in vitro transcription assay (TXN).
NEX, nuclear extract. C, PICs were formed under basal conditions on major-
late promoter DNA templates with either mock-treated (Also) or Mediator-
depleted (AMED) extracts in the presence of 1 um ATP (lanes 4-13). Before PIC
formation, immobilized promoter templates were incubated with recombi-
nant human TBP and recombinant (rec (r)) human TFIIB as indicated. Basal
PICs were either analyzed directly by immunoblot or probed in an in vitro
transcription assay.

mation. The activator is not necessary for CTD phosphoryla-
tion, yet GAL4-VP16 usually enhances CDK7 recruitment and
CTD phosphorylation (compare Fig. 4C and data not shown).
We conclude that the CTD is (hyper)phosphorylated at multi-
ple Ser-7 residues.

CTD Ser-7 Phosphorylation Requires Mediator—To assess
the influence of Mediator, Jurkat nuclear extracts were
depleted for the cofactor complex using a highly efficient
monoclonal antibody directed against the head subunit MED15
(32). As a control, extracts were mock-depleted (referred to as
AMED and Also). PIC formation (Fig. 24) was subsequently
conducted in the presence of either a low concentration of ATP
(1 um) or under conditions that facilitate transcription elonga-
tion (100 uM N'TPs). CTD phosphorylation was fully dependent
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on the presence of Mediator both during formation of the PIC
(Fig. 24, lanes 3 and 4) and in the presence of NTPs (lanes 5 and
6; note that preinitiation complexes were washed briefly before
adding NTPs). In add-back experiments, immunopurified
Mediator (stringently washed, see “Experimental Procedures”)
fully restored phosphorylation of the CTD on both Ser-5 and
Ser-7 in a concentration-dependent manner as well as fully
restored transcription (Fig. 2B). In the absence of Mediator,
RNA polymerase is recruited but inefficiently phosphorylated
(Fig. 2B, lane 4 versus lanes 3 and 5). To further illustrate this
difference in activity, we employed a protocol in which recom-
binant human TBP was prebound to templates together with
increasing concentrations of recombinant human TFIIB (see
the reaction scheme of Fig. 2C). TFIIB has been shown to be
limiting for PIC formation in nuclear extracts (compare tran-
scription analysis on the ML promoter on the top panel). As
predicted, the protocol established enhanced transcription,
PIC formation, and CTD hypophosphorylation at Ser-7 in the
presence of Mediator (Fig. 2C, lanes 12 and 13 versus 6—11). In
the absence of Mediator, CTD hypophosphorylation is mar-
ginal, and transcription is abrogated. As shown above (Fig. 24),
this experiment further demonstrated that as estimated, less
than 50% that of the total RNAPII is associated with Mediator
(RNAPII panel, Fig. 2C, lanes 1 versus 2). In the absence of
Mediator (all reactions were carried out without GAL4-VP16),
substantial amounts of free RNAPII are recruited to templates.
Although CDK?7 is present, free RNAPII is not modified either
on position 5 or on position 7 of the repetition in the CTD.
Collectively, we conclude that in the physiological situation of a
crude nuclear extract, Mediator-associated RNAPII, but not
free RNAPI], is preferentially recruited and phosphorylated at
both Ser-5 and Ser-7.

CDK?7 Phosphorylates the CTD at Ser-5 and Ser-7—In a semi-
systematic approach, the three kinases operating in transcrip-
tion were analyzed for their impact on Ser-7 phosphorylation.
Again, an immunodepletion protocol was applied to crude
nuclear extracts. Depletion was efficient for all three kinases as
demonstrated in Western blots (Fig. 34, lanes 1-4). When
preinitiation complexes were formed in the presence of 1 um
ATP followed by washing of immobilized templates/com-
plexes, elution of proteins, and analysis in Western blots, Ser-5
and Ser-7 phosphorylation were fully dependent on CDK7. In
contrast, depletion of CDK8 had no effect, and CDK9 only
moderately reduced CTD phosphorylation (Fig. 34, lanes 5- 8).
In this setting a small fraction of CDK7 and CDK9 but signifi-
cant amounts of CDKS8 present in extracts are recruited to tem-
plates. Further notable, minor concentrations of phosphoryla-
ted RNAPII are found in Jurkat extracts. These are not
recruited, as is concluded from their different mobility (Fig. 3A,
compare lanes 1-4 and 5- 8 in the Ser-5-P panel and Fig. 1A).
The experiment above was conducted with templates carrying
human immunodeficiency virus TATA instead of the strong
ML TATA box (pGL2-MRGS5 (45)). However, essentially iden-
tical results were obtained when the ML template (used in Fig.
1) was employed (Fig. 3B).

