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In the budding yeast Saccharomyces 
cerevisiae, the cyclin-dependent 

kinases (CDKs) Kin28, Bur1 and Ctk1 
regulate basal transcription by phosphor-
ylating the carboxyl-terminal domain 
(CTD) of RNA polymerase II. However, 
very little is known about the involve-
ment of the cell cycle CDK Cdc28 in the 
transcription process. We have recently 
shown that, upon cell cycle entry, Cdc28 
kinase activity boosts transcription of a 
subset of genes by directly stimulating 
the basal transcription machinery. Here, 
we discuss the biological significance 
of this finding and give our view of the 
kinase-dependent role of Cdc28 in regu-
lation of RNA polymerase II.

Introduction

Transcription of eukaryotic genes by RNA 
polymerase II (RNAP II) is a highly regu-
lated stepwise mechanism involving hun-
dreds of proteins. The initial step is the 
assembly of general transcription factors 
(TFII-A, -B, -D, -E and -H) and RNAP II to 
form the pre-initiation complex (PIC). The 
CTD of Rpb1, RNAP II largest subunit, 
then undergoes sequential phosphorylations 
by the cyclin-dependent kinases (CDKs) 
Kin28, Bur1 and Ctk1 (respectively CDK7, 
CDK9 and CDK12 in humans).1,2 These 
phosphorylation events allow RNAP II to 
start mRNA synthesis, but also to couple 
transcription to mRNA processing and 
chromatin modification during transcrip-
tion elongation and termination.1

Transcription initiation is also regu-
lated by sequence-specific DNA-binding 
transcription factors that are differentially 

The cell cycle rallies the transcription cycle
Cdc28/Cdk1 is a cell cycle-regulated transcriptional CDK

Pierre Chymkowitch and Jorrit M. Enserink*
Department of Molecular Biology; Institute of Medical Microbiology and Centre for Molecular Biology and Neuroscience; Oslo University Hospital; Oslo, 

Norway

recruited to specific subsets of genes to allow 
their expression to occur at the right place 
and at the right moment.3 Such temporal 
regulation of gene expression has been well 
characterized during cell cycle progres-
sion.4 In S. cerevisiae, the CDK Cdc28 (also 
known as Cdk1) is necessary and sufficient 
for cell cycle regulation by phosphorylating 
a large number of substrates to coordinate 
cell cycle events.5 Specifically, Cdc28 phos-
phorylates Whi5 in late G1, leading to dis-
sociation of Whi5 from the transcription 
factor complex SBF (Swi4/6-dependent 
cell-cycle box binding factor). Dissociation 
of Whi5 activates SBF, which then induces 
expression of a group of genes (includ-
ing cyclin genes CLN1,2 and CLB5,6 ) to 
induce cell cycle entry6 (Fig. 1A).

We have recently shown that Cdc28 
also boosts the expression of a specific 
subset of housekeeping genes (that do not 
contain any SBF consensus sequence) by 
directly stimulating the recruitment of 
RNAP II and Kin28, and by promot-
ing CTD phosphorylation and mRNA 
capping.7 These genes encode proteins 
involved in energy supply, translation, cell 
wall integrity and chromatin architecture. 
We propose that upon cell cycle entry 
Cdc28 directly stimulates the basal tran-
scription machinery at these genes in order 
to maintain sufficiently high expression 
levels of these proteins as the bud grows 
and total cell volume increases. These 
findings highlight a new role for Cdc28 as 
a cell cycle-regulated transcriptional CDK 
and raise important mechanistic ques-
tions about the sequence of events and the 
identity of the factors involved in Cdc28 
recruitment at these particular loci.
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Mediator complex at SBF-regulated genes 
(such as HO or CLN1/2) requires a certain 
basal level of Cdc28 activity, and that high 
Cdc28 activity is necessary for subsequent 
recruitment of RNAP II, TFIIH and 
TFIIB.19 However, the requirement for 
Cdc28 in transcription of these genes may 
in fact be to remove Whi56 rather than 
directly activating the basal transcription 
machinery.

