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Cyclin-dependent kinase (Cdk) activation and RNA polymerase II transcription are linked by the Cdk7 kinase, which phospho-
rylates Cdks as a trimeric Cdk-activating kinase (CAK) complex, and serine 5 within the polymerase II (Pol II) C-terminal do-
main (CTD) as transcription factor TFIIH-bound CAK. However, the physiological importance of integrating these processes is
not understood. Besides the Cdk7 ortholog Mcs6, fission yeast possesses a second CAK, Csk1. The two enzymes have been pro-
posed to act redundantly to activate Cdc2. Using an improved analogue-sensitive Mcs6-as kinase, we show that Csk1 is not a rele-
vant CAK for Cdc2. Further analyses revealed that Csk1 lacks a 20-amino-acid sequence required for its budding yeast counter-
part, Cak1, to bind Cdc2. Transcriptome profiling of the Mcs6-as mutant in the presence or absence of the budding yeast Cak1
kinase, in order to uncouple the CTD kinase and CAK activities of Mcs6, revealed an unanticipated role of the CAK branch in the
transcriptional control of the cluster of genes implicated in ribosome biogenesis and cell growth. The analysis of a Cdc2 CAK site
mutant confirmed these data. Our data show that the Cdk7 kinase modulates transcription through its well-described RNA Pol
II CTD kinase activity and also through the Cdc2-activating kinase activity.

Cyclin-dependent kinases (Cdk) coordinate timely progression
through the cell cycle. Cdk activity is modulated by the asso-

ciation of regulatory subunits (cyclins, inhibitors, and assembly
factors) and by activating and inhibiting phosphorylation at con-
served residues (1). Phosphorylation within the activating seg-
ment, referred to as the T loop, is essential for maximal activity
and is catalyzed by a Cdk-activating kinase (CAK) (2, 3). Genetic
and biochemical studies in several model organisms pointed to
Cdk7-cyclin H-Mat1 as the in vivo CAK in metazoans. Cdk7 spe-
cifically phosphorylates both Cdk1 and Cdk2 in human cells (4–
6), and elegant experiments using chemical genetics showed that
Cdk7 is required for the assembly of Cdk1-cyclin B (7). CAK ac-
tivity is decreased in cdk7 mutants in either Drosophila (8) or
worms (9). However, correlations between biochemical data and
phenotypes have always been complicated by the additional role
of Cdk7 in transcription (10). Indeed, the trimeric CAK is also a
component of the RNA polymerase II (Pol II) general transcrip-
tion factor TFIIH, where it phosphorylates the C-terminal do-
main (CTD) of Rpb1, the largest subunit of the Pol II enzyme (11,
12). Within the Cdk family, Cdk7 also is distinct in being activated
by either a phosphorylation on its T loop or by the assembly factor
Mat1 (13). These functions and regulations of Cdk7 are conserved
in the budding yeast Saccharomyces cerevisiae, where its ortholog,
Kin28, is well described as a CTD kinase regulating transcription
(14, 15). Intriguingly, Kin28 is devoid of CAK activity (16), and
Cak1, a divergent, single-subunit kinase distantly related to Cdk
(17, 18), instead catalyzes Cdk activation at both transitions of the
budding yeast cell cycle.

The fission yeast Schizosaccharomyces pombe possesses two
CAKs, the nonessential Csk1 and the essential Mcs6 kinases, cor-
responding to the yeast Cak1 and the metazoan Cdk7, respectively
(19–25). Csk1 activates Mcs6 by phosphorylation of the T loop on
serine 165 (20), and a widely held view is that the two CAKs act
redundantly for Cdc2 activation (22, 24), implying that inactiva-
tion of Mcs6 reveals the sole role of Cdk7 in transcription. How-
ever, strong genetic data argue against the idea that Csk1 contrib-
utes significantly to Cdc2 activation in vivo. First, the original

mutant alleles of both the mcs6 (mcs6-13) and mcs2 (mcs2-75)
genes, which, respectively, encode Cdk7 and cyclin H, were inde-
pendently identified in a screen for suppressor of mitotic catastro-
phe, a phenotype resulting from hyperactive Cdc2, and both show
allele-specific interaction with cdc2 (23). This is inconsistent with
a functional redundancy with Csk1, as the strain was otherwise
wild type for csk1. Moreover, another allele of fission yeast cdk7
(mcs6 S165A L238R [the S-to-A change at position 165 and the
L-to-R change at position 238 encoded by mcs6]) leads to thermo-
sensitivity associated with decreased Cdc2 phosphorylation (24),
and the growth defect is suppressed by Cdc2 activators or by bud-
ding yeast Cak1 but not by Csk1 (21). Another complication
comes from the fact that none of the attempts to mimic the uni-
form elongated cdc phenotype usually resulting from Cdc2 inac-
tivation, by interfering with one or both CAKs from fission yeast,
were satisfactory.

