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ABSTRACT

Previously, we showed that the viral transactivator
proteins E1A and VP16 specifically interact with a
cellular CTD kinase activity in vitro . We now report that
E1A and VP16 complexes contain human CDKS, a
newly identified member of the cyclin-dependent
kinase family that has been shown to be a component
of the RNA polymerase Il (RNAP II) holoenzyme
complex. The presence of CDKS8 in the E1A- and
VP16-containing complexes is specific for a functional
activation domain of these viral transactivators,
strongly suggesting that this association is relevant
for the transactivation function of E1A and VP16. We
show that CDK8 is associated with CTD kinase activity
and that CDK8 co-fractionates with E1A- and VP16-
associated CTD kinase activity over several chromato-
graphy columns. Therefore, CDK8 is likely responsible
for the E1A- and VP16-associated CTD kinase activity.
Gel filtration chromatography indicates that the E1A-
and VP16-associated CTD kinase activity has a
molecular size of [11.5 MDa and contains cyclin C and
the human homolog of SRB7 in addition to CDK8. This
implies that E1A and VP16 associate with the RNAP I
holoenyzme. We also looked at the transcriptional
activity of CDK8 and found that CDK8 can function as
a transcriptional activator when fused to the DNA
binding domain of GAL4. Surprisingly, the ability of
GAL4—-CDKS8 to activate transcription in this assay was
not dependent on the kinase activity of CDKS8, since a
kinase-deficient mutant of CDK8 stimulated tran-
scription nearly as well as wild-type GAL4—CDK8. This
suggests that CDK8 may play a role in transcription
that is distinct from its ability to function as a CTD
kinase.

INTRODUCTION

is subject to regulation and requires the presence of multiple protein
factors. Recent work has shown that transcription is mediated by a
large multi-protein complex termed the RNA polymerase ||
(RNAP 1) holoenzyme that was originally discovered in yeast
(1-3). In addition to the multi-subunit RNA polymerase Il
(RNAP 1I) enzyme, the yeast holoenzyme contains general
transcription factors (GTFs), which are necessary for RNAP 1l to
initiate transcription at specific sites, and a mediator complex,
which is required for proper response to transcriptional regulatory
factors. The mediator complex contains proteins, known as SRB
(suppressor of RNA polymerase B) proteins, that were originally
identified as dominant extragenic suppressors of a mutant form
of RNAP Il in which the largest subunit contained partial deletions
of the C-terminal domain (CTD}6). In mammalian cells, a large
multisubunit complex containing RNAP Il and GTFs has been
described §). More recently, RNAP Il holoenzyme complexes
have been isolated from human cells that also contain homologs
of the yeast SRB proteing,§).

The CTD of RNAP Il contains an unusual, highly repetitive
structure consisting of tandem repeats of the consensus sequenc
Tyr-Ser-Pro-Thr-Ser-Pro-Sed,{0). Although its precise role in
transcription remains unclear, the function of the CTD is thought
to be mediated through protein—protein interactions with SRB
proteins and other components of the transcription complex.
These interactions are likely regulated by phosphorylation of the
CTD. The CTD is a target for phosphorylation by a number of
protein kinases, including a TFlIH-associated kinddg ¢he
cyclin-dependent kinases CDC2 and CDK2,13) and several
partially purified activities {3-15). Two of these kinases are
associated with the RNAP II holoenzyme: the TFIIH-associated
kinase and SRB10/11. The catalytic component of TFIIH is CDK7
(also known as MO15)16-19). Addition of TFIIH containing
wild-type CDK7 reconstitutes transcription in a TFIIH-depenident
vitro system, while a kinase-deficient form of TFIIH supports
only abortive initiation, suggesting that the kinase activity of
CDK?7 is required for transcription at a stage after the formation
of the first phosphodiester boritD]. The SRB10/11 proteins are
a CDK/cyclin pair that are found in RNAP II holoenzymes isolated