Interestingly, more recent studies iden-
tified a kinase-independent role for Cdc28 
in basal transcription. It was proposed 
that Cdc28 and its interaction partner 
Cks1 were recruited to the promoter of 
CDC20 (a regulator of the anaphase pro-
moting complex), to regulate the periodic 
association of the proteasome.20,21 Cdc28/
Cks1 also recruit the proteasome to GAL1, 
which mediates efficient nucleosome evic-
tion22,23 (Fig. 1B).

These studies focused on a limited 
number of model genes, while in our 
recent report we aimed at determining all 
the genomic binding sites of Cdc28. Using 
ChIP followed by high throughput sequenc-
ing (ChIP-seq) we found that Cdc28 could 
be detected at approximately 2,000 ORFs, 
with the 10th percentile showing at least 
a 3-fold recruitment over background.7 

but on the other hand, it stimulates tran-
scription by promoting the formation of 
the scaffold complex.12 Phosphorylation 
of S

7
 is performed by Kin28 and Bur1, 

and contributes to expression of ncRNA 
and mRNA splicing.13-15 Finally, in mam-
mals, Y

1
 phosphorylation, possibly by the 

tyrosine kinase c-Abl, promotes tran-
scription termination.9,16 Y

1
 phosphoryla-

tion was recently also demonstrated in S. 
cerevisiae;9 however, the kinase remains 
unknown and c-Abl does not exist in 
yeast. The CTD kinase activities of Ctk1, 
Kin28, Srb10 and Bur1 were characterized 
between 1991 and 1995,17 but the very 
first kinase shown to phosphorylate the 
CTD was murine CDC2 (the ortholog of 
Cdc28).18 Quite surprisingly, the function 
of CDC2/Cdc28 in regulation of basal 
transcription has only been investigated 
sporadically, and the physiological conse-
quences have largely remained obscure.

Cdc28 Kinase Activity Promotes 
Transcription in a  

Cell Cycle-dependent Manner

An early study that probed the involve-
ment of Cdc28 in basal transcrip-
tion found that the recruitment of the 

The CTD Kinases Involved in the 
CTD Phosphorylation Cycle

The CTD of Rpb1 is characterized by 
multiple repeats of the heptapeptide 
Y

1
S

2
P

3
T

4
S

5
P

6
S

7
 (52 repeats in humans and 

26 in yeast). In yeast, Y
1
, S

2
, S

5
 and S

7
 have 

been found to be phosphorylated during 
transcription, while mammals in addi-
tion also phosphorylate T

4
.1,8,9 Early in the 

transcription cycle, Kin28 phosphorylates 
the CTD on S

5
, which serves as a mark 

for recruitment of the mRNA capping 
machinery.10 As RNAP II elongates, the 
levels of phosphorylated S

5
 progressively 

decrease due to the action of the phospho-
S

5
-specific phosphatases Rtr1 and Ssu72, 

while the phosphorylation of S
2
 increases 

toward the 3' end of the ORF due to activ-
ity of Bur1 and Ctk1. Phosphorylated S

2
 

serves as a docking site for a multitude 
of protein complexes involved in histone 
modification, chromatin remodeling, 
mRNA polyadenylation and transcription 
termination.1 S

2
 and S

5
 can also be phos-

phorylated by Srb10 (CDK8 in humans), 
the catalytic subunit of the Mediator’s 
kinase module.11 In vitro studies showed 
that, on the one hand, Srb10 inhibits tran-
scription by preventing PIC formation, 

Figure 1. Kinase-dependent and -independent roles of Cdc28. (A) In late G1, Cdc28 phosphorylates the SBF-bound repressor Whi5. This triggers the 
release of Whi5 from the SBF, thus stimulating the transcription of the genes belonging to the G1 transcriptional program. (B) Cdc28/Cks1 and the 19S-
regulatory particle of the proteasome are recruited to genes such as GAL1 for efficient transcriptional activation by promoting a decrease in nucleoso-
mal density.
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These two studies suggest that recruit-
ment of Cdc28 to the CTD may similarly 
depend upon CTD priming. Indeed, our 
ChIP assays showed that full Kin28 kinase 
activity is necessary for the recruitment 
of Cks1/Cdc28 to PMA1.7 Consistently, 
we found that human CDK7 can prime 
the CTD for further phosphorylation by 
Cks1/Cdc28 in vitro (our unpublished 
data and Dr. M. Loog, personal commu-
nication). Thus, we propose that recruit-
ment of Cdc28 to RNAP II may depend 
on priming of the CTD by Kin28 (Fig. 
2).

Conclusions

Our recent study suggests that direct 
regulation of CTD-S

5
 phosphorylation 

may serve as a switch to regulate the basal 
transcription machinery during the cell 
cycle. However, the sequence of events 
by which Cdc28 stimulates transcription 
and mRNA capping remains unclear. 
Although our study revealed a functional 
interaction between Kin28 and Cdc28, 
Cdc28 may have additional roles in the 
transcription process. Indeed, we found 
that CDC28 genetically interacts with 

A previous report indicated that human 
CDC2 can phosphorylate both S

2
 and 

S
5
 in vitro,25 and we first confirmed that 

Cdc28 can also directly phosphorylate 
the CTD. However, our experiments sug-
gest that Cdc28 preferentially targets S

5
 

in vitro and that it has little or no activ-
ity toward either S

2
 or S

7
.7 These findings 

were supported by in vivo results obtained 
with ChIP assays and western blots, which 
also showed that Cdc28 cooperates with 
Kin28 to achieve full S

5
 phosphorylation 

and to promote mRNA capping.7 These 
data suggest that Cdc28 is a CTD kinase 
sharing a partially redundant role with 
Kin28 in CTD-S

5
 phosphorylation.

Mutual Regulation of Cdc28 and 
Kin28

How is Cdc28 recruited to RNAP II? 
Recently, Kin28-mediated phosphorylation 
of CTD-S

5
 was shown to serve as a priming 

site for Bur1 recruitment.26 Interestingly, it 
was shown that Cdc28 is also regulated by 
a priming mechanism; in particular, Cks1 
serves as a phospho-acceptor binding site 
that recruits the Cdc28 holoenzyme to at 
least some of its substrates.27

Interestingly, these 200 ORFs belong to 
most highly transcribed genes in yeast, 
e.g., PMA1. To dissect the involvement of 
Cdc28 in basal transcription, we then used 
a mutant strain harboring the cdc28-as1 
allele, which encodes a form of Cdc28 that 
is highly sensitive to the inhibitor 1-NM-
PP1,24 and found that PMA1 transcrip-
tion depends on Cdc28 kinase activity. 
Furthermore, we found that PMA1 mRNA 
levels were low in G1 phase (when Cdc28 
activity is low) and peaked upon entry into 
the cell cycle, when Cdc28 becomes active.7 
Together, these data strongly suggest that 
Cdc28 stimulates transcription of PMA1 
during cell cycle entry.

The function of the kinase activity of 
Cdc28 in transcription is not mutually 
exclusive with the previously described, 
non-catalytic role of Cdc28 in this pro-
cess. The relative contribution of both 
these functions of Cdc28 in regulation of 
transcription remains to be determined.

Is Cdc28 a Cell Cycle-regulated 
CTD Kinase?

How does Cdc28 boost transcription of 
its target genes during cell cycle entry? 

Figure 2. Model for Cdc28-mediated phosphorylation of the CTD. (A) In late G1 Kin28 (or potentially a still uncharacterized kinase) primes the CTD. (B) 
Phosphorylated TP sites (threonine followed by a proline) and/or multiple phospho-S5 serve as a docking site for Cks1/Cdc28. As Cdc28 becomes active 
in late G1, Cdc28 further phosphorylates S5 to ensure high rates of transcription and mRNA capping.
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BUR2 and CTK1 and that Cdc28 is 
recruited to the entire ORF of its target 
genes, suggesting it also has a role in tran-
scription elongation.7

With the recent discovery of new CTD 
kinases like Cdc28, CDK12 and PLK, 
and the discovery of CTD-Y

1
 and CTD-

T
4
 phosphorylation, the CTD phosphory-

lation code appears much more complex 
than previously anticipated.2,8,9 These 
CTD modifications allow the cell to inte-
grate a large variety of signals, thereby 
fine-tuning transcription during a host of 
biological processes like development and 
cell division.
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