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Cyclin-dependent kinase 9 (Cdk9) of fission yeast is an essential ortholog of metazoan positive transcription
elongation factor b (P-TEFb), which is proposed to coordinate capping and elongation of RNA polymerase I1
(Pol II) transcripts. Here we show that Cdk9 is activated to phosphorylate Pol II and the elongation factor Spt5
by Cskl, one of two fission yeast CDK-activating kinases (CAKs). Activation depends on Cdk9 T-loop residue
Thr-212. The other CAK—Mcs6, the kinase component of transcription factor IIH (TFIIH)—cannot activate
Cdk9. Consistent with the specificities of the two CAKs in vitro, the kinase activity of Cdk9 is reduced ~10-fold
by cskl deletion, and Cdk9 complexes from cskIA but not csk1™ cells can be activated by Cskl in vitro. A
cdk9™?"?>* mutant is viable but phenocopies conditional growth defects of cskIA strains, indicating a role for
Cskl-dependent activation of Cdk9 in vivo. A cdk97%"?* mcs657% strain, in which neither Cdk9 nor Mcs6 can
be activated by CAK, has a synthetic growth defect, implying functional overlap between the two CDKs, which
have distinct but overlapping substrate specificities. Cdk9 forms complexes in vivo with the essential cyclin
Pchl and with Pcm1, the mRNA cap methyltransferase. The carboxyl-terminal region of Cdk9, through which
it interacts with another capping enzyme, the RNA triphosphatase Pctl, is essential. Together, the data support
a proposed model whereby Cdk9/Pchl—the third essential CDK-cyclin complex described in fission yeast—

helps to target the capping apparatus to the transcriptional elongation complex.

Cyclin-dependent kinases (CDKs) first emerged as control-
lers of cell division but have also been implicated in processes
not strictly coupled to the cell cycle, most notably transcription
by RNA polymerase II (Pol II) (4). In metazoans, Cdk9 and
cyclin T constitute positive transcription elongation factor b
(P-TEFb), which phosphorylates both the carboxyl-terminal
domain (CTD) of Rpbl, the largest subunit of Pol II, and Spt5,
a subunit of the elongation factor DRB sensitivity-inducing
factor, to overcome kinetic blocks to elongation (21). The
requirement for Cdk9 in facilitating elongation is probably a
general one (66) and is posited to be a quality control mech-
anism to ensure that nascent transcripts are not elongated
unless and until mMRNA-capping enzymes and other processing
machinery can be recruited (9, 10, 49, 52).

In the budding yeast Saccharomyces cerevisiae, the Burl/
Bur2 CDK-cyclin pair and a heterotrimeric CDK, CTDK-I,
show roughly equal homology between their catalytic subunits
(Burl and Ctkl, respectively) and metazoan Cdk9 (46). The
BURI gene is essential (56), whereas neither BUR2 nor any of
the genes encoding CTDK-I subunits is required for viability
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(68, 77). Cdk9 of the fission yeast Schizosaccharomyces pombe
was identified in a two-hybrid interaction screen with Pctl, the
RNA triphosphatase component of the mRNA-capping appa-
ratus (52). Cdk9 can form an active kinase complex with the
essential fission yeast cyclin Pchl, and the two proteins ex-
pressed together in S. cerevisiae complemented a bur! deletion
(19, 52), but the physiologic cyclin partner of Cdk9 in S. pombe
remained to be identified.

CDKs depend to various degrees on phosphorylation within
the activation segment, or T loop, of the catalytic subunit by a
CDK-activating kinase (CAK). The dedicated cell cycle CDKs,
exemplified by Cdkl1, absolutely require T-loop phosphoryla-
tion (22, 37), whereas CDKs involved in transcription need this
modification for full catalytic activity and/or for stability but
not for their essential functions (29, 31, 78). The CAKs fall into
two classes. In metazoans, the major CAK is a heterotrimeric
complex of Cdk7, cyclin H, and the RING finger protein Matl,
which is also part of general transcription factor IIH (TFIIH),
which phosphorylates the Pol II CTD (23). In contrast, the sole
CAK in budding yeast is Cakl, a monomeric enzyme related
only distantly to the CDK family (27). Cakl activates both
Cdk1 and the Cdk7 ortholog Kin28 (17, 29), which unlike its
metazoan counterpart is a dedicated TFIIH-associated CTD
kinase that does not activate CDKs (12, 73).

S. pombe has one CAK from each class: the Mcs6/Mcs2/
Pmh1 complex, which is homologous to Cdk7/cyclin H/Matl,
and Cskl1, a single-subunit enzyme most closely related to Cak1
(2,5, 14, 24, 33, 34, 67). Both enzymes can activate Cdk1 (34,
63), a redundancy that probably explains why csk! * is dispens-
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able for viability (43) and why mutations in genes encoding
Mcs6 complex subunits do not impair CDK activation or im-
pede entry into mitosis unless combined with other mutations,
such as cskIA (5, 14, 24, 33, 34, 43, 63). The Mcs6 complex is
required for viability, however, suggesting it has another es-
sential target, which is likely to be Pol II. The growth defects
caused by cskl deletion (3, 25, 63) might reflect specialized
requirements for Cskl-mediated activation of Cdkl and/or
activity of Cskl towards proteins that the Mcs6 complex does
not phosphorylate.

Activation of metazoan P-TEFb by a CAK has not been
demonstrated, but mutating Thr-186 in the human Cdk9 T
loop abolished activity and, paradoxically, binding to a ribonu-
cleoprotein inhibitor (7). In budding yeast, a temperature-
sensitive burl mutation was suppressed by overexpression of
CAKI, and phosphorylation by Cakl stimulated the kinase
activity of Burl in vitro, dependent on the Thr-240 residue of
the Burl T loop. That stimulation is apparently important in
vivo; a burl™?*** allele only partially complemented burlA
(78). More recently, Cakl was shown to activate Ctkl, and a
mutation in ctkl preventing T-loop phosphorylation caused a
defect in the entry into stationary phase (50). Changing Thr-
212 within the T loop of fission yeast Cdk9 to alanine abolished
heterologous complementation of burl A, whereas a mutation
of the same residue to glutamic acid rendered it cold and
temperature sensitive (52, 53).