Considering these discrepancies, we analyzed the effects of
Mcs6 inactivation on Cdc2 phosphorylation and activity by chem-
ical genetics using an improved analogue-sensitive mutant. The
results indicated that Mcs6 is the genuine Cdc2-activating kinase
in fission yeast, in a manner reminiscent of metazoans. Surpris-
ingly, genome-wide expression profiling revealed that Mcs6 af-
fects transcription through both its CAK and its CTD kinase ac-
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tivities. Specifically, we show that a group of mRNAs implicated in
ribosome biogenesis is downregulated when Cdc2 activation by
CAK is impeded, which results in slower growth.

We propose that Mcs6 (Cdk7) modulates gene expression
through both its CAK and CTD kinase activities and that Cdc2
activation by the Mcs6 CAK is required for the timely expression
of growth-related genes.

MATERIALS AND METHODS
Fission yeast methods. All classical fission yeast methods were as de-
scribed previously (26–31). Cell numbers were measured with a Bio-Rad
cell counter.

Generation of the analogue-sensitive mutants of mcs6, CAK1, and
csk1. The cdk9-as mutant was previously described (32). To generate the
analogue-sensitive mcs6-as2, mcs6-as3, mcs6-as4, csk1-as, and cak1-as
mutants, a QuikChange kit (Stratagene) was used following the instruc-
tions of the manufacturer. The sequences of all the oligonucleotides are
available upon request. The mcs6 mutants were integrated in a diploid
strain harboring the mcs6::ura4 deletion. One-step 5-fluoroorotic acid
(5-FOA) selection was used to select gene replacements. The locus was
sequenced in all cases. The csk1 and cak1 mutants were constructed in
either pAHA, a fission yeast vector allowing expression of hemagglutinin
(HA)-tagged proteins (21), or in pMET25, a budding yeast vector (21, 33)
used to complement the civ1-4 temperature-sensitive (TS) strain (17).
The ATP analogues used were either the 1-NM-PP1 {1-(1,1- dimethyl-
ethyl)-3-(1-naphthalenylmethyl)-1H-pyrazolo[3,4-D]pyrimidin-4-amine}
or 3-MB-PP1 {4-amino-1-tert-butyl-3-(3-methylbenzyl)pyrazolo[3,4-D]
pyrimidine} compound (both obtained from Toronto Research Chemical).

Synthesis of radiolabeled N6(benzyl)-ATP and kinase assay. Label-
ing of N6(benzyl)-ADP was performed as described previously (34) with
the following modifications: 200 U of nucleoside diphosphate kinase
(Sigma N0379) and 2 �l of N6(benzyl)-ADP (Biolog B 023 at 0.5 nmol/�l)
were used. The cpm/�l ratio of the final labeled molecule was estimated
with a scintillation counter. Kinase assays were performed as described
previously (20). Glutathione S-transferase (GST)–Cdk2 (a k33R mutant
devoid of kinase activity [20]) and GST-CTD were purified using the
pGEX4T1 system (GE Healthcare), and 1.5 �g was used in the assay. One
microgram of histone H1 (Calbiochem) was used in the Cdc2 kinase
assay.

Structural analysis. Structure predictions and analysis of Mcs6 and
Cdk7 were performed with the SWISS-MODEL workspace version 8.05 (35).

Microarray experiments. Transcriptome analyses were performed on
customized 4�44K Agilent microarrays. The previously described fission
yeast tiling arrays (36), consisting of 60-mer oligonucleotides tiled every
55 bp on both strands, were used as a probe source. The new array con-
sisted of about three probes per gene on the sense strand and tiled probes
in the intergenic regions covering both strands. For each sample, 500 �g of
total RNA was converted into labeled cDNA with nucleotides coupled to
a fluorescent dye (Cy3 or Cy5) using the low RNA input linear amplifica-
tion kit (Agilent Technologies). Equal amounts of differentially labeled
cRNAs (750 ng) from mutants and wild-type (wt) strains were used for
hybridizations. Two biological samples were hybridized for each mutant
strain, with two dye swap technical replicates per sample. The microarrays
were scanned using a GenePix 4000B laser scanner (Axon Instrument),
and spot quantification was carried out using Imagene 7.5 (Biodiscovery,
El Segundo, CA). The microarray data were analyzed as previously de-
scribed (37).