CTD Ser-7 Phosphorylation Is Established in the Absence of
Core TFIIH—To assess whether a TFIIH-bound CDK7 kinase
was involved, we also depleted core TFIIH with an antibody

JOURNAL OF BIOLOGICAL CHEMISTRY 191

0T0Z ‘€Z Arenigad uo ‘Yay101gigreiuaz - usyduaniy Wwnnuaz zijoyw|aH 1e B10-ogl-mmm Wwolj papeojumoq


http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/11/09/M109.046565.DC1.html

CDK7 Phosphorylates RNAPII-CTD before Initiation Transcription

A 20% Input  PIC C
+ + Also
+ + ACDK7
+ + ACDK8
+ + ACDK9

Input - 1 2 10 100 ATPyS [uM]
e o - CTD Ser-7 P + + + + + + Also
' m mm CTDSer5P +_+ + + + + ACDKY
Beood RNAPI | W coser7p
m_se . ] CDK7 ' y 41 | CTDSer5P

=== TFIIH(p62)

— - RNAPII
e Buw CDK8 S—

- C e = = = | CDK7
. —— S|
I /=025 123456789101112
et SRR [RT
E---.-- TBP

12345678
B 20%Input PIC D E
+ + Also L
+ + Ap62 +rec TFIIB
+ + ACDK7 + - T T - NEX PIC
* + ACDK8 -4+ - - - 05PM Also *+ - - NEX
= ] ™~ - - -+ -+ 05P11AMED - + + System
- - - -+ - 05P11 ACDK7 - ++ MED-IP
CoSerTP Ll . wep C Y coKmp
e er- R M| CTD Ser-7P = | CTDSer7P
RNAPII '

[ - ———

e TFIIH(p62) - a CTD Ser-5P M M CTDSer5P
e e . CDK7 -m

T RNAPII e RNAPI

— ‘
R s asa s \MED7 E CDK7 - -‘E MED15
[egow - —— | TFIIB 123

— W MED15
L 123456

12345678

FIGURE 3. CDK7 is a CTD Ser-7 kinase. A, shown is an immobilized template assay on the pGL2-MRG5 pro-
moter template in the presence of the activator GAL-VP16. Mock-treated or CDK7-, CDK8-, and CDK9-depleted
nuclear extracts (lanes 5-8) were used in the PIC formation reactions. Reactions were carried out under stand-
ard in vitro transcription conditions in the presence of 1 um ATP. Lanes 1-4 show 20% of reaction input.
B, shown is an immobilized template assay on the ML-promoter template in the presence of GAL-VP16 using
mock-treated (Also), core-TFIIH (Ap62), CDK7 (ACDK7)- or CDK8-depleted (ACDKS8) Jurkat nuclear extract. Lanes
1-4 show 20% reaction input. TXN, in vitro transcription analysis. C, shown is an immobilized template assay on
ML-promoter DNA templates under basal conditions at physiological salt concentrations. PICs were formed in
the presence of the indicated amounts of ATPyS, washed, and then analyzed by immunoblot. D, shown is an
immobilized template assay on the ML-promoter DNA template using mock-treated (Also), Mediator-depleted
(AMED), and CDK7-depleted (ACDK7) 0.5 m P11 fractions together with GAL4-VP16, recombinant yeast TBP,
Toa, and recombinant human TFIIB as indicated. In lane 6 a high salt-washed MED15-IP was added. PIC forma-
tion was carried out under physiological conditions in the presence of 1 um ATP and 10 um ATPS. NEX, nuclear
extract. E,immobilized template assay on ML-promoter DNA templates using either Jurkat nuclear extract (lane
1) or a recombinant transcription system consisting of yeast TBP, Toa, human TFIIB, TFIIE, and TFIIF) in combi-
nation with a high salt-washed Mediator-IP (which also provides RNAPII; lanes 2 and 3) is shown. In lane 3 a
stringently washed CDK7 IP was also added to the PIC formation reactions. PIC formation in D and E was carried
out under physiological conditions in the presence of 1 um ATP and 10 um ATPS.