Transcription of eukaryotic genes is a complex and highly regulatéwm Saccharomyces cerevisig@1). Holoenzymes lacking
process that is comprised of several discrete steps, each of wisgB10/11 kinase activity are deficient in CTD phosphorylating
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activity and show defects in transcriptionvivo, although they expression vector and inserted into the corresponding region of
are not defective for transcription using a purifreditro system GAL4-CDK8. The sequence of the D173A mutant was verified
(21). The SRB10 protein is identical to UMEB?[, SSN3 23) by di-deoxy sequencing. The GAL4—-CDK8NX mutant contains
and ARE1 24), proteins identified in independent geneticthe Ncd to Xbd fragment of CDK8 (amino acid residues
screens. SRB10 is also structurally related to the human CDR88-464) in the pSG424 vector. To generate the FLAG-CDK8
protein (originally named K3526). CDKS8, isolated in a search fusions, CDK8 sequences obtained from the GAL4-CDKS8
for human protein kinases that might play a role in cell cycle contrplasmid were inserted into pFLAG-CMV-2 (Kodak), which codes
(26), encodes a protein of 464 amino acids with a predictefdr an eight amino acid tag& the multiple cloning site, yielding
molecular mass of 53 kDa%). CDK8 associates with cyclin C pFLAG-CDK8. The construct pFLAG-D173A was generated by
in vitro andin viva. Cyclin C is the closest known mammaliandigestion of GAL4-D173A to obtain a fragment of CDK8
relative of SRB11. Like their yeast counterparts, both CDK8 antbntaining the mutation which was then inserted into pFLAG-
cyclin C are found associated with the human RNAP ICDK8 such that the mutation replaced the wild-type sequence.
holoenzyme§).

It is likely that cellular CTD kinases are involved in mediating
the action of at least some viral transactivator proteins as sevefeansfections and CAT assays
especially potent viral transactivator proteins can specifically target ) ) ]
cellular CTD kinases. For example, the herpes simplex virf§l transfections were performed using a calcium phosphate
VP16 protein is known to interact with TFIIR728) and the transfection proceduref). For analysis of transactivation by
human immunodeficiency virus Tat proteins specifically interadpAL4 fusions, Hela cells in DMEM + 10% fetal bovine serum
with the Tat-associated kinase (TAK)3(29,30). More recently, (Gibco) were seeded onto 6 cm dishes one day prior to transfection
we have identified a cellular CTD kinase activity that specificalljo Yield 50% cell confluency. Each plate was transfected with 2
interacts with the activation domains of VP16 and the adenovir@AL4 parental or fusion plasmid .8 pG6(—83)HIVLTRATAR-
E1A proteinsn vitro (31). The VP16- and E1A-associated kinaseCAT (36) + 0.5ug pSVgal 37) + 5ug salmon sperm DNA. At
activities were shown to be related to each other but distinct frof#8 h post-transfection, cells were harvested for CAT and
TFIIH and TAK 31). B-galactosidase assays. Results of CAT assays were quantified on

In this report, we show that E1A and VP16 associate with & Betascope 603 blot analyzer (Betagen). Reaction conditions
large complex, presumably the RNAP Il holoenzyme, thavere adjusted so that all results used for quantitation of CAT
contains CDK8, cyclin C and the human homolog of SRB7. Wactivity had <50% acetylation of the total chloramphenicol.
also show that CDK8 is associated with CTD kinase activity arldkewise, all measurements used for quantitati@hgafiactosidase
that CDK8 co-fractionates with the E1A- and VP16-associate@ctivity had Oxovalues of <0.4.
CTD kinase activity over several chromatography columns. This
suggests that the E1A- and VP16-associated CTD kinase is most . .
likely CDK8. We further demonstrate that CDK8 is capable ofmunochemical analysis
activating transcription when artificially targeted to the promoter. L .
Surprisingly, the ability of CDK8 to stimulate transcription is nogmmunoprempltatlons were performed as descriB&jl (mmune
dependent on the kinase activity of CDK8. However, our resulfMPlexes were washed three times in EBC buffer (50 mM

indicate that CDK8 possesses a weak activation domain at dS—HCl pH 8.0, 120 mM NaCl, 0.5% NP-40 and 5 mM DTT)
; ; -g@d resuspended in Laemmli sample buffer. Immunoblot analysis