Immunoprecipitation and Western blotting. Immunoprecipitations
were performed as described previously (20). In short, cells were dis-
rupted with a Fastprep (MP Biochemical), and proteins were precipitated
on appropriately coated Dynabeads (Invitrogen) following the instruc-
tions of the manufacturer (38). Cdc2 was precipitated using p13-Suc1
beads (Upstate Biotechnology). Anti-HA (Covance), anti-Pol II phospho-
Ser5 (Covance), antitubulin (Sigma), anti-Cdc2 (a kind gift of Paul
Nurse), and anti-Cdc2 phospho-T167 (Cell Signaling) were all used at

1/1,000 and detected following incubation with the appropriate second-
ary antibody and a chemiluminescence kit (PerkinElmer).

Relative quantification of mRNAs using the comparative threshold
cycle (��CT) method. Total RNA was prepared as described previously
(39) and purified with a Qiagen RNeasy kit. Quantitative reverse tran-
scription (RT)-PCR was performed using the ABI high-capacity RNA-to-
cDNA kit following the instructions of the manufacturer. For each strain,
the untreated sample was used as a reference, and the actin or tubulin gene
was used for normalization. All primers are available upon request.

Generation of the cdc2 T167A, cak1�29, and csk1�29 mutants. The
cdc2 cDNA was cloned in pREP-1, and the QuikChange kit (Stratagene)
was used following the instructions of the manufacturer to generate the
T167A mutation.

The cak1�29 and csk1�29 mutants were generated by PCR using the
following oligonucleotides and cloned in pAHA (see above): cak1 PCR1,
ACGCGTCGACACCACCATGGGGTACCC and CATCTCTTCAAAGG
GAAACAAC; cak1 PCR2, ATTGTTGCGGACCCCC and CGGGGTACC
TTATGGCTTTTCTAATTCTTGCAAG; csk1 PCR1, CCGCCGCTCGA
GACCACCATGGGGTACCC and TCTATCTCTTTTATAGTGCATT
TGCATGAACTCATAAAGGTTCGATTTAAAACTCGTTATAAGGTA
AAC; csk1 PCR2, AGAAAAAAAAATCCCTATTACGATTTGCTAAATC
CCAGTATCCCATTTGTTCTATCAGATGTGATGG and CGGGGTAC
CTTATGCATATTGTGAAAGCC.

Microarray data accession number. The microarray data have been
deposited in the Gene Expression Omnibus (NCBI-GEO) database under
accession no. GSE27425.

RESULTS

Fission yeast possesses two unrelated Cdc2-activating kinases,
Csk1 and Mcs6 (Cdk7), that have been proposed to redundantly
phosphorylate Cdc2 in vivo (24). Because genetic data argue
against that possibility (20, 21), we analyzed the previously de-
scribed (40) analogue-sensitive mcs6-as mutant (L87A) that
showed a decrease in viability in the presence of micromolar con-
centrations of 3-MB-PP1 (Fig. 1A). However, the effect was mod-
est compared to a cdk9-as strain (32), which was unexpected, as
both proteins are encoded by essential genes and proposed to have
connected functions during transcription (40). We reasoned that
Mcs6-as might not be fully inhibited by the addition of 3-MB-
PP1, and an alignment of the region containing the gatekeeper
residue (L87) in Mcs6 and other kinases known to respond very
efficiently to chemical genetics (Cdc2 [41], Cdc28 [41], and Cdk7
[7]) revealed that Mcs6 possesses two isoleucines (I85 and I86)
upstream of the gatekeeper (L87), while the other kinases all have
a leucine-valine sequence (see Fig. S1A in the supplemental mate-
rial). Structural analysis of the Mcs6 and Cdk7 proteins suggested
that an isoleucine in position 85 generates more bulk than the
corresponding leucine present in the other kinases, potentially
preventing efficient binding of the ATP analogue (see Fig. S1B in
the supplemental material). Supporting this hypothesis, changing
I85-I86-L87 to L85-V86-G87 in the mcs6-as2 mutant resulted in
increased sensitivity to the inhibitor 3-MB-PP1 (Fig. 1A) without
affecting the growth rate of mcs6-as2 in the absence of drug (data
not shown). An in vitro kinase assay confirmed that the combined
mutations allowed the modified kinase to use either labeled ATP
or N6(benzyl)-ATP, while the wild type showed strict preference
for ATP (Fig. 1B). Other combinations, such as replacement of
L87 by an alanine, did not improve Mcs6-as sensitivity further and
actually made the enzyme less sensitive (Fig. 1A).