CDK?7 Is a Ser-7 Kinase—Forma-
tion of basal preinitiation com-
plexes (in the absence of GAL4-
VP16) was monitored at increasing
ATP+S concentrations in the pres-
ence or absence of CDK7. We used
ATPYS because it proved to select
for CDK7 contributions in an
extract that also contained other
Ser-7 kinases (42). Under these con-
ditions Ser-7 and Ser-5 phosphory-
lation was established in a CDK7-
dependent manner (Fig. 3C). To
provide further evidence that CDK7
function on CTD Ser-7 is direct, we
employed partially enriched and
purified transcription systems. We
initially employed a semipurified
system consisting of the C-fraction
(extracts fractionated on phospho-
cellulose P11; C-fraction refers to
the standard 0.5 m KCl elution step,
see Kretzschmar et al. (43)). The
C-fraction contains TFIIE, TFIIF,
TFIIH, CDK7, Mediator, and RNA-
PII. It lacks many kinases present in
extracts, among them the known
CAK targets of CDK7.? The C-frac-
tion was used in combination with
recombinant yeast TFIIA, TBP, and
human TFIIB (Fig. 3D). This system
efficiently establishes both Ser-5
and Ser-7-P in the presence of ATP
(compare lane 1 with lanes 2 and 3).
Depletion of either CDK7 or Medi-
ator from the C-fraction diminished
CTD phosphorylation (Fig. 3D, left
panel, lanes 4 and 5 versus 3). When
excess Mediator-RNAPII complex
(immunopurified from nuclear
extracts) is added to the C-fraction,
CDK7 recruitment 1is strongly
enhanced. In parallel, CTD phos-
phorylation markedly increases (lane
6 versus 3). As in extracts, free RNA-
PII that is recruited to templates in

directed against the p62 subunit. Interestingly, CDK7 depletion  the absence of Mediator (lane 4) is not efficiently phosphor-
but not removal of core TFIIH reduces CTD phosphorylation.  ylated by CDK7. Next we replaced the C-fraction by a reconsti-
The depletion of TFIIH essentially abrogates transcription tuted system consisting of recombinant and purified general
activity in these extracts (Fig. 3B, top panel, lanes 5 versus 6, the  transcription factors, TBP, TFIIA, TFIIB, TFIIF, and TFIIE, in
loss of transcription activity in the CDK8-depleted reaction combination with immunopurified CDK7 and Mediator-RNA-
most likely reflects the marked reduction of Mediator). In light ~ PII. Depending on the CDK?7 IP, efficient phosphorylation of
of the known activity of TFIIH, these data indicate that Ser-7  Ser-5-P and of Ser-7-P was observed (Fig. 3E). Mediator- and
phosphorylation starts before DNA is fully opened (see also CDK?7 IPs are washed extensively (3 times with 50 column vol-
discussion of Fig. 3D below). The data further show that CTD  umes). Hence, these data strongly reason for direct phosphor-

hypophosphorylation is independent of core TFIIH. Instead,

free CAK module is involved in the phosphorylation of the
CTD. 3 S. Boeing and M. Meisterernst,