C-terminus, a region not conserved among other CDKs. Possi X , . .
roles for CDK8 in transcription are discussed. was carne.d out as described prewogﬁy) (using ephanced_
chemoluminescence for detection of immunoreactive proteins.

MATERIALS AND METHODS The rabbit anti-CDK8 45) and anti-CDK7 §9) polyclonal
antibodies were used at dutlon of 1:5000, the anti-cyclin C
Plasmids antibody ¢0) was used at a dilution of 1:2000, and the anti-hSRB7

antibody ) was used at a dilution of 1:400. One-dimensional

Bacterial expression plasmids used to express fusions of glutathiopeptide analysis using V8 protease (Pierce) was performed as
Stransferase (GST) to the activation domains of the E1A argbscribed %8).

VP16 proteins31) or the Tat proteins3¢) have been described

previously. The construct used for expression of GST-CTD was

a gift from W. Dynan and colleague33). For construction of Partial protein purification

GAL4-CDK7, CDK7 sequences were PCR amplified from a

CDK7-encoding plasmid (obtained from D.O. Morgan), inserte@fractionation of HelLa cell nuclear extracts over phosphocellulose
into a modified version of the plasmid pGEM3Z+ (Promega) t®11 and Resource Q columns was described previGdslyrbe
generate pGEM-CDK7 and the sequence was confirmed Ipgak of the E1A- and VP16-associated kinase activities eluted
di-deoxy sequencing. The fragment from pGEM-CDK?7, encodinffom the Resource Q column at 270-300 mM KCI. This peak was
the CDK7 sequences was then cloned into pSGa4which  concentrated using a Centricon-30 column and applied to a
encodes the DNA binding domain (a.a. 1-147) of GAL4 directeBuperose 6 FPLC column (Pharmacia) equilibrated with 50 mM
by the SV40 early promoter. For construction of GAL4—CDKS8;Tris pH 8.0, 10% glycerol, 0.2 mM EDTA, 100 mM KCI, 0.5 mM
CDKB8 sequences were excised from a CDK8/Bluescript expressibi T and 0.5 mM PMSF. Proteins were eluted with equilibration
vector @5) and inserted into pSG424. The D173A mutant wabuffer at 0.2 ml/min and fractions (4Ql) were analyzed directly
constructed using the Transformer Site Directed Mutagenesis kif immunoblot analysis or for CTD kinase activity. The
(Clontech). To construct GAL4-D173A, the region of CDK8molecular size of the complex was determined by extrapolation
containing the mutation was removed from the D173A/Bluescriitom molecular weight standards.
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Figure 1. CDK8 is associated with CTD kinase activity and is present in ELA- and VP16-containing comfa)eiati-CDK8 rabbit polyclonal antibody ()

or the corresponding preimmune serum was incubated with a HeLa cell nuclear extract for 1 h on ice, the complexes were immunoprecipitated by the addition of P
A Sepharose beads, washed and incubated with CTD kinase reaction mix (see Materials and Methods). The bands corresponding to the CTDo, CTD:x
phosphorylated form of CDK8 are indicate) Kinase reactions were performed as described in Materials and Methods using wild-type GST-VP16, wild-type
GST-E1A, or the anti-CDK8 antibody. The 58-59 kDa phosphorylated products of these reactions were excised from the gel and subjected to one-dimensional p
mapping using the indicated amounts of V8 protease as described previous) (B&.iqdicated GST-fusion proteins were bound to glutathione beads, incubated
with a HeLa cell nuclear extract, and washed as described in Materials and Methods. The complexes were analyzed by immunoblot analysis using a rabbit poly
antibody raised against human CDK8 (25). The lane marked N.E. represents HelLa cell nuclear extract that was loaded onto the gel and used as a positive cc