In the presence of the inhibitor, a marked decrease in Cdc2
phosphorylation on the CAK site (T167) was observed, and dele-
tion of csk1, or mutation of the S165 activation site of Mcs6, which
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renders Mcs6 insensitive to Csk1, did not decrease it further. The
deletion of csk1 alone, or the addition of the inhibitor to a wild-
type strain, had no detectable effect on Cdc2 phosphorylation
(Fig. 1C). The abolition of activating phosphorylation on Cdc2

was directly reflected in an in vitro Cdc2 activity assay using his-
tone H1 as the substrate (Fig. 1D). The second known target of
Mcs6, namely, serine 5 within the CTD of Pol II, was similarly
affected when Mcs6 activity was inhibited (Fig. 1E).
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FIG 1 Mcs6 is the genuine Cdc2-activating kinase in fission yeast. (A) Growth defect resulting from the inhibition of Mcs6-as. The indicated strains were grown in the
presence or absence of 30 �M 3-MB-PP1. Cell numbers were measured and plotted relative to that of dimethyl sulfoxide (DMSO)-treated cells of the same genotype,
defined as 100%. (B) In vitro kinase activity assay of the wt and analogue-sensitive (as) versions of Mcs6 in the presence of the wt or a bulky ATP analogue. HA-tagged
versions of the Mcs6 or Mcs6-as2 kinases were precipitated (IP) using anti-HA antibodies and used on beads for kinase assays with either ATP or N6(benzyl)-ATP, with
GST-CTD as the substrate. After separation on SDS-PAGE, the kinase gel was exposed (top), stained with Coomassie blue (middle), and transferred to a membrane for
anti-HA (�-HA) Western blotting (bottom). Note that the exposure time of the left side of the kinase gel was shorter in order to compare the use of ATP versus
N6(benzyl)-ATP. (C) In vivo effect of Mcs6 inactivation on Cdc2 T167 phosphorylation. The indicated strains were treated or not with the 3-MB-PP1 inhibitor, and total
protein was extracted and separated on SDS-PAGE. Western blot analyses were performed with anti-Cdc2 T167P or anti-Cdc2, as indicated. (D) In vitro kinase assay of
Cdc2 after inhibition of Mcs6. The indicated strains were treated or not with the 3-MB-PP1 inhibitor, and soluble proteins were extracted and immunoprecipitated using
p13 beads. Kinase assays were performed using histone H1 as the substrate. After separation on SDS-PAGE, the kinase gel was exposed (top) and transferred to a
membrane for anti-Cdc2 Western blotting (bottom). (E) Same as panel C, except that anti-S5P and anti tubulin were used in Western blotting.
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We concluded that specific inhibition of Mcs6 abolished Cdc2
phosphorylation on the CAK site even in the presence of Csk1,
supporting the idea that Mcs6 is the genuine Cdc2-activating ki-
nase.

The availability of the budding yeast monomeric Cak1 kinase
allowed us to specifically complement the Cdc2 activation defect
seen in Mcs6-as2. When integrated at the fission yeast ura4 locus,
the CAK1 gene fully restored Cdc2 phosphorylation and activity
after Mcs6-as2 inhibition (Fig. 2A and B) while the decreased
phosphorylation of the CTD on serine 5 was still observed, indi-
cating that Cak1 directly phosphorylated Cdc2 but not the CTD of
Pol II under these conditions (Fig. 2C). Importantly, the presence
of Cak1 partially suppressed the reduction in the growth rate that
resulted from Mcs6-as2 inhibition (Fig. 2D), suggesting that this
defect did not exclusively result from impaired transcription but
rather reflected the combined alteration of Mcs6 CAK and CTD
kinase activities.