unpublished observation.
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FIGURE 4. CTD Ser-7 phosphorylation is established in the context of a
functional preinitiation complex. A, shown is an in vitro kinase assay using
GST-CTD as a substrate. As sources of kinase activity, the indicated immuno-
precipitations or Jurkat nuclear extract (NEX) were used. B, shown is an immo-
bilized template assay on ML-DNA templates in the presence of the activator
GAL-VP16. Jurkat nuclear extracts were either mock-treated (Also) or
depleted for RNAPII (ARNAPII). ARNAPII extracts in lanes 3 and 4 were supple-
mented with immunoprecipitated Mediator complexes (high salt-washed
MED15 IPs). PICs were washed and either analyzed by immunoblotting or
probed in an in vitro transcription assay (TXN). C, shown is an immobilized
template assay on pGL2-MRG5 DNA templates in the presence of the activa-
tor GAL-VP16. Jurkat nuclear extracts were either mock-treated (Also) or
depleted for TFIIB (A/IB). D, shown is an immobilized template assay on ML-
DNA templates using mock-treated (Also), TBP-depleted (ATBP), or TBP-de-
pleted extracts supplemented with recombinant human TBP. PIC formation
was carried out under basal conditions in the presence of 1 um ATP. All assays
in this figure were carried out under in vitro transcription conditions.

ylation of Ser-7 by CDK7. Given that ATP alone establishes
CTD phosphorylation in the purified system, we further con-
clude that Ser-7 phosphorylation by CDK7 begins before tran-
scription is initiated.

CTD Ser-7 Phosphorylation Is Established in the Context of a
Functional PIC—To further address the question of whether
Ser-7 phosphorylation by CDK7 is direct, we performed in vitro
kinase assays using immunoprecipitated CDK7 module (Fig.
4A, lanes 4 and 8) or immunopurified TFIIH complexes (Fig.
4A, lanes 3 and 7). As expected, CDK?7 efficiently phosphoryla-
ted Ser-5 residues (both the CAK module and the TFIIH com-
plex are functional). Phosphorylation of Ser-7 was moderate
but detectable, especially at higher CDK7 concentrations (Fig.
4A, lanes 2 versus 5). It should be noted that the Ser-7 phos-
phate (Ser-7-P) signal in the Western blots is generally much

JANUARY 1, 2010+VOLUME 285+NUMBER 1

weaker than the corresponding signal generated by a Ser-5-
specific antibody. When GST-CTD is used, higher concentra-
tions are required, leading to cross-reactions of the Ser-7-P
monoclonal antibody with GST-CTD and attenuating the rel-
ative signal of Ser-7-P.

Of note, the addition of immunopurified Mediator did not
increase GST-CTD phosphorylation (Fig. 44, lanes 2—5 versus
6-9). Thus, although Mediator (or a Mediator-RNAPII com-
plex) is necessary for CTD phosphorylation in the context of
PIC formation, it is dispensable for CDK7 function on an iso-
lated CTD.

The Mediator-associated RNAPII contributes substan-
tially to the overall RNAPII found on promoters. More
importantly, its presence closely correlated to the formation
of active transcription complexes (39, 46). We, therefore, asked
whether Mediator-associated RNAPII is phosphorylated at
Ser-7. Toward this end, extracts were immunodepleted of
RNAPII (Fig. 4B). Subsequently, immunoprecipitated Media-
tor was added to the depleted extracts, and preinitiation com-
plexes were formed at 1 uM ATP and analyzed in Western blots
(Fig. 4B, compare lanes 1-3 and 4). Mediator-associated RNA-
PII restored transcription activity. Furthermore, Mediator-im-
ported RNAPII was modified at Ser-5 and Ser-7 to a similar
extent as the input pool of RNAPII (note that neither the recov-
ery nor the precise ratio of free RNAPII to Mediator-associated
RNAPII was determined).