CTD kinase assays Methods using GST-CTD as a substrate. Hyperphosphorylation

Briefly, fusions of viral transactivator proteins expressed iglowly migrating GST-CTDo form; the appearance of the CTDo
bacteria as GST-fusions were purified as describa@9) and ~ form is indicative of CTD kinase activity{). An anti-CDK8
bound to HeLa cell nuclear extracts)for 60 min at 4C with ~ antibody £5) was used toimmunoprecipitate CDK8 from a HeLa
gentle rocking. Complexes were washed three times with EB¢Ell nuclear extract. The immune complexes were washed and a
buffer containing 0.03% SDS, followed by one wash with KinaseTD kinase assay was performed. As seen in Figyrtae CTDo
Buffer (50 mM Tris pH 7.4, 10 mM Mggland 5 mM DTT). form was generated in reactions using the anti-CDK8 antibody
Kinase assays were performed by add"]g Pba mix Containing but not the prelmmune serum. There was also a!’] InCI’ea_SG in the
Kinase Buffer, 2.5 mM MnG| 200 ng GST-CTD, fiM ATP and  level of phosphorylation of the CTDa form. This experiment

5 uCi [y-32P]ATP (NEN, 3000 Ci/mmol) to the bead complexeghdicates that CDK8 is associated with CTD kinase activity.
and incubating for 60 min at room temperature. Complexes we@sults presented below using a kinase-deficient form of CDK8
pelleted briefly, denatured in Laemmli sample buffer, and resolvdfig.4) further suggest that CDK8 possesses CTD kinase activity.

by 9% SDS—PAGE. In addition to phosphorylation of the CTD, we noted that a
protein of. b8 kDa became phosphorylated in the CDK8 immune
RESULTS complex kinase reactions (FIbA). A band of similar size was

also detected in wild-type E1A- and VP16-containing complexes,
Previously, we reported that a CTD kinase activity associates witlit not in complexes containing the transactivation-deficient
the viral transactivator proteins E1A and VR1@itro (31). The  mutants §1). To determine whether the proteins phosphorylated
interaction of a CTD kinase with E1A or VP16 was dependent dn the GST-E1A and GST-VP16 reactions are related to the
a functional activation domain of these proteins, suggesting thaftein phosphorylated in the CDK8 immune complexes, we
the interaction is relevant for the transactivation function of E1Analyzed this band by one-dimensional peptide mapping using
and VP16. We also showed that the kinase activities that assockeprotease (FidLB). Digestion of the protein phosphorylated in
with E1A and VP16 are biochemically related to each other btie GST-E1A or GST-VP16 reactions gave a similar pattern as
distinct from two other known CTD kinase activities, TFIIH andthat seen with the phosphorylated product of the CDK8 immune
TAK. Recently, the cloning of a novel member of the cyclincomplex kinase reaction, suggesting that these phosphoproteins
dependent kinase family, CDK8, was report2f).(Given the are highly related. We believe that this protein represents autophos-
sequence similarity of human CDK8 to tBeerevisialSRB10  phorylation of CDK8. Evidence to support this is: (i) the migration
protein, a kinase involved in CTD phosphorylati@i)( we  of this phosphoprotein is consistent with the migration of CDK8
investigated whether human CDK8 is associated with CTD kinagg6-59 kDa) as detected by immunoblot analysis g (25)],
activity and whether it interacts with E1A or VP16. (i) the presence of this phosphoprotein in kinase reactions
correlates with the peak levels of CDK8 as detected by
immunoblot analysis over several chromatography columng2(Fig.
and data not shown), (iii) this band is not detected when using a
To test whether CDK8 is associated with CTD kinase activity, kinase-deficient mutant form of CDK8 (Fid), and (iv) the
CTD kinase assay was performed as described in Materials an@jjration of this band is retarded when using an epitope-tagged

CDK8 is associated with CTD kinase activity and is present
in E1A- and VP16-containing complexes
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Figure 3. Transactivation by CDK8. HelLa cells in 6 cm dishes were transfected

B by the calcium phosphate method (35) witlu@ of the indicated GAL4
Jagees - % E E§ b § ﬁ Eg E!g expression plasmids (as described in the tept), & the CAT reporter plasmid
EEERG-neC2 dARARA G6(—83)HIVLTRATAR containing six GAL4 binding sites upstream of the
COKE - . [ [ [ Tee—— HIV-1 promoter containing a deletion of the TAR element (36), anddd&

pSVB-gal (37) used as an internal control. Cells were harvested at 48 h
post-transfection and extracts were analyzed for CAT activity (47) and for
B-galactosidase activity. A CAT unit is arbitrarily defined as the amount of

Crmnc-_ activity obtained from the GAL4 vector alone after normalization to
-galactosidase activity. This experiment was performed in duplicate and is

expressed as the average of the two duplicate plates with standard deviations

nERET - . <13%. The experiment shown was repeated several independent times with
m similar results.

LR -
. These results indicate that CDK8 is found associated with

wild-type but not transactivation-deficient mutant forms of E1A
Figure 2. E1A- and VP16-associated kinase activity is present in a large@Nd VP16 and that CDK8 is likely to be responsible for the E1A-

complex that contains CDK8, cyclin C and hSRB7. HeLa cell nuclear extract wa@ind VP16-associated CTD kinase activity.
fractionated over a phosphocellulose, the 0.5 M KCl eluate was then applied to

a Resource Q column, and the peak of E1A- and VP16-associated CTD kina . . .
activity from the Resource Q column was then passed over a Superose 6 ;DKS co-fractionates with E1A- and VP16-associated CTD

filtration column (see Materials and Methods)) Aliquots of fractions from  kinase activity and is present in a large complex that also

the Superose 6 column were analyzed for E1A- and VP16-associated CTigontains cyclin C and hSRB7

kinase activity as described in Materials and Meth&j#\l{quots of fractions

were analyzed directly for the presence of CDK8, cyclin C, hSRB7 or CDK7 To further characterize the E1A- and VP16-associated CTD kinase

by immunoblotting as described in Materials and Methods. activities, we partially purified the viral-associated kinase activities.
HelLa cell nuclear extracts were fractionated over a phosphocellu-
lose P11 column and the 0.5 M KCI eluate was then passed over
form of CDK8 (Fig.4). These results indicate that CDK8 or aa Resource Q ion exchange colurdt)(The peak of E1A- and
highly related protein is present in the E1A and VP16 complexegP16-associated CTD kinase activity coincided precisely with
To confirm that CDK8 associates with E1A and VP1@eak levels of CDK8 as determined by immunoblot analysis (not
complexes, we looked for the presence of CDK8 in E1A anshown). These fractions also contained the highest levels of
VP16 complexes by immunoblot analysis. A HelLa cell nucleasyclin C and the human homolog of the yeast SRB7 protein
extract was incubated with GST-E1A and GST-VP16 fusiothSRB7), a component of the RNAP Il holoenzyme mediator
proteins as described in Material and Methods and an immursubcomplex. The majority of CDK7, another CTD kinase present
blot was performed with the anti-CDK8 antibody (RiG). The inthe holoenzyme, eluted from the Resource Q column at a lower
results showed that CDK8 was present in complexes containiaglt concentration than the peak of E1A- and VP16-associated
wild-type E1A or VP16, but not in complexes containing theCTD kinase activity, although low levels were detected in the
transactivation-deficient mutants C174S (substitution of Ser fareak fractions (not shown).
Cys at position 174 of E1A) and F442S+F475A (substitution of Since CDK8 is a component of the RNAP Il holoenzyme
Ser for Phe at position 442 and substitution of Ala for Phe abmplex 8), we were interested to determine whether the E1A- and
position 475 of VP16). This experiment also showed that CDK8P16-associated CTD kinase activity is associated with RNAP 1|
does not interact detectably with the HIV Tat protein, consistehbloenzyme complex or represents a distinct CDK8-containing
with the biochemical characterization of the Tat-, E1IA- andomplex. To determine the molecular size of the CTD kinase
VP16-associated kinases that indicated that the Tat-associasativity, the peak of kinase activity eluted from the Resource Q
kinase is distinct from the E1A- or VP16-associated kirsg§e ( column was subjected to gel filtration chromatography over a
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Superose 6 column. As seen in Figliréghe peak of E1A- and E
VP16-associated kinase activity eluted as a large complex that =

was estimated to bEL.5 MDa. This is consistent with the § 3
reported size of the holoenzyme compkeX,8). We next looked - @ 5

for the presence of known components of the mediator subcomplex

for which reagents were available to us—CDKS8, cyclin C and n- * 200K
hSRB7. The immunoblot analysis shown in Figyrdemonstrates . _

that these proteins are present in fractions 3 through 18, with the CTDa » _;_ a -

highest levels seen in fractions 5 through 8. This is similar to the
levels of E1A- and VP16-associated CTD kinase activity observed

in these fractions. In contrast, CDK7 was detected predominantly FLAG-CDME » -
in fractions 11 to 22. These results indicate that E1A and VP16
associate with a large complex that contains CDK8, cyclin C and - e
hSRB7, presumably the RNAP Il holoenzyme and suggest that R . .o
E1A and VP16 may target the mediator subcomplex of the RNAP
Il holoenzyme.
. L. Figure 4. CDK8-D173A is defective for CTD kinase activity. Immuno-
CDK8 activates transcription when fused to a DNA prgcipitations were performed with the M2 anti-FLAG monocl?)/nal antibody

binding domain (10 pl, Kodak) using lysates from untransfected () Hela cells or cells
) ) ) _ transfected with wild-type FLAG-CDK8 or the FLAG-D173A mutant.
We have previously proposed a model in which some viralmmune complexes were washed and CTD kinase assays were performed as

transactivators function by recruiting a CTD kinase to thedescribed in Materials and Methods. The bands corr_esponding to the CTDo,
promoter (3,31). If CDK8 is important in mediating the response €TP and phosphorylated form of FLAG-CDKS are indicated.
to E1A and VP16, we reasoned that CDK8 might activate
transcription in the absence of E1A or VP16 if it was artificially
targeted to the promoter. For this purpose, the cDNA clone 8etected by immunoprecipitation frofP$]methionine-labeled
CDK8 (25) was inserted into the pSG424 vectd#)(which  transfected cells (data not shown). Together, these results indicate
encodes the GAL4 DNA binding domain (a.a. 1-147) driven bShat CDKS8 is capable of activating transcription independent of
the SV40 early promoter. The GAL4-CDK8 plasmid wadts kinase activity under the conditions of this assay.
transfected into Hela cells along with a reporter plasmid, Since the kinase activity of CDK8 appears not to be required for
G6(-83)HIVLTRATAR (36), that contains six GAL4 binding the transactivation function of CDK8, we postulated that CDK8
sites upstream of a promoter based on the HIV-1 LTR that is fusédght contain an ‘activation’ domain that could interact with
to the chloramphenicol acetyltransferase (CAT) gene. As show@mponents of the RNAP I holoenzyme and serve to recruit the
in Figure 3, the GAL4-CDK8 plasmid produced a 40-fold holoenzyme to the promoter. Because CDK8 contains a region at
increase in expression from the reporter plasmid relative toitg C-terminus thatis not conserved among other CDKs, we tested
construct containing the GAL4 DNA binding domain only (aftetvhether this region could function in the transactivation assay by
normalization t3-galactosidase activity to control for transfectionfusing the C-terminal 147 amino acid residues (318-464) to the
efficiencies). A similar result was obtained using a differenAL4 DNA binding domain. As shown in FiguBethis construct
reporter plasmid, G5E1B-CAT-SRZ), which contains an Sp1 Stimulated transcriptiob-fold. While this is clearly less than wild-
site upstream of the E1B TATA elemefi), Transactivationwas type, it suggests that this region may be involved in interactions
dependent on the presence of the GAL4 DNA binding sites #4th other components of the RNAP Il holoenzyme complex.
GAL4-CDK8 did not increase expression from a reporter We also tested whether CDK7 could activate transcription
construct that lacked the GAL4 DNA binding sité8)( when expressed as a fusion with the GAL4 DNA binding domain.
To determine whether the kinase activity of CDKS is requireds shown in Figure3, GALA-CDK7 was unable to activate
for transactivation activity, we tested a mutant of CDK8, D173Agexpression from the reporter plasmid. We have confirmed that the
in which the aspartate at position 173 (in subdomain VII) i$AL4—CDK7 protein is expressed in transfected HeLa cells by
changed to alanine. To assay the transactivation activity of tAfi§munoprecipitation of GAL4-CDK7 following metabolic labeling
mutant, D173A was cloned into the GAL4 vector and théf cells with >S]methionine (data not shown). Therefore, the
transactivation activity was measured following transfection dbility of a CDK to function as a transactivator when expressed
HeLa cells. Surprisingly, this mutant displayed high levels oks a GAL4 fusion protein may be unique to CDK8.
transactivation activity, although it reproducibly gave slightly
lower levels of transactivation than the wild-type protein @jig. pISCUSSION
To confirm that this mutation renders CDK8 non-functional for
kinase activity, FLAG-tagged wild-type CDK8 and the D173AThe sequence similarity between human CDK8 and the yeast
mutant were overexpressed in HelLa cells, immunoprecipitat&RB10 protein, a component of the yeast mediator complex,
with an antibody directed against the FLAG epitope, and a CT8uggested that CDK8 may play a role in CTD phosphorylation
kinase reaction was performed (4. With wild-type FLAG—  and transcriptional regulation. The work reported in this study is
CDK8, the appearance of the CTDo form and the phosphorylatednsistent with such a role for CDK8. First, we showed that
form of FLAG—-CDK8 were observed but, as expected, n€DK8 is tightly associated with CTD kinase activity. CTD kinase
autophosphorylation product or hyperphosphorylation of the CTBctivity is present in CDK8-containing immune complexes
was observed with the D173A mutant. The wild-type and mutaffig. 1A) and CDK8 co-fractionates with CTD kinase activity
form of FLAG-CDK8 were expressed at equivalent levels asver three chromatography columns (Rignd data not shown).
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The result that the kinase-deficient FLAG-D173A mutant doeSAL4—-CDKS8 probably functions by recruiting the holoenzyme
not phosphorylate the CTD (Fig). further supports the idea that to the promoter but once present at the promoter, it is possible that
CDK8is a CTD kinase. Recent work from E. Lees and colleaguether CTD kinases in the RNAP Il holoenzyme complex, such as
has also shown that a CDK8/cyclin C complex displays kinassndogenous CDK8 or perhaps CDK7, could compensate for the
activity for the CTD 40). DrosophilaCDK8 has also been shown loss of GAL4—CDKS8 kinase activity. It also remains possible that
to be associated with CTD kinase activity)( However, itis still  the kinase activity of GAL4—-CDK8 may be necessary under
formally possible that CDK8 associates with another kinase thegrtain conditions not assayed here, such as in response to som
phosphorylates the CTD. activators or in response to growth regulatory signals.

Second, we showed that two viral transactivators, E1A and VP16 Although CDK8 can clearly function as a transcriptional
interact with a CDK8-containing complex (Figf3 and C). We activator, it is not nearly as powerful as E1A. In experiments
currently do not know whether the interaction between CDK8 arsimilar to that shown in Figu& GAL4—E1A produced at least
the viral activator proteins is a direct physical interaction. It i& 20-fold higher level of activation of expression from the reporter
possible that ELA and VP16 directly contact another componetnstruct than the GAL4A-CDKS8 constru¢B), One interpretation
of the holoenzyme complex, so that CDK8 is detected inf this result is that while recruitment of the CDK8 complex by
association with E1A and VP16 as a result of direct binding 81A is important for the transactivation function of E1A, other
another holoenzyme protein. However, we have demonstrated thegtein—protein interactions, such as that with TFHE) @re
the interaction is specific for a functional activation domain of E1Aequired for full transactivation by E1A.
and VP16. Transactivation-deficient mutants of E1A and VP16 fail How does CDK8 activate transcription? It is possible that
to associate with CDKS8, strongly suggesting that this interactiddDK8 can function in recruitment of the RNAP Il holoenzyme
with the CDK8-containing complex is important for the transcomplex to the promoter. This likely occurs when CDKS8 is
activation function of these viral transactivators. CDK8 does naaytificially targeted to the promoter through a fusion with a DNA
however, interact with another strong viral transactivator proteiljnding domain. This may also occur under more physiological
Tat. This is perhaps not too surprising, considering that Tat, unlikenditions through an association with DNA-bound activators
E1A and VP16, interacts with a downstream RNA element ar&¥ich as E1A and VP16. The finding that GAL4-CDKS activates
therefore may contact different components of the transcriptidFanscription is consistent with results in the yeast system, where
complex. Tat interacts with another cellular CTD kinase, TAKgomponents of the yeast mediator complex have been shown to
which has been proposed to mediate Tat transactivafipn ( activate transcription when fused to a DNA binding domain

We have also shown that the CDK8-containing complek2346). Ptashne and colleagues have proposed that recruitment
targeted by E1A and VP16 is a large complek§ MDa) that  of the RNAP Il holoenzyme complex to the promoter through a
also contains cyclin C and hSRB7 (Fy. CDK7 fractionates Single activator-holoenzyme contact is sufficient for gene activation
differently than the other proteins and is not detected in fractiofé6). Our results are consistent with this proposal. The finding
that have the highest levels of E1A- and VP16-associated kindgat the C-terminus of CDK8 alone can activate transcription,
activity. The yeast counterparts of CDK8, cyclin C and hSRBaIbglt less efficiently than the full length protein, suggests that this
have been found in the mediator subcomplex of the holoenzyniggion may contact other components of the holoenzyme
while CDK7 is not thought to reside in the mediator subcomplegomplex. The failure of CDK7 to activate transcription as a GAL4
(1). This suggests that E1A and VP16 may target the mediatision suggests that not all interactions with holoenzyme
subcomplex of the holoenyzme. This has previously beefPmponents resultin gene activation. _ o
demonstrated for VP16 by Young and colleag@esb(it to our Finally, it is possible that CDK8 plays a dual role in transcription.
knowledge has not been shown for E1A. Therefore, targeting &PK8 may function through protein—protein interactions to
the mediator complex may be a general mechanism used §ruit the RNAP I 'holoenzyme comple>§ to the promoter an_d it
activators in recruitment of the holoenzyme to the promoter. Of#ay also act catalytically by phosphorylating the CTD or possibly
results indicate that this may not be universal mechanisiither components of the RNAP Il holoenzyme complex.
however, since the HIV Tat protein does not appear to interact with
the_CDK8-c0ntaining complex (FigC anq data not sh_ovyn). ACKNOWLEDGEMENTS
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