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ABSTRACT 

Organization of the cell division cycle is conserved in all eukaryotes and the survival 
of both unicellular and multicellular organisms is dependent of the faithful duplication 
and subsequent division of genetic material to daughter cells. The progression of the 
cell cycle is thought to be dependent on the sequential activation of cyclin-dependent 
kinases (Cdks). The full activation of Cdks requires the phosphorylation of a 
conserved residue (threonine-160 on human Cdk2) on the T-loop of the kinase 
domain. In budding yeast the T-loop activation of Cdk1(Cdc28) is mediated by the 
single subunit kinase Cak1. In metazoan species, a trimeric complex consisting of 
Cdk7, cyclin H and Mat1 has been suggested to be the T-loop kinase of several Cdks. 
In addition to the T-loop activation function of Cdk1(Cdc2), Cdk7 have also been 
implicated in the regulation of transcription. Cdk7, cyclin H, and Mat1 can be found 
as a trimeric complex but also as subunits of the general transcription factor TFIIH. 
Cdk7 in this context phosphorylates the carboxy-terminal domain (CTD) of the large 
subunit of RNA polymerase II (RNA pol II), specifically on serine-5 residues of the 
CTD repeat. The regulation of Cdk7 in these and other functions is not well known 
and the unambiguous characterization of the in vivo role of Cdk7 in both T-loop 
activation and CTD serine-5 phosphorylation has proved challenging.  

In this study, the fission yeast Cdk7-cyclin H homologous complex, Mcs6-Mcs2, is 
identified as the in vivo T-loop kinase of Cdk1(Cdc2). The study also identifies 
multiple levels of regulation of Mcs6 kinase activity, i.e. association with Pmh1, a 
novel fission yeast protein that is the apparent homolog of metazoan Mat1, and T-loop 
phosphorylation of Mcs6, mediated by Csk1, a monomeric T-loop kinase with 
similarity to Cak1 of budding yeast. In addition, Skp1, a component of the SCF 
(Skp1-Cullin-F box protein) ubiquitin ligase is identified by its interactions with Mcs2 
and Pmh1. The Skp1 association with Mcs2 and Pmh1 is however SCF independent 
and does not involve proteolytic degradation but may reflect a novel mechanism to 
modulate the activity or complex assembly of Mcs6.  

Our recent unpublished studies have suggested that Cdk7 is not the only CTD serine-5 
kinase in vivo. In addition to Cdk7, also Cdk8 has been shown to have CTD serine-5 
kinase activity in vitro. Cdk8 is not essential in yeast but has been shown to function 
as a transcriptional regulator. The function of Cdk8 is unknown in flies and mammals. 
This prompted the investigation of murine Cdk8 and its potential role as a redundant 
CTD serine-5 kinase. Cdk8 is required for development prior to implantation, at a 
time that is co-incident with a burst of Cdk8 expression during normal development. 
The results do not support a role of Cdk8 as a serine-5 CTD kinase in vivo but rather 
shows an unexpected requirement for Cdk8 early in mammalian development. 

The results presented in this thesis extends our current knowledge of the regulation of 
the cell cycle by characterizing the function of two distinct cell cycle regulating T-
loop kinases, including the unambiguous identification of Mcs6, the fission yeast 
Cdk7 homolog, as the T-loop kinase of Cdk1. The results also indicate that the 
function of Mcs6 is conserved from fission yeast to human Cdk7 and suggests novel 
mechanisms by which the distinct functions of Cdk7 and Mcs6 could be regulated. 
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These findings are important for our understanding of how progression of the cell 
cycle and proper transcription is controlled, during normal development and tissue 
homeostasis, but also under condition where cells have escaped these control 
mechanisms e.g. cancer.  