Interestingly, neither CDK7 nor TFIIB was efficiently
recruited to the template if RNAPII was removed from the
extracts (Fig. 4B, compare lanes 1 and 2). In contrast, Mediator
recruitment to the activator GAL4-VP16 was unaffected by
RNAPII depletion. When Mediator (with bound RNAPII) was
added back to the reaction, both CDK7 and TFIIB were effi-
ciently recruited to promoter templates (Fig. 4B, lane 2 versus
lanes 3 and 4). Collectively, we conclude that a complex of
Mediator-RNAPII recruits both TFIIB and CDK7 to promoter
regions. The recruitment of CDK7 (although not fully exclud-
ing an additional activation step of the kinase) explains the
increase in CTD phosphorylation. In contrast, binding of the
bulk of TBP is fully independent of Mediator-RNAPII com-
plexes (compare Fig. 2C).

Having provided evidence that Mediator-RNAPII complexes
directly or indirectly facilitate recruitment of a CDK7 module
we next addressed the question of whether CDK7 recruitment
is dependent on preinitiation complexes. Toward this end
extracts were depleted (or mock-depleted) for TFIIB, an essen-
tial component of active preinitiation complexes. Depletion of
TFIIB fully abolished CTD Ser-5 and Ser-7 phosphorylation,
although CDK7 was found at promoters. We conclude that
both Ser-5 and Ser-7 phosphorylation relies on TFIIB and,
therefore, likely on the formation of intact preinitiation com-
plexes (Fig. 4C). To further substantiate this hypothesis, we also
depleted extracts for TBP, the seeding factor for preinitiation
complexes (Fig. 4D). Again, Ser-5 and Ser-7 phosphorylation
was reduced (Fig. 4D, lane 1 versus 2). When TBP is depleted,
TFIIB and CDK?7 are nevertheless found on templates. These
data show that the presence of both TFIIB and CDK7 is insuf-
ficient to facilitate CTD phosphorylation. Instead intact preini-
tiation complexes seem necessary.

JOURNAL OF BIOLOGICAL CHEMISTRY 193

0T0Z ‘€Z Arenigad uo ‘Yay101gigreiuaz - usyduaniy Wwnnuaz zijoyw|aH 1e B10-ogl-mmm Wwolj papeojumoq


http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/11/09/M109.046565.DC1.html

CDK7 Phosphorylates RNAPII-CTD before Initiation Transcription

A PIC
30uM Rosco
5 5 5 5100 ATP[uM]
+ + + + o+ Also
+ o+ + + + ACDK7

++ + ++ + VP16

8 N CTDSer7P

¥t ty s CTD Ser-5P
ol eaaaEE RNAPI
w— | TBP

12345678910

B 20% 5uM 100uM 100uM
Input ATP ATP ATPyS
+ + + +
+ + + +
+ + +

by bt b v

Also
AMED
+ ACDK7

M N (CcTDSer7P
Lol oo o e b e B a B RNAPI

BEE-- - -—= |CDK7
MED15

e = w6 B8 o
EPeeseessese 5P
12345678 9101112

FIGURE 5. Evidence for another Ser-7 kinase. A, shown is an immobilized
template assay using mock-treated (Also) or CDK7-depleted (ACDK?7) nuclear
extracts. PICs were formed in the presence of the indicated amounts of ATP
and roscovitine. PICs in lanes 1 and 2 as well as 5 and 6 were formed under
basal conditions,and PICs in lanes 3 and 4 as well as in lanes 7-10 were formed
inthe presence of the activator GAL4-VP16. Physiological salt conditions were
used. B, PICs were formed on ML-promoter DNA templates in the presence of
the indicated amounts of ATP or ATPvS under physiological salt conditions.
PICs were formed with mock-treated (Also), CDK7-depleted (ACDK?), or Medi-
ator-depleted (AMED) Jurkat nuclear extracts.

Together with TBP, we depleted the TBP-associated factors.
CTD phosphorylation was fully rescued upon the addition of
recombinant TBP. Thus, CDK?7 functions independent of TBP-
associated factors.

Evidence for Another Ser-7 Kinase—Several of our observa-
tions reasoned for further Ser-7 kinases that act independent of
CDK?7. These became first evident when ATP concentrations
were raised during PIC formation (Fig. 5). Although depletion
of CDK?7 essentially abolishes Ser-5 and Ser-7 phosphorylation
atupto5 um ATP (Fig. 5, A, lanes 1-4, and B, lanes 4 and 5) the
strict dependence is lost at higher concentrations (in lanes 9
and 10, 100 uM ATP was added). Loss of dependence has been
confirmed in several independent experiments. As a result we
noted that both high ATP and limited preincubation periods
(and, therefore, limited opportunity to form a PIC) reduced the
relative impact of CDK7 (Fig. 5B). On the other hand, ATPyS as
an ATP donor selects for CDK7 (Fig. 5B and Fig. 3C). The
reasons for the latter are presently unknown but may hint
to further requirements of the missing kinase. Notably, how-
ever, the phosphorylation by the missing kinase is also de-
pendent on Mediator. Specific inhibitors to candidate
kinases such as DNA-dependent protein kinase (wortman-
nin) and casein kinases did not suppress Ser-7 phosphoryla-
tion in vitro (supplemental Fig. 1). On the other hand, we
found CTD Ser-7 phosphorylation to be fully sensitive to the
CDK inhibitor roscovitine (Fig. 54, lanes 1-4 versus 5-8).
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FIGURE 6. CTD Ser-7 phosphorylation is roscovitine-sensitive in vivo.
A, shown is a ChIP experiment on the doxycycline-induced tet-VP16 system.
Induction of cells with 1 ug of doxycycline (Dox) per ml medium was carried
out for 60 min. B, ChIP analysis is shown of the tet-VP16-inducible gene sys-
tem 60 min after induction of Luciferase gene expression with doxycycline (1
rg/ml). If indicated, roscovitine (Rosco) was added to the cell culture medium
to a final concentration of 30 um 30 min before induction.

Roscovitine targets a broad spectrum of kinases (among them
many CDKs). Collectively, we presently conclude that, mini-
mally, one additional kinase is missing that functions indepen-
dent of CDK?7 and that is roscovitine-sensitive.

Next we asked whether Ser-7-P is introduced in a promoter-
specific manner correlated to the induction of transcription in
vivo. Toward this end we employed a stable conditional tet-
VP16 reporter system described previously (39) and chromatin
IP as a method to detect RNAPII and the phosphorylated serine
residues. Indeed, CTD Ser-7 phosphorylation was established
together with Ser-5-P upon transcription induction with doxy-
cycline (Fig. 6A4). CTD Ser-7 phosphorylation was most pro-
nounced at promoter regions (compare promoter primers (pro)
at about —100 with open reading frame primers luc (around
+150) with control primers (control). If roscovitine inhibits
Ser-7-P in vitro, it should do so in vivo. To assess this question,
cells were incubated with 30 um roscovitine for 30 min before
gene induction by doxycycline. ChIP analysis revealed substan-
tially reduced levels of CTD Ser-5 and Ser-7 phosphorylation
both at the promoter (relative to the body of RNAPII, Fig. 6B)
and downstream of the transcription start site (primers orf are
located at +1500). Thus, Ser-7-P occurs both upstream and
within the open reading frame. Although the ATP concentra-
tions are much higher inside cells (estimated 1 mm), Ser-7-P is
specifically sensitive to roscovitine inside cells.

DISCUSSION

In this study we explore the molecular process of phosphor-
ylation of the Ser-7 residue within the heptarepeat of the CTD
of RNAPII at promoter regions in human cells. Despite limited
similarity of the environment of the Ser-5 and Ser-7 phosphor-
ylation sites in the heptarepeat YSPTS_PS., CDK?7 is identified
as one responsible enzyme. This conclusion is based on direct
phosphorylation of isolated GST-CTD by purified CDK7 and
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the dependence of Ser-7 phosphorylation on CDK?7 in crude
and highly purified systems. Tests for copurifying kinases in
CDK?7 IPs were negative. Especially, the known targets of CDK7
(CDK1 and CDK2) were absent in CDK7 IPs. These kinases
elute on P11 columns in the 0.3 M elution step and are absent
already in the semipurified system (P11 C-fraction based).
Clearly, this does not rule out that residual concentrations of an
unknown kinase are present. However, we consider it unlikely
that minor concentrations suffice in these in vitro systems to
mediate efficient CTD phosphorylation. This is best exempli-
fied with CDK? itself, whose function is concentration-depend-
ent. Mediator functions at least in part via enrichment of CDK7.
Furthermore, strong effects indeed require enrichment of the
enzyme.