The regulation of Cdk9 by upstream kinases (CAKs) in
fission yeast has not been investigated. Moreover, its role(s) in
regulating gene expression and possibly coordinating mRNA-
processing events with transcription remains to be elucidated.
Here we show specificity within the CAK-CDK network of S.
pombe; Cskl, but not the Mcs6 complex, activates Cdk9/Pch1
complexes in vitro and in vivo. The nonphosphorylatable T-
loop mutant cdk97#** grows poorly on minimal media and is
cold sensitive, essentially phenocopying cskIA. We observe a
synthetic interaction between cdk9’?’?>* and the analogous
mes651%4 T-loop mutation, suggesting that the essential Cdk9
and Mcs6 complexes, which have partially overlapping sub-
strate specificities in vitro, have redundant as well as unique
functions in controlling gene expression in vivo. Finally, we
provide support for the idea that Cdk9 couples transcription to
mRNA capping (9, 10, 49, 52) by demonstrating (i) that the
carboxyl-terminal, Pctl-interacting region of Cdk9 (52) is re-
quired for viability and (ii) that Cdk9 stably associates in vivo
with the guanine-N7 methyltransferase component of the fis-
sion yeast mRNA-capping apparatus in ~500-kDa complexes
that are released from larger complexes by RNase digestion.

MATERIALS AND METHODS

Expression and purification of recombinant proteins. Mutant Cdk9/Pch1 com-
plexes were expressed with recombinant baculoviruses (see the supplemental
material) and purified as described previously (52). Recombinant Cskl was
produced by infecting Sf9 insect cells with appropriate viruses according to
standard methods (60). After being harvested by centrifugation, cells were re-
suspended in hypotonic lysis buffer (50 mM Tris-HCI [pH 7.8], 20 mM NaCl, 1
pg/ml leupeptin, 2 pg/ml aprotinin, 0.5 mM phenylmethylsulfonyl fluoride) and
disrupted with a Dounce homogenizer; 5 M NaCl and 1 M imidazole were then
added to final concentrations of 300 mM and 10 mM, respectively. Insoluble
material was removed by centrifugation for 1 h at 100,000 X g. The soluble
extract was applied to a Ni**-nitrilotriacetic acid-agarose column equilibrated in
buffer A (50 mM Tris-HCI [pH 7.8], 300 mM NaCl, 10 mM imidazole, and 10%
glycerol), the column was washed with buffer A, and bound proteins were eluted
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with buffer B (50 mM Tris-HCI [pH 7.8], 300 mM NaCl, 200 mM imidazole, and
10% glycerol). The eluate was concentrated threefold in a Centricon YM-10
instrument and applied to a Superdex 200 gel filtration column equilibrated in
buffer C (25 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM dithiothreitol [DTT],
1 mM EDTA, and 10% glycerol). The fractions containing Cskl were pooled,
and the protein concentration was determined by the Bradford method with
bovine serum albumin as the standard. Mcs6/Mcs2 complexes were purified by a
similar protocol.

Kinase assays. The Spt5 and Rpbl kinase activities of unphosphorylated
mutant Cdk9/Pch1 complexes were measured as described previously for wild-
type Cdk9/Pchl (52). To examine the direct phosphorylation of wild-type and
mutant Cdk9/Pchl complexes by Csk1, reaction mixtures (30 wl) containing 10
wM HEPES (pH 7.4), 1 mM DTT, 10 mM MgCl,, 50 .M ATP including 1 to 5
mCi [y->*P]ATP, ~2 pg of wild-type or mutant Cdk9/Pch1 complex, and Csk1
were incubated for 15 min at 22°C. To measure activation of wild-type and
mutant Cdk9/Pchl by Cskl, activation mixtures (30 pl) containing 10 mM
HEPES (pH 7.4), 1 mM DTT, 10 mM MgCl,, 1 mM ATP, ~150 ng wild-type or
mutant Cdk9/Pchl, and Cskl were incubated for 15 min at 22°C. One-tenth of
the activation mixture was withdrawn and added to a labeling mixture (27 pl)
containing 10 mM HEPES (pH 7.4), 1 mM DTT, 10 mM MgCl,, 50 uM ATP
including 5 pnCi [y->?P]JATP, and 4 pg of either glutathione S-transferase (GST)-
Spt5(801-990) or GST-Rpbl CTD, which was incubated for 10 min at 22°C.
Phosphorylation reactions were stopped by adding sodium dodecyl sulfate (SDS)
to a 1% final concentration. The products were analyzed by electrophoresis in a
10% polyacrylamide gel. Phosphorylated proteins were detected by autoradiog-
raphy of dried gels and quantified by scanning with a FUJIX BAS2500 phos-
phorimager.

The specific activities of unphosphorylated mutant Cdk9/Pch1 complexes to-
wards Spt5 and Rpbl were measured as described previously for wild-type
Cdk9/Pchl (52). Reaction mixtures containing 50 mM Tris-acetate (pH 6.0), 1
mM DTT, 2.5 mM MnCl, or 10 mM MgCl,, 50 pM [y->*P]ATP, 4 ug of
GST-Spt5(801-990) or GST-Rpbl CTD, and wild-type or mutant Cdk9/Pchl
complexes as specified were incubated for 1 h at 22°C. The extent of substrate
phosphorylation was quantified by scanning the dried gel with a FUJIX phos-
phorimager and plotted as a function of input protein. The apparent specific
activity of each mutant Cdk9/Pchl complex was determined from the average
slope of two or three independent titration curves in the linear range of enzyme
dependence and expressed as percent values relative to those of wild-type Cdk9/
Pchl. To calculate specific activities of mutant Cdk9/Pchl complexes, the amounts
of mutant Cdk9 polypeptides were normalized to that of wild-type Cdk9. The stained
gels were scanned with a FUJI FLA-5000 fluorescent image analyzer, and the
densities of Cdk9 polypeptides were quantified in Image Gauge 4.0. The relative
amounts of D184N and T212E were determined from the Coomassie blue-
stained gel shown in Fig. 1A, whereas those of Cdk9AC and T212A were deter-
mined after TEV protease treatment (see Fig. S1 in the supplemental material).
Because Cdk9AC comigrates with undigested His-Pch1, the ~43-kDa band was
excised and analyzed by matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (MS) to estimate the relative amount of
Cdk9(1-385). The estimated total amount of Cdk9?!> included both the full-
length polypeptide and the ~43-kDa proteolytic fragment.

General yeast methods. Fission yeast cell culturing, transformation, sporula-
tion, tetrad dissection, and extract preparation were performed according to
standard methods (44). Cells were grown in yeast extract medium with supple-
ments (YES) or in Edinburgh minimal medium (EMM). To determine popula-
tion doubling times, cells were grown in YES at 30°C from a starting density of
~5 % 10 cells/ml, and growth rate constants were determined from exponential
curves obtained by determining best fit to the experimental data. Doubling times
were calculated from the equation n = n,e’, where n is the cell number, n,, is the
initial cell number, k is the growth rate constant, and ¢ is time. For analysis of
Cdk9-Myc complexes by coimmunoprecipitation and gel filtration, we prepared
extracts in a modified lysis buffer consisting of 25 mM HEPES (pH 7.4), 150 mM
NaCl, 50 mM NaF, 60 mM B-glycerophosphate, 2 mM EDTA, 0.1% Triton
X-100, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1.3 mM benzamidine,
0.1 mM Na;VO,, 4 mg/ml leupeptin, and one protease inhibitor cocktail tablet
(Roche) per 50 ml buffer. Extracts were centrifuged for 1 h at ~100,000 X g,
and applied to a Superdex 200 10/30 HR gel filtration column (Pharmacia) as
previously described (31).