To further differentiate the specificities of Csk1 and Cak1 in
Cdc2 activation by in vivo labeling of their substrates, we gener-
ated an analogue-sensitive mutant of each kinase and expressed
them from plasmids in fission yeast. The Csk1 T89G and Cak1
F79G mutants were properly expressed, but unlike Mcs6 (Fig. 1B)
or Cdk9-as (Fig. 3A), they showed poor in vitro affinity and spec-
ificity for the N6(benzyl)-ATP (Fig. 3B), suggesting that the ATP-
binding pocket of these kinases has unusual properties, as noted
previously (42, 43). Moreover, the analogue-sensitive kinases
showed modest (Cak1) or negligible (Csk1) sensitivity to various
inhibitors when tested in vivo (see Fig. S2 in the supplemental
material), altogether precluding their use. However, when ex-
pressed in fission yeast and immunoprecipitated from cell ex-
tracts, wild-type Cak1 could precipitate and phosphorylate [using
either ATP or N6(benzyl)-ATP as a substrate]. A Western blot
analysis indicated that the substrate is likely Cdc2 (Fig. 3C and
4C). In an identical experimental setup, Csk1 could not associate
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FIG 2 Cak1 complements the CAK defect resulting from Mcs6 inactivation. (A) In vivo effects of Mcs6 inactivation on Cdc2 T167 phosphorylation are
complemented by expression of Cak1. The indicated strains were grown in the presence or absence of 3-MB-PP1 inhibitor, and total protein was extracted and
separated on SDS-PAGE. Western blot analyses were performed with anti-Cdc2 T167P or anti-Cdc2, as indicated. Note that the msc6-as2 data are identical to
those in Fig. 1C and were duplicated here for clarity. All samples were run on the same gel. (B) In vitro kinase assay of Cdc2 after inhibition of Mcs6 in the presence
of Cak1. The indicated strains were grown in the presence or absence of 3-MB-PP1 inhibitor, and soluble proteins were extracted and immunoprecipitated using
p13 beads. Kinase assays were performed using histone H1 as the substrate. After separation on SDS-PAGE, the kinase gel was exposed (top) and transferred to
a membrane for the anti-Cdc2 Western blotting (bottom). Note that the msc6-as2 data are identical to those in Fig. 1D and were duplicated here for clarity. All
samples were run on the same gel. (C) The in vivo effect of Mcs6 inactivation on CTD phosphorylation is not complemented by expression of Cak1. Same as panel
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relative to that of DMSO-treated cells of the same genotype, defined as 100%.
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with and phosphorylate this substrate (Fig. 3C), which is reminis-
cent of previous work showing that purified GST-Cak1 bound and
phosphorylated Cdc2 while GST-Csk1 did not (21).

Taken together, these data further strengthened the conclusion
that Cdc2 activation results from the linear activation pathway
Csk1¡Mcs6¡Cdc2.

We next investigated if the substrate specificities of Csk1 versus
Cak1 could result from structural properties. As noted previously,
the sequence conservation between the members of the mono-
meric CAK family is low (43). The recent sequencing of additional
species within the fission yeast genus, Schizosaccharomyces japoni-
cus and Schizosaccharomyces octosporus, allowed us to perform a
broader alignment, which revealed the absence of a stretch of
about 25 amino acids in the Cak1-related sequences of the Schizo-
saccharomyces species (see Fig. S3 in the supplemental material).
Interestingly, structural analyses indicated that the insertion was
located close to the catalytic site (Fig. 4A and B), suggesting that it

may play a role in the substrate specificity. To test this possibility,
we deleted the corresponding sequence in the budding yeast Cak1
kinase. Although the protein was properly expressed in fission
yeast, it failed to coprecipitate Cdc2 (Fig. 4C) and could not com-
plement a cak1 TS (civ1-4) mutant (Fig. 4D). This prompted us to
generate a chimeric Csk1 kinase in which the same 29 amino acids
were inserted in the corresponding location. However, the result-
ing protein was expressed at a very low level, being barely detect-
able, and the associated kinase activity was accordingly very low,
which impeded further analyses (Fig. 4E and F). In conclusion, we
have identified a short sequence present only in the budding yeast
Cak1 homologues that is required for their efficient binding to
Cdc2.

The fact that the S. cerevisiae Cak1 kinase partially restored
growth after Mcs6-as2 inhibition (Fig. 2D) suggested that the in-
activation of Mcs6 resulted in phenotypes linked to two indepen-
dent pathways: Cdc2 activation and Pol II transcription. To test

A

Cdk9-as-TAP       

GST-CTD IP ( -TAP) / kinase

Cdk9-TAP   

32P-ATP        +       -        +      -        +      -         +       - 
32P-N6-benzyl-ATP         -       +        -      +        -      +         -       + 

GST-Cdk2 IP ( -HA) / kinase (short exp)

HA-Csk1

GST-Cdk2 IP ( -HA) / kinase (long exp)

HA-Csk1-as HA-Cak1 HA-Cak1-as

IP ( -HA) / Western blot ( -HA)
HA-Cak1

HA-Csk1

B

C 32P-ATP     +       -           +         -        +        -
32P-N6-benzyl-ATP      -       +           -         +        -        +

IP ( -HA) / kinase (no added  substrate)

IP ( -HA) / Western blot ( -HA)

control HA-Cak1 HA-Csk1

HA-Cak1

HA-Csk1

IP ( -HA) / Western blot ( -Cdc2)Cdc2

co-precipitated substrate

32P-ATP       +                -            +           -
32P-N6-benzyl-ATP       -                 +            -           +
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this assumption, we analyzed gene expression profiles in the mcs6-
as2 and the mcs6-as2 CAK1 strains by using microarrays and com-
pared them to the cdk9-as and cdk9-as mcs6-as2 CAK1 strains (see
Table S1 in the supplemental material). All the strains were treated
for 120 min with 30 �M 3-MB-PP1, a concentration that did not
affect the growth of the wild-type strain, and expression profiling
was performed relative to mock-treated controls (Fig. 5A and B).
A similar global profile was observed in each case, indicating that
Mcs6 and Cdk9 target a large common set of genes, as previously
reported (40).

Upon inhibition of Mcs6, most of the genes behaved similarly
regardless of the presence of Cak1, but a subset of about 200 genes

were affected only when Cak1 was absent, indicating that they
mainly responded to the inhibition of the CAK activity on Cdc2,
rather than a defect in Pol II CTD phosphorylation. More pre-
cisely, about 95% (551 genes) of the differentially expressed genes
in mcs6-as2 CAK1 (which comprise 585 genes) overlapped with
those of the mcs6-as2 strain (Fig. 5C), but this common set repre-
sented only 71% of the differentially expressed genes in mcs6-as2
(785 genes) (Fig. 5A and B).

This effect did not result from a cell cycle arrest, as indicated by
fluorescence-activated cell sorting (FACS) (data not shown).
Gene ontology (GO) analysis of the CAK activity-dependent genes
(234 genes with a P value of �0.05 and �1.5-fold change) revealed
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category (0042254). The error bars indicate standard deviations of the means from 3 independent experiments.
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enrichment in this category for genes required for ribosome bio-
genesis and rRNA processing (see Fig. S4 in the supplemental
material), which could not be attributed to an artifactual effect of
the presence of CAK1 because these categories were not overrep-
resented when expression profiling of a wild-type strain express-
ing CAK1 was performed (data not shown). We confirmed these
data by independent quantitative RT-PCR on nop9, esf1, and
SPAC19A8.07c, three genes that appeared to be specifically down-
regulated by the defect in Mcs6 CAK activity (Fig. 5D). In the
presence of CAK1, the expression levels of all three genes were
improved but never reached wild-type levels, since the CTD ki-
nase activity of Mcs6 was still compromised. As a control, we also
chose the rds1 gene, which did not respond to the presence of Cak1
based on the microarray data, which we could confirm (Fig. 5D).

Based on these data, we predicted that a cdc2 T167A mutant
may affect the expression of the group of genes identified in Fig.
5B. We failed to generate a heterozygous strain harboring the cdc2
T167A mutant and therefore expressed it from a plasmid under
the control of the nmt1 promoter, which is downregulated by
thiamine. As previously reported, the transformation efficiency of
the mutant was very low compared to that of a plasmid expressing
wild-type cdc2 or an empty vector (44). Even in the presence of
thiamine, a marked growth defect was observed in the strain ex-
pressing cdc2 T167A (Fig. 6A), indicating a dominant-negative
effect of the mutant. Surprisingly, no cell elongation was observed,
which suggested that the slow growth did not result from cell cycle
arrest. Only in the absence of thiamine, when the mutant was
expressed at a much higher level, did some colonies clearly show a
typical cdc phenotype (Fig. 6A). Together with the microarray
analysis discussed above, these data indicate that the activating
phosphorylation of Cdc2 by the Mcs6 (Cdk7) CAK is required to
promote cell growth, most likely by regulating the expression of a
group of genes implicated in ribosome biogenesis. This hypothesis
was supported by the specific downregulation of nop9, esf1, and
SPAC19A8.07c when the cdc2 T167A mutant was expressed, while
rds1 remained unaffected (Fig. 6B).

We conclude that, in addition to its well-documented RNA

polymerase II CTD kinase activity, Mcs6 also regulates gene ex-
pression through its CAK activity.

DISCUSSION
A linear Cdc2 activation cascade in fission yeast. Using an im-
proved analogue-sensitive allele of mcs6, we demonstrate that
Mcs6 is the genuine CAK of Cdc2, the cyclin-dependent kinase
controlling both the G1-S and the G2-M transitions in fission
yeast. Upon inhibition of Mcs6, both the T167 phosphorylation of
Cdc2 and Cdc2 kinase activity are decreased independently of the
presence of Csk1, the second CAK in the organism. Together with
previous data (21), this indicates that a linear Csk1¡Mcs6¡Cdc2
CAK pathway exists in vivo in S. pombe, as anticipated based on
early genetic analyses (23). The fission yeast CAK pathway is
therefore very reminiscent of that of higher eukaryotes, unlike
budding yeast, where the Cdk7 ortholog Kin28 plays no role in
CDK activation and is required solely for CTD phosphorylation.

Here, we provide evidence that a structural difference, the
presence of an insertion of about 20 amino acids close to the cat-
alytic site, is responsible for the differences in substrate specificity
observed between the Cak1 kinases from several species of bud-
ding yeast (S. cerevisiae, Kluyveromyces lactis, and Candida albi-
cans) and the Csk1 kinases from species of fission yeast (S. pombe,
S. japonicus, and S. octosporus). Indeed, this insertion is required
both for binding to Cdc2 and for the ability of Cak1 to comple-
ment a cak1 TS mutant. It was reported that Csk1 can phosphor-
ylate Cdc2 in vitro (22), and it remains possible that under these
conditions, the structural difference between Csk1 and Cak1 be-
comes irrelevant. The fact that strong overexpression of Csk1
complements a cak1 TS mutant (21) (see Fig. S2 in the supplemen-
tal material) supports this possibility.

Besides this structural feature, the sequence alignment of ad-
ditional Cak1-related sequences from the fission yeast genus con-
firms the high divergence that occurred within the monomeric
CAK kinase group (see Fig. S3 in the supplemental material). Our
attempt to generate analogue-sensitive alleles of either Cak1 or
Csk1 revealed that the wild-type kinases already have a significant

0

0,2

0,4

0,6

0,8

1

m
R

N
A

 (
a.

u.
)

ctr

cdc2

cdc2 TA

nop9 esf1 SPAC
19A8.07c

rds1

B

ctr

cdc2

cdc2 TA

EMM + thiamine

cdc2 TA
EMM+ thiamine

cdc2 TA
EMM - thiamine

A

* 

FIG 6 Activation of Cdc2 by CAK is required for the transcription of some ribosome-associated genes. (A) Dominant growth defect resulting from the
expression of the cdc2 T167A mutant. (Top) A wt strain was transformed with plasmids expressing cdc2, cdc2 T167A (cdc2 TA), or empty vector, and serial
dilutions were incubated at 32°C for 3 days. (Bottom) Colonies expressing the cdc2 TA mutant in the presence or absence of thiamine. Elongated cdc phenotypes
(asterisk) appear only in the absence of thiamine. EMM, Edinburgh minimal medium. (B) RQ of the nop9, esf1, SPAC19A8.07c, and rds1 mRNAs determined by
quantitative RT-PCR using the ��CT method in the same strains as in panel A, grown in the presence of thiamine. The strain harboring the empty vector was set
as 1. Note that for clarity, the untreated control is shown only once per mRNA analyzed. The nop9 gene belongs to the rRNA-processing GO category (0006364),
and the SPAC19A8.07c and esf1 genes belong to the ribosome biogenesis GO category (0042254). The error bars indicate standard deviations of the means from
3 independent experiments.

Cdk Activation and Cell Growth

May 2015 Volume 35 Number 9 mcb.asm.org 1487Molecular and Cellular Biology

http://mcb.asm.org


capacity to use the bulky N6(benzyl)-ATP. In parallel, the ana-
logue-sensitive mutants are barely sensitive to high doses of ATP
analogue, altogether confirming that the monomeric CAKs have
an unusual ATP-binding pocket, as previously proposed (42).

The Mcs6 (Cdk7) kinase regulates gene expression through
both its CAK and Pol II CTD kinase activities. Expression profil-
ing of Cdk7 mutants from various species presupposed that the
inactivation of Cdk7 solely affected mRNA transcription due to a
defect in serine 5 phosphorylation within the RNA polymerase II
CTD. Although our data generally support this view, the specific
rescue by Cak1 of the CAK defect following the inhibition of Mcs6
revealed an unanticipated role of Cdc2 phosphorylation in the
expression of a group of genes implicated in ribosome biogenesis.
Although most of the genes belonging to that group are slightly
affected by the inhibition of serine 5 phosphorylation, the con-
comitant inhibition of Cdc2 activation further decreases the ex-
pression level of the corresponding mRNAs, which suggests that
Cdc2 plays a direct role in their regulation.

In support of this possibility, we show that the expression of a
cdc2 mutant that cannot be phosphorylated on the CAK site (cdc2
T167A) results in a dominant-negative phenotype characterized
by slow growth and associated with decreased expression of the
ribosome biogenesis genes that we have tested. As it was previ-
ously reported that the Cdc2 T167A mutant can associate with
cyclin B (44), albeit to a lesser extent than the wild type, it is likely
that the presence of a Cdc2 T167A-cyclin B complex interferes
with the expression of the ribosome biogenesis cluster, which re-
sults in dominant slow growth. Only when the Cdc2 T167A mu-
tant is strongly overexpressed from the nmt1 promoter (45) is the
elongated cdc phenotype, typical of cdc2 mutants, observed. Most
likely, in this case, the mutant titrates the complete cyclin B pool,
leading to a mitotic block.

The growth defect observed when Cdc2 activation is impaired
also explains why downregulation of Mcs6 similarly does not re-
sult in the cdc phenotype expected if Cdc2 is inactivated but rather
leads to slower growth. As expected based on the above data, the
expression of Cak1 during Mcs6 inactivation restored normal
Cdc2 activation (Fig. 2A and B) and significantly counteracted the
growth defect (Fig. 2D).

A previous genome-wide analysis of the cell cycle-regulated
genes in fission yeast identified an early/mid-G2 wave of genes
peaking with a moderate amplitude (46). This wave included
genes involved in ribosome biogenesis (the ribocluster) and the
cdc2 gene itself. Our data suggest that Cdc2 activation by CAK in
early to mid-G2 is responsible for the increased expression of this
cluster during the same window of the cell cycle.

Could Cdc2 activation by CAK couple cell growth to cell di-
vision? In respect to whether Cdc2 activation by CAK couples cell
growth to cell division, it is interesting that a link between CDK
activity and ribosome synthesis has been established in other spe-
cies (47–49). Candidate substrates have been proposed (50, 51),
and the large-scale analysis of Cdc2 substrates by chemical genet-
ics identified a group of substrates related to ribosome metabo-
lism (52). Further work is needed to fully characterize how these
potential Cdc2 substrates regulate the expression of the riboclus-
ter. Our unpublished data show that Cdc2 phosphorylates the
Sfp1 transcription factor, a key regulator of the ribocluster in bud-
ding yeast, on various sites. Therefore, one possibility is that Cdc2
phosphorylation by CAK in early G2, when the level of B-type

cyclin is low, is required for the efficient activation of a master
regulator of the ribocluster.

It is also known that the conserved Xpd protein (Rad15 in
fission yeast), which is part of TFIIH, negatively regulates the CAK
activity of Cdk7 and relocalizes it to different subcellular compart-
ments in Drosophila (53, 54). The regulation of Xpd could there-
fore play a pivotal role in the putative link between Cdk activation
and growth.

The data presented here have additional important implica-
tions. Earlier studies in fission yeast have documented a cell cycle
oscillation in the rate of protein synthesis (the rate change point
[RCP]) and a corresponding acceleration of the growth rate in
mid-G2 in fission yeast (55–58). The wave of transcription of the
ribocluster in early to mid-G2 correlates with the RCP and occurs
at about the time when H1 kinase activity starts to rise, as noted
previously (46). Based on the data presented in this study, we raise
the hypothesis that the G2 RCP is defined by Cdc2 phosphoryla-
tion and activation by CAK, which increases the transcription of
the ribosome biogenesis cluster and accelerates protein synthesis
(RCP). Because full Cdc2 activity is also required later in the cell
cycle to promote entry into mitosis, CAK activity could therefore
couple cell growth to cell division.
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