The conclusion that CDK7 can phosphorylate Ser-7 is
entirely consistent with the recent identification of yeast CDK7
(Kin28) as the major Ser-7 kinase (37). Beyond it we character-
ize the process in which the CTD is modified at residue Ser-7.
CDK?7 can phosphorylate Ser-7 directly in the absence of a
functional preinitiation complex. However, in the physiological
context of a nuclear extract, phosphorylation by CDK7 is
strictly dependent on a series of structural constraints. CDK7
functions dependent on a promoter-bound preinitiation com-
plex that minimally consists of TBP, TFIIB, and RNAPII (we
have not tested TFIIF but expect it to be part of it). This is not a
trivial finding because CDK7 is found on promoters in the
absence of other general factors but in the presence of RNAPII.
Indeed, promoter association of CDK?7 is fully dependent on
Mediator. In line with a recent genetic study in yeast, our data
further suggest that Mediator complex recruits a free CDK7
CAK module (36). It is well established that Mediator binds
RNAPII at enhancer regions (29, 30). The presence of a Medi-
ator-associated RNAPII is closely linked to transcription activ-
ity in vitro (39). Yet, the underlying mechanisms remain
unclear. For instance, extracts also contain RNAPII that is not
associated with Mediator. In purified systems free RNAPII is
fully functional in basal transcription. In a more physiological
context RNAPII requires Mediator for efficient incorporation
into preinitiation complexes and for both basal and activated
transcription (31, 32). Importantly, here we demonstrate for the
first time that an isolated Mediator-RNAPII complex suffices to
recruit both TFIIB and CDK?7 and facilitates the incorporation
of RNAPII into preinitiation complexes. Mediator-RNAPII and
TBP-TATA complexes form independently of each other. In a
reverse stepwise process Mediator-RNAPII recruits TFIIB even
in the absence of TBP. Although present, nearby CDK7 does
not phosphorylate RNAPII bound to Mediator in the absence of
either TFIIB or TBP. This indicates that kinase-substrate inter-
action relates to or may even require prior relocation of RNAPII
to preinitiation complexes. Notably, we never observed Ser-7
phosphorylation in the absence of Ser-5 phosphorylation.

A general conclusion of these findings is that Ser-5 and Ser-7
phosphorylation is tightly controlled during initiation of tran-
scription. Interestingly, core TFIIH is not necessary to initiate
Ser-7 phosphorylation by CDK?7. These and other data clearly
suggested that Ser-7 phosphorylation begins before initiation
of transcription. Previous analyses demonstrated that CDK7-
mediated phosphorylation is not generally required for tran-
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scription (25). Similarly, a requirement of Ser-7 phosphoryla-
tion for transcription has not been reported. Nevertheless, our
recent and previous ChIP data (4) suggest that Ser-7 occurs
coupled to transcription in vivo, therefore, minimally reasoning
for a function that is coupled to transcription. ChIP-ing, a con-
ditional model gene, revealed the highest Ser-7-P signals down-
stream of the start site of transcription. Substantial steady-state
levels were also detected further downstream within coding
regions.

Last but not least, we have clear evidence for additional Ser-7
kinases. Notably, the latter also require DNA templates and
Mediator, but they operate at a higher K|, for ATP. Contrary to
the molecular constraints observed for CDK7, our unpublished
data suggest that at least one kinase functions independently of
transcription complex formation.>
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