Disruption, mutagenesis, and tagging of cdk9*. To disrupt the cdk9" locus,
DNA fragments corresponding to regions 5’ and 3’ of the coding region were
amplified by PCR from the S. pombe genomic DNA template. The flanking
regions were subcloned on either side of a kanMX marker in plasmid
pFA6akanMX6. A linear fragment was used to transform a diploid strain main-
tained by ade™ complementation on EMM minus adenine. Transformants were
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FIG. 1. Purification of Cdk9/Pchl and CAKs. (A) Wild-type (WT)
and D184N, T212A, T212E, and Cdk9(1-385) (AC) mutant versions of
Cdk9 were coexpressed with His-Pchl in insect cells and purified by
metal-affinity chromatography. Aliquots (4 pg) of the purified proteins
were electrophoresed in a 12% polyacrylamide gel containing 0.1%
SDS. Polypeptides were visualized by Coomassie blue staining. The
positions and sizes (in kilodaltons) of marker proteins are indicated at
the left. The polypeptides corresponding to Cdk9 and His-tagged Pchl
are denoted by arrowheads at the right. (Note that Cdk9AC comigrates
with His-Pch1.) (B) Csk1-His-Flag, the wild type or the D148N mutant,
or Mcs6/His-Mcs2 complex, as indicated at the top, were purified by
metal-affinity and gel-exclusion chromatographies. Aliquots of each
preparation (2 pg total protein) were analyzed by SDS-polyacrylamide
gel electrophoresis and staining with Coomassie blue. The band cor-
responding to Csk1-His-Flag (Csk1-HF) is indicated at the left, and the
mobilities of Mcs6 and His-Mcs2 are indicated at the right.

selected on YES plus 200 mg/ml G418 and tested for correct gene targeting by
PCR. The c¢dk9™" cdk9::kanMX heterozygous diploids were induced to sporulate
on maltose extract (ME) medium.

To introduce a carboxyl-terminal Myc epitope tag by homologous integration
at the chromosomal cdk9™" locus, we generated a linear fragment with ~80 bp of
the cdk9* 3'-terminal coding region fused in frame with DNA encoding 13
copies of the Myc epitope in tandem with the kanMX marker followed by another
~80 bp of genomic sequence downstream of the cdk9™* gene as described pre-
viously (1). The epitope-tagging cassette was amplified from plasmid pFA6a-
13myc-kanMXG6 (gift of Jian-Qiu Wu, Yale University). The transformation with
the PCR product and the selection of correct integrants on YES plus 100 mg/ml
G418 were carried out as described previously (1).

To introduce the T212A mutation, we transformed a haploid strain with an
Accl restriction fragment containing the mutant sequence amplified by PCR
from the mutant cDNA (52) in tandem with the kanMX marker and flanking
sequence amplified from the 3’ untranslated region. We selected G418-resistant
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colonies and screened for correct integration. The presence of the mutation was
initially detected by digestion with NgoMIV (for which a recognition site was
introduced during the mutagenesis) of a PCR fragment amplified from genomic
DNA and confirmed by sequencing.

Immunological methods. Cdk9-13Myc was detected by probing immunoblots
with monoclonal antibody (MAb) 9E10 (Covance). Total Rpbl CTD was de-
tected with MAb 8WG16 (Covance), and phospho-isoforms were detected with
MAbs H5 and H14 (Covance). We performed immunoprecipitation with MAb
9E10 bound to protein G-agarose (Amersham Pharmacia Biotech). Immuno-
precipitates were washed three times with 10 mM HEPES (pH 7.4), 150 mM
NaCl, and 0.1% Triton X-100 and twice with 50 mM Tris-acetate (pH 6.0), 2.5
mM MnCl,, and 1 mM DTT and tested for Spt5 kinase activity or subjected to
immunoblotting.

Identification of Cdk9-associated proteins by mass spectrometry. Proteins
excised from gels were digested with trypsin, the mixtures fractionated on a Poros
50 R2 RP microtip, and resulting peptide pools analyzed by MALDI-reflectron
TOF MS using a Bruker UltraFlex TOF/TOF instrument (Bruker Daltonics,
Bremen, Germany) as described previously (16, 75). Selected experimental
masses (m/z) were taken to search the S. pombe segment of a nonredundant
protein database (NR; 6,786 entries; National Center for Biotechnology Infor-
mation, Bethesda, MD) by use of the PeptideSearch (Matthias Mann, Southern
Denmark University, Odense, Denmark) algorithm with a mass accuracy restric-
tion of better than 40 ppm and a maximum of one missed cleavage site allowed
per peptide. Mass spectrometric sequencing of selected peptides was done by
MALDI-TOF/TOF (MS/MS) analysis on the same prepared samples by use of
an UltraFlex instrument in “lift” mode. Fragment ion spectra were taken to
search NR using the MASCOT MS/MS ion search program (Matrix Science Ltd.,
London, United Kingdom). Any identification thus obtained was verified by
comparing the computer-generated fragment ion series of the predicted tryptic
peptide with the experimental MS/MS data.

RESULTS

CdK9 is activated by Cskl, but not by Mcs6/Mcs2, in vitro.
We generated wild-type and mutant Cdk9/Pch1 complexes in
insect Sf9 cells infected with recombinant baculoviruses (Fig.
1A) and measured their specific activities towards either the
CTD of Rpbl (the largest subunit of Pol II) or a carboxyl-
terminal fragment of Spt5 that contains the nonapeptide re-
peats phosphorylated by Cdk9 (53) (Table 1). A fraction of
Cdk9™'2A was proteolyzed in the insect cells; we showed by
differential susceptibility to TEV protease (which cleaves the
His-Pchl fusion protein) and mass spectrometry that the ~43-
kDa polypeptide in this preparation was a mixture of His-Pch1
and a proteolytic fragment of Cdk9 containing the intact ami-
no-terminal kinase domain (Fig. 1A; see Fig. S1 in the supple-
mental material; also data not shown). Nonetheless, this mu-

TABLE 1. Effects of point mutations and C-terminal truncation of
Cdk9 on the specific activity of Cdk9/Pchl complex

% Specific activity of:

Mutation Spt5 (aa 801-990) with: Rpbl CTD with:
MgCl, MnCl, MgCl, MnCl,
T212A 87 240 75 120
T212E 310 300 200 320
D184N <0.5 <0.5 <0.1 <0.1
CdkoAC 24 73 57 106

“The apparent specific activity of each mutant Cdk9/Pchl complex was de-
termined from the average slope of two or three independent protein titration
curves in the linear range of enzyme dependence and expressed as percent values
relative to those of wild-type Cdk9/Pchl. The specific activities of wild-type
Cdk9/Pchl complex (defined as 100%) were as follows. Towards GST-Spt5 (aa
801 to 990), they were 0.8 pmol phosphoproduct per ng kinase complex with
Mn?" as the cofactor and 0.26 pmol/ng with Mg?*. Towards GST-Rpb1 CTD,
they were 0.22 pmol/ng with Mn?* and 0.16 pmol/ng with Mg>*. See Materials
and Methods for a full description of measurements of specific activity.
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FIG. 2. Activation of Cdk9/Pchl by Cskl in vitro. (A) Wild-type Cdk9/Pch1 complexes (150 ng per reaction) were preincubated with indicated
amounts of purified Csk1 (lanes 3 to 6) or Mcs6/Mcs2 (lanes 8 to 11) plus cold ATP and tested for activity towards GST-Spt5(801-990). Activity
of untreated Cdk9/Pchl is shown in lane 2, and reaction mixtures lacking Cdk9/Pch1 but containing either Csk1 or Mcs6/Mcs2 were analyzed in
lanes 7 and 12, respectively. The Mcs6/Mcs2 complex is active towards the Rpb1 CTD (lanes 13 and 14). The mobilities of radiolabeled GST-Spt5
and -Rpbl polypeptides are indicated by arrowheads at the left and at the right, respectively. (B) Activity of wild-type Cdk9/Pchl towards
GST-Spt5(801-990) after preincubation with increasing amounts of wild-type or kinase-dead (D148N) Csk1 plotted as a function of the input Csk1
protein. (C) Csk1 phosphorylates Cdk9 in a manner dependent on Thr-212 in the T loop. The Cdk9/Pch1 complex (2 p.g), Cdk9AC, or Cdk9™'24,
as indicated above each panel, was incubated alone (first lane in each panel) or with increasing amounts (indicated at top) of wild-type Csk1 in
the presence of [y->*P]ATP. The electrophoretic mobility of the Cdk9AC polypeptide is indicated by the arrowhead at left, whereas the mobilities
of radiolabeled full-length Cdk9 and Pch1 polypeptides are indicated by arrowheads at right. (D) Activation of Cdk9 by Csk1 is Thr-212 dependent.
Activities of wild-type Cdk9, Cdk9™'?4, and Cdk9™*'** complexes towards GST-Spt5(801-990) after preincubation with increasing amounts of

wild-type Cskl1 are plotted as a function of the input Cskl1 protein.

tant, which failed to rescue burlA (52), had Mg**-dependent
activity comparable to that of the wild-type kinase towards
both substrates. In addition, the Cdk9™'?%/Pchl complex,
which complemented the burl A mutation partially at 30°C and
not at 37°C or 18°C, was more active than the wild-type kinase
in vitro.

The relative activities in vitro of the different Cdk9 variants
(activity of T212E > wild type ~ T212A in the presence of
Mg?") suggested that Thr-212 was a site of activating phos-
phorylation and moreover that it was phosphorylated ineffi-
ciently, if at all, by endogenous insect cell kinases. We were
unable to detect phosphorylation of Thr-212 by mass spec-
trometry in wild-type Cdk9/Pchl complexes purified from Sf9
cells (our unpublished observations). We therefore tested
whether Cdk9/Pchl was a substrate for either of the two fission
yeast CAKs, which were also produced with recombinant bacu-
loviruses (Fig. 1B). Preincubating Cdk9/Pchl with Cskl, but
not with Mcs6/Mcs2, resulted in stimulation of kinase activity
towards Spt5 (Fig. 2A). In control reactions, Cskl did not

detectably phosphorylate either Spt5 (lane 7) or Rpbl (data
not shown), whereas Mcs6/Mcs2 was active towards Rpbl
(lanes 13 and 14) but not towards Spt5 (lane 12). The stimu-
lation of Cdk9 activity was ~10-fold towards either substrate
(Fig. 2B; see Fig. S3A in the supplemental material) and was
abolished by the inactivating D148N mutation in Csk1 (72).
Cdk9 phosphorylation and activation by Cskl depend on
Thr-212 of the T loop. We next sought to confirm that Cskl
phosphorylated Cdk9 directly. The complex of wild-type Cdk9
with Pchl was capable of autophosphorylation on both the
catalytic and cyclin subunits (see Fig. S2 in the supplemental
material) as previously reported (53). The autophosphoryla-
tion was suppressed in a Cdk9AC mutant that retained the
kinase domain but lacked a 206-amino-acid carboxyl-terminal
extension required for interaction with Pctl (52), allowing us
to detect phosphorylation of the catalytic subunit by Csk1 (Fig.
2C). In contrast, Csk1 did not phosphorylate Cdk9™!** above
the background signal due to autophosphorylation (Fig. 2C).
Based on these results (and data shown in Fig. S2 in the



VoL. 26, 2006

supplemental material), we conclude that Csk1 phosphorylates
Cdk9 directly, dependent on Thr-212 of the Cdk9 T loop.

The wild-type and T212A mutant forms of Cdk9 had similar
basal activities towards either Spt5-derived (Fig. 2D and Table
1) or Rpbl-derived (Table 1; see Fig. S3B in the supplemental
material) substrates. In contrast, Cdk9">'?* was approximately
fourfold more active than the wild-type enzyme in the absence
of CAK. Cskl caused an ~10-fold activation of the wild type,
but not of either T212 mutant enzyme, towards both Spt5 (Fig.
2D) and Rpbl (see Fig. S3B in the supplemental material).
Csk1 similarly enhanced the activity of Cdk9AC, but not that of
Cdk9P'8*N (data not shown). Thus, both phosphorylation and
enzymatic activation depend on the threonine residue at the
position within the activation loop conserved in other CAK-
dependent CDKs, indicating that Cskl is a CAK for Cdk9.

Cskl is a Cdk9-activating kinase in vivo. To determine whether
the activation of Cdk9 depends on Cskl in vivo, we tagged
Cdk9 at its carboxyl terminus with 13 copies of the Myc
epitope. The resulting cdk9-13Myc strain was indistinguishable
from the wild type with respect to growth and cell morphology
(data not shown). Cdk9-Myc could be detected as an ~110-
kDa polypeptide in immunoblots of whole-cell extracts (Fig.
3A), and anti-Myc immunoprecipitates from the tagged strain
exhibited kinase activity towards a GST-Spt5 fusion protein
(Fig. 3B). We generated cdk9-13Myc cskIA strains and mea-
sured Cdk9 protein and activity levels in cells lacking Cskl1.
Cdk9 abundance was consistently increased by two- to fourfold
in extracts from strains deleted of cskI™* (Fig. 3A). In contrast,
the kinase activity recovered in Cdk9 complexes from a csklA
strain was reduced by >10-fold relative to a cskI™ strain, even
though more Cdk9 protein was recovered per g of total input
protein from the cskIA extract (Fig. 3B).

To confirm that decreased Cdk9-associated kinase activity
was due to lack of T-loop phosphorylation, we attempted to
activate Cdk9 recovered from cskIA or csk1™ cells with CAK
in vitro. Treatment of Cdk9 complexes from a cdk9-13Myc
csk1A strain with recombinant Csk1 restored Spt5 kinase levels
to ~70% of that in untreated complexes from a cdk9-13Myc
cskl™ strain (Fig. 3C), indicating that cells lacking Csk1 had
assembled Cdk9/cyclin complexes requiring only T-loop phos-
phorylation for full activity. Inefficient phosphorylation of
Cdk9 immobilized in immune complexes or the presence of a
population of Cdk9 molecules incapable of being activated
could explain why we could not restore activity fully to wild-
type levels. In contrast, complexes from csk1™ cells were re-
fractory to activation by CAK in vitro, suggesting they con-
tained little or no unphosphorylated, cyclin-bound Cdk9. The
data indicate that Cdk9 is activated in vivo by Csk1 but not by
Mcs6.

CdK9 is essential for viability. To ascertain the requirement,
if any, for Cdk9 function in S. pombe, we disrupted one copy of
cdk9™ in a diploid strain with a kanMX drug resistance marker
and induced the resulting cdk9™*/cdk9A heterozygote to sporu-
late. Tetrad analysis revealed a 2:2 segregation of viability, and
all viable progeny were G418 sensitive, indicating that cdk9™ is
essential (data not shown). Similar results were recently re-
ported in a deletion analysis of S. pombe genes encoding
known and suspected kinases (3). Cdk9 is thus the third essen-
tial CDK described in fission yeast, the other two being Cdk1
(also known as Cdc2) and Mcs6.
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FIG. 3. Cdk9 is activated by Csk1 in vivo. (A) Expression of Cdk9
increases upon deletion of cskI™ as measured by immunoblotting
increasing amounts (indicated above each lane) of S. pombe whole-cell
extracts from strains of the indicated genotypes. Both cskI ™" and csk1A
strains carry the cdk9-13Myc allele, whereas sp78 (first lane) is an
untagged control strain. The mobility of Cdk9-13Myc is indicated by
the arrowhead at the left. (B) The specific activity of Cdk9 is decreased
in cskIA strains relative to cskl™* strains. Cdk9 was immunoprecipi-
tated from increasing amounts of extracts of cells of the two different
genetic backgrounds (indicated at the top) and assayed for kinase
activity towards GST-Spt5(801-990) and recovery of Cdk9-Myc pro-
tein by immunoblotting with anti-Myc antibody. (C) Cdk9 complexes
from the cskl* and cskIA strains (50 pg total extract protein) were
isolated by immunoprecipitation, preincubated in the presence of Mg-
ATP with no protein added or with indicated amounts of Cskl, and
tested for activity towards GST-Spt5(801-990) and recovery of Cdk9-
Myc protein by immunoblotting with anti-Myc antibody. The relative
intensities of phosphorimager signals are indicated below each lane,
with the signal obtained in the cskIA sample in the absence of Cskl
treatment defined as 1.0. The first two lanes of the top panel contain
GST-Spt5(801-990) phosphorylated by purified, baculovirus-derived
Cdk9/Pchl without (first lane) or with (second lane) activation by
Csk1. (In panels B and C, the mobilities of GST-Spt5 and Cdk9-13Myc
are indicated by arrowheads at the left.)
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Importance of Cdk9 T-loop phosphorylation in vivo. To test
whether Cdk9 requires T-loop phosphorylation to perform its
essential function, we replaced the wild-type cdk9™ gene with the
mutant cdk972** allele. Although we were able to recover viable
haploid cdk9™?**>* mutants, indicating that T-loop phosphoryla-
tion is not essential, the mutants grew slowly (the doubling time at
30°C in rich medium was ~3.8 h, while that for a wild-type strain
was ~2.8 h; see Materials and Methods). The growth defect was
exacerbated at 18°C or at 37°C (Fig. 4), suggesting further im-
pairment of and/or greater dependence on Cdk9 activity at both
extremes of temperature. The temperature sensitivity was leaky
and caused by the failure to accelerate cell division at elevated



782 PEI ET AL.

wt
CdkgT212A
mCSSS165A
CdkgT212AmCSSS165A
cskiA
cdk921?AcskiA

wt
Cdk9T212A
mCSGS165A
CdkgT212AmCSSS165A
cskiA
cdk9212Acsk1A

EMM

MoL. CELL. BIOL.

30°C

YES

FIG. 4. The cdk9"'** mutant phenocopies cskl deletion. The cold sensitivity and the poor growth on minimal medium of the Cdk9 T-loop
mutant are shown. Tenfold serial dilutions of the cdk9™ (wt), cdk9"2'%* mcs6594, cdk9™'*! mcs657%4, csk1A, and cdk9™?'** csk1A strains were
grown as indicated on YES at 18°C, 25°C, 30°C, or 37°C for 14, 8, 4, or 6 days, respectively, or on minimal medium (EMM) at 30°C for 8 days.

temperature (data not shown). Neither a cskIA nor an mcs65/>*

strain, in which the site phosphorylated by Cskl within the
Mcs6 T loop is mutated (24, 34), was similarly temperature
sensitive (Fig. 4) or slow growing in rich medium (doubling
times for cskIA and mcs65'%** were ~2.7 and ~3.1 h, re-
spectively). Like cdk972/?1, however, cskIA strains were cold
sensitive, as was also recently reported (3), but an mcs65/%
strain was not (Fig. 4). A strain lacking cskI " was also retarded
in growth on minimal medium compared to a wild-type strain
(3) (Fig. 4); at 30°C, the optimal temperature for growth on
rich medium, cdk972/2* exhibited a similar defect on minimal
medium. In contrast, mcs63/° had no discernible effect on
growth in minimal medium (Fig. 4). There may be subtle or
cryptic (see below) effects on cell growth due to the reduction
in TFIIH-associated kinase activity produced by the mcs65/%*
mutation (25, 63). Under the conditions tested here, however,
the failure to activate Cdk9 appears to be the predominant
biochemical disruption in cskIA strains.

A synthetic interaction between cdk9 and mcs6 T-loop mu-
tants. At the permissive temperature of 30°C, the growth of the
cdk9™'?* ¢sk1A double mutant was similar to that of the
cdk9™'21 single-mutant parent (Fig. 4). At 37°C, however, we
observed a synthetic interaction, indicating that the full activity
of other Cskl1 targets, such as Mcs6 and Cdk1, becomes more
important at high temperatures. Combining cdk9"?/** and
mes65'%4 exacerbated the growth defect under all conditions;
in dissected tetrads, double-mutant progeny gave rise to pin-
point colonies (data not shown) and exhibited severe growth
defects at all temperatures (Fig. 4). The doubling time of this
strain was ~5.4 h at 30°C in rich medium, approximately twice
that of a wild-type strain. The synthetic phenotype produced by
combining mutations in mcs6 and cdk9 implies partial overlap
in function between the two essential CDKs.

Cdk9/Pchl and Mcs6/Mcs2 have distinct but overlapping
substrate preferences. In metazoans, TFIIH-associated Cdk7
is specific for Ser-5 within the heptad repeat of the Pol II CTD

(59, 61, 71). Cdk9 has been reported to prefer Ser-2, but under
certain conditions, such as binding to human immunodefi-
ciency virus Tat protein, it can switch its specificity to phos-
phorylate Ser-5 (80). The situation in vivo is likely to be even
more complex; for example, both kinases are influenced by the
length of, position within, and prior phosphorylation of the
CTD array (26, 55, 58). To investigate the site specificity of
fission yeast Cdk9 and Mcs6, we phosphorylated the CTD in
vitro with either enzyme and measured the immunoreactivity
of the reaction products with the phosphoisoform-specific
monoclonal antibodies HS and H14. Incubation of the GST-
Rpbl fusion with Cskl-activated Cdk9/Pchl complexes, but
not with active Mcs6/Mcs2 complexes, gave rise to a strong
signal in an immunoblot probed with the HS antibody (Fig. 5A).
Although reactivity with H5 cannot be taken as evidence of
phosphorylation exclusively at Ser-2 (26), this result neverthe-
less suggests preferences for different sites within the GST-
Rpb1 fusion protein by Cdk9 and Mcs6 in vitro. Both enzymes,
however, phosphorylated Ser-5 (Fig. 5B), as can be concluded
from an increase in immunoreactivity with antibody H14 (26).
Thus, Mcs6 and Cdk9 have distinct but partially overlapping
substrate specificities within the Pol II CTD.

Cdk9 associates with the mRNA cap methyltransferase and
RNA in vivo. To test whether the carboxyl-terminal segment of
Cdk9, which mediates interaction with Pctl in a yeast two-
hybrid assay (52), is required for an essential function of Cdk9
in vivo, we transformed a c¢dk9™" /cdk9::kanMX heterozygous dip-
loid with plasmids encoding either wild-type Cdk9 or Cdk9AC
and induced sporulation. By random spore analysis, we recovered
G418-resistant transformants at the expected frequency (~50%
of all transformants) with the plasmid encoding wild-type Cdk9
but did not recover any with the plasmid encoding Cdk9AC
(Table 2). Thus, the carboxyl terminus of Cdk9, which is dis-
pensable for kinase activity (Table 1) and for regulation by
CAK (Fig. 2C), is required for cell viability, perhaps as a
protein-protein interaction domain.
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FIG. 5. The Cdk9 and Mcs6 complexes have distinct but overlap-
ping substrate specificities. As indicated above each lane, aliquots of
reaction mixtures containing (i) Cdk9/Pchl complex (29 ng) either
mock treated or activated with Cskl during a preincubation or (ii)
active Mcs6/Mcs2 complex (11 ng) were incubated with GST-Rpbl
fusion protein (3 pg) under standard radioactive kinase assay condi-
tions (top) or with 1 mM cold ATP (middle and bottom). Reaction
products were electrophoresed in 10% SDS-polyacrylamide gels and
detected either by autoradiography (**P-CTD) (A and B, top) or by
immunoblotting with phospho-specific antibodies H5 (A, middle) or
H14 (B, middle) or with antibody 8WG16 (A and B, bottom), which
recognizes unphosphorylated CTD.

To identify the cyclin partner of Cdk9 and to investigate
possible interactions with the mRNA-capping machinery in
vivo, we analyzed the polypeptide composition of Cdk9-con-
taining complexes in extracts of fission yeast cells expressing
Myc-tagged Cdk9 under the control of its own promoter. All
detectable Cdk9 protein (Fig. 6A) and associated Spt5 kinase
activity (Fig. 6B) appeared to be in a large complex, which
migrated just after the excluded volume during Superdex 200
gel filtration chromatography. We detected polypeptides
present in anti-Myc immunoprecipitates in the cdk9-13Myc
strain, but not in the untagged wild-type strain, by silver stain-
ing of SDS-polyacrylamide gels (Fig. 6C). In addition to the
~110-kDa Cdk9-Myc fusion protein (confirmed by mass spec-
trometry), we consistently observed a doublet at ~43 kDa. The
entire region containing this cluster was excised and digested
with trypsin, and the released peptides were subjected to mass
spectrometry, which revealed two major components: the mRNA
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cap methyltransferase Pcm1 (62) (16 peptides identified, which
covered 32.9% of the amino acid sequence of Pcm1) and the
cyclin Pchl (19) (7 peptides, 32.8% sequence coverage). We
repeated the immunoprecipitation on a larger scale and ran
longer gels to increase separation; under these conditions,
Pchl and Pcm1 were resolved into two discrete bands (identi-
ties confirmed by mass spectrometry), which appeared to be in
near 1:1 stoichiometry (Fig. 6D). These results verified that
Pchl is a bona fide cyclin partner of Cdk9 and showed for the
first time in any organism a physiologic association between
Cdk9 and a component of the mRNA-capping machinery.

One molecule each of Cdk9-Myc, Pchl, and Pcm1 would
yield an aggregate mass of ~200 kDa, making the chromato-
graphic behavior of the endogenous Cdk9 complex difficult to
explain. Metazoan P-TEFb associates with 7SK RNA in an
inactive complex (47, 76). We therefore treated extracts from
the cdk9-13Myc strain with RNase A prior to gel filtration.
Both Cdk9-Myc protein (Fig. 6A) and the associated kinase
activity (Fig. 6B) shifted to a smaller apparent size (~500 kDa)
with this treatment, indicating that the larger Cdk9-containing
complex is a ribonucleoprotein. There was no apparent change
in the kinase activity recovered by immunoprecipitation of the
fractions after RNase digestion. Although that might indicate
that the RNA component of the S. pombe Cdk9-containing
ribonucleoprotein is not an inhibitor analogous to the meta-
zoan 7SK RNA-HEXIM1 complex (7, 42, 47, 76, 79), we can-
not yet rule out the possibility that the RNA and/or associated
inhibitory proteins dissociate from the Cdk9 complex during
immunoprecipitation and subsequent washing. Likewise, the
polypeptide composition of the Cdk9-containing complexes after
immunoprecipitation was not altered by prior RNase digestion
(Fig. 6C, compare lanes 2 and 3), suggesting that the interactions
of Cdk9 with Pchl and Pcm1 do not depend on RNA.

DISCUSSION

Function of S. pombe Cdk9: a capping connection. In higher
eukaryotes, promoter-proximal pausing relieved by Cdk9-de-
pendent phosphorylation is implicated in the regulation of heat
shock gene transcription in Drosophila melanogaster (39) and
in the mechanism by which human immunodeficiency virus
coopts the Pol II transcription apparatus (57). A more general
role is likely for Cdk9 in enforcing dependency of elongation

TABLE 2. Plasmid-based complementation” of cdk9A

No. of progeny colonies

Plasmid
G418 resistant G418 sensitive
pREP3x 0 40
pREP3x-cdk9™ 35 45
pREP3x-cdk9AC 0 40

“The heterozygous, leu™ cdk9™/cdk9::kanMX diploid was transformed with
the indicated plasmids carrying a budding yeast LEUI marker conferring leucine
prototrophy and containing no insert (pPREP3x), a cDNA encoding full-length
Cdk9 (pREP3x-cdk9™), or a cDNA encoding the first 385 amino acids of Cdk9
(pPREP3x-cdk9AC). Transformed diploids were selected for growth on medium
lacking leucine and then induced to sporulate in ME medium. Random spore
analysis was performed on the progeny according to standard methods (44);
totals of 40 colonies (for pREP3x and pREP3x-cdk9AC) or 80 colonies (for
pREP3x-cdk9™") were screened for resistance to G418 in the medium, with the
results indicated in the second column.
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FIG. 6. Cdk9 associates with the cyclin Pch1, the mRNA-capping apparatus, and RNA in vivo. (A) Whole-cell extracts of the cdk9-13Myc strain
were incubated for 15 min at 30°C without (top) or with (bottom) 100 wg/ml RNase A and fractionated by Superdex 200 gel exclusion
chromatography. Cdk9-Myc was detected by immunoblotting with anti-Myc MADb 9E10. Size markers used to calibrate the column are indicated
at top in kDa; V), excluded volume. Lane L contains column input; lane U contains whole-cell extract from the untagged, wild-type strain. (B) The
kinase activity associated with Cdk9-Myc shifts with the protein upon RNase digestion. Selected Cdk9-containing fractions (indicated above each
lane) from the chromatography shown in panel A were immunoprecipitated with 9E10 and tested for kinase activity towards GST-Spt5(801-990)
(**P-Spt5) by autoradiography (top) and recovery of Cdk9-Myc protein by immunoblotting (bottom). (C) Polypeptides immunoprecipitated with
MAD 9E10 covalently coupled to protein G-agarose from extracts (5 mg total protein) of an untagged control strain (sp78) or the cdk9-13Myc strain
without (—) or with (+) RNase A treatment were separated in SDS-polyacrylamide (10%) gels and visualized by silver staining. Identities of fission
yeast proteins identified by mass spectrometry in excised gel slices corresponding to ~110 kDa (Cdk9-Myc) and ~43 kDa (Pcm1 and Pchl) are
indicated at the right. LC, immunoglobulin light chain. (D) An anti-Myc immunoprecipitate or a mock precipitate (from which the antibody was
omitted) from 25 mg total protein extracted from the cdk9-13Myc strain was analyzed in a longer 10% polyacrylamide denaturing gel; polypeptides
were visualized by silver staining and identified by mass spectrometry. The cyclin Pch1 was identified as a major component of the slower-migrating
band, and the methyltransferase Pcm1 was the major component of the faster-migrating band (which also contained Pchl as a minor component).

by Pol II on the recruitment of mRNA-processing enzymes (8, Csk1 (Fig. 2C and data not shown) but fails to rescue a cdk9A
10, 49, 66). An association of fission yeast Cdk9 with the cap- strain when expressed from a plasmid (Table 2). Moreover,
ping machinery was suggested by its interaction with Pctl when Cdk9 forms stable complexes in vivo with the cap methyltrans-
both proteins were expressed in budding yeast or incubated ferase Pcml1 (Fig. 6C and D). Taken together, the data suggest
together in vitro (52). Here we have shown that the truncated that a physical connection exists between the capping apparatus
Cdk9AC, which cannot interact with Pctl (52), is active as a and the Cdk9 complex and support a role for Cdk9 in a quality
kinase (Table 1) and can be phosphorylated and activated by control—an elongation checkpoint—on mRNA synthesis (52).
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in budding yeast, Mcs6 in fission yeast, and Cdk7 in metazoans. In the last two cases, it is also a CAK capable of activating the cell cycle CDKs
(dark gray), which in S. pombe renders the upstream CAK nonessential. Cdk9 orthologs (black) of budding yeast (Burl and Ctk1) and fission yeast
(Cdk9) are activated by Cakl and Cskl1, respectively, but the Cdk9-activating kinase remains unidentified in metazoans. See the text for further

details.

Whereas the other two capping enzymes, Pctl and the guanylyl-
transferase Pcel, interact independently with the Rpbl CTD
(51, 69) and with Spt5 (54), Pcm1 did not interact in a two-
hybrid assay with Rpb1, Spt5, or any other component of the
capping machinery (Y. Pei and S. Shuman, unpublished obser-
vations). In S. cerevisiae, the cap methyltransferase Abdl can
bind directly to the phosphorylated CTD of Pol II in vitro (11,
41). Direct association between Pcm1 and the Cdk9/Pchl com-
plex in fission yeast could provide an alternative mechanism to
target cap methylation to the nascent transcript. In budding
yeast, the guanylyltransferase Cegl dissociates early in elonga-
tion, but Abd1 tracks with Pol II throughout the coding regions
of transcribed genes (30, 64) and directly influences the func-
tion and CTD phosphorylation patterns of elongating Pol II
independently of its enzymatic activity (65). Stable interaction
of Pcml and the S. pombe P-TEFb ortholog Cdk9 could provide
a means to retain the methyltransferase in the Pol II elongation
complex, where it might perform analogous functions.

Fission yeast Cdk9 interacted with Pctl when the two pro-
teins were coexpressed as fusion proteins in S. cerevisiae (52),
but we did not find definitive evidence for the presence of Pctl
or Pcel in Cdk9 complexes immunoprecipitated from the
cdk9-13Myc strain of S. pombe. Therefore, if Cdk9, Pchl, and
Pcml are in a complex with 1:1:1 stoichiometry, we can ac-
count at present for only ~40% of its apparent size after
RNase digestion (Fig. 6A). Two recent reports suggested that
mammalian P-TEFb-HEXIM complexes were capable of mul-
timerization (15, 35). Further experiments will be needed to
characterize and quantify the apparently stoichiometric Cdk9-
Pcml interaction we have detected (e.g., under different
growth conditions or in different genetic backgrounds), to an-
swer the question of whether Cdk9 complexes multimerize in
fission yeast, and to detect possibly substoichiometric amounts
of other capping enzymes.

Regulation of S. pombe Cdk9 by the upstream CAK Cskl.
Cdk9 in fission yeast partners with the cyclin Pchl (Fig. 6C)
and requires phosphorylation by Cskl1 for full enzymatic and

biological activity; this requirement could be readily demon-
strated because Cskl1 is not essential for activation of the cell
cycle CDK. In contrast, a demonstration of the Cakl depen-
dence of Burl and Ctkl in vivo depended on the presence of
a CAK bypass allele of CDC 28, which encodes the cell cycle
CDK that is the sole essential target of Cakl in budding yeast
(13, 50, 78). A direct comparison of the cskIA and cdk9"?"**
phenotypes suggests that Cdk9 is a critical target of Cskl in
vivo.

The cdk97?/** mutant phenocopies the cold sensitivity and
poor growth on minimal media of csk/A but grew more slowly
in rich media and was also temperature sensitive (Fig. 4 and
data not shown). There are several possible explanations for
the increased severity of cdk9"/** relative to cskIA (and that
of cdk9™?"** mcs6%'%4 relative to cdk9"?'** cskIA) that are
not mutually exclusive: (i) effects on stability and/or activity of
both Cdk9 and Mcs6 caused by alanine substitution in the T
loop independent of phosphorylation; (ii) compensation for
the decreased activity of Cdk9 in cskIA cells by overexpression
of the protein (Fig. 3A), which may not occur in the cdk9”?/*
or cdk97?"?* mcs65'%! mutants; and (iii) low levels of phos-
phorylation by another kinase in the absence of Cskl. The
susceptibility of Cdk9T#'?* to proteolysis in insect cells (Fig.
1A see Fig. S1 in the supplemental material) is consistent with
the first explanation and raises the possibility that the
cdk9™%"21 phenotype is exacerbated by loss of the carboxyl-
terminal segment, potentially uncoupling kinase activity from
interaction with capping enzymes.

Apparent redundancy in a CDK network: interaction be-
tween cdk9 and mcs6. The synthetic interaction between mcs6
and cdk9 suggests a degree of functional overlap between two
components of the CAK-CDK network. Although the simplest
model to explain that overlap is one involving redundancy of
action on their common substrate, the CTD of Rpbl, the
overlap could also stem from the two kinases working on dif-
ferent substrates (e.g., Cdk9 and Mcs6 phosphorylating Spt5
and the Pol II CTD, respectively), which might themselves
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have overlapping functions in transcription. Measurements of
steady-state CTD phosphorylation in the different strains did
not help to resolve this question: when growing exponentially,
the single mcs6 and c¢dk9 T-loop mutants and the double mu-
tant all had detectable Ser-5 phosphorylation of bulk Pol II
(data not shown). Severe slow-growth phenotypes were previ-
ously reported in kin28 burl and kin28 ctkl double-mutant
strains of budding yeast (38). In Drosophila, both pharmaco-
logic inhibition of P-TEFb and inactivation of a temperature-
sensitive Cdk7 were necessary to abolish the Ser-5 phosphor-
ylation of Pol II engaged in transcribing heat shock genes (48).
Thus, studies of P-TEFb and TFIIH orthologs in widely diver-
gent eukaryotes suggest that when one kinase is compromised,
the other can partially compensate.

Deletion of csk1™ reduces Mcs6 activity approximately three-
fold in vivo (24, 43). Phosphorylation of the analogous site in
human or Drosophila Cdk7 confers thermal stability and an ~20-
fold stimulation of enzymatic activity (31). The mcs6®/** muta-
tion is virtually silent, however, unless combined with cdk9?%/%1
(Fig. 4). Although the two CDKs perform unique, essential
functions and probably phosphorylate Pol II in temporally and
spatially distinct patterns, the synthetic interaction between
mes6 and cdk9 implies an inherent flexibility, perhaps to allow
combinatorial control of gene expression, which appears as
redundancy when probed genetically. An analogy can be made
to apparently redundant mechanisms of cell cycle control: just
as cells can withstand loss of one or more cyclins and still
maintain orderly cell cycle progression (45), impairment of one
CDK in the transcriptional machinery might be tolerated as
long as another is fully functional.

CAK-CDK network wiring: evolutionary implications. There
has been fundamental conservation in the molecular mecha-
nisms of eukaryotic cell cycle control and transcriptional reg-
ulation. In both spheres, the roles of effector CDKs have re-
mained largely unchanged, although expansion of the CDK
family in metazoans has been accompanied by specialization to
perform subsets of functions carried out by a single CDK in
fungi (45). In contrast, the organization of the CAK-CDK
network has diverged (Fig. 7).

In budding yeast, the substrates of Cakl include all CDKs
known to depend on T-loop phosphorylation for full activity.
The metazoan cell division machinery likewise depends on a
single CAK; Cdk7 is required for entry into mitosis in flies and
worms (32, 74), and its depletion eliminates most or all CAK
activity in cell extracts (18, 32, 40). No transcriptional CDK,
however, is known to be activated by Cdk7. Cdk7 itself is
incapable of autophosphorylation within the T loop (20). The
CDK associated with the Pol IT mediator (Cdk8 in metazoans,
Srb10 in budding yeast) bypasses the need for CAK altogether
with an aspartic acid substitution for the phosphoacceptor res-
idue (36, 70). Cdk9 is a priori a candidate for CAK-dependent
activation but might not be phosphorylated by Cdk7 (6, 7, 28),
apparently leaving vacant a niche for an upstream kinase.

Fission yeast contains orthologs of both the Cdk7 complex
and Cakl. Of the three S. pombe CDKs known to be activated
by T-loop phosphorylation, only Cdkl is a substrate of the
Mcs6 complex, but all three—Cdk1l, Mcs6, and Cdk9—are
substrates of Csk1 (references 24 and 34 and this report). Csk1
is thus a general CAK, analogous to Cak1. Cskl1 is dispensable
for viability because the only essential function of CAK, acti-
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vation of Cdk1 (13), is also provided by the Mcs6 complex (34,
63), whereas the other CDKSs can perform their essential func-
tions without T-loop phosphorylation (references 25, 29, 63,
and 78 and this report). Fission yeast strains lacking cskl™,
however, have profound growth defects that are mimicked by
mutation of the Cdk9 T loop, indicating that the full CAK-
dependent activity of Cdk9 is required in the face of nutrient
limitation or suboptimal environmental conditions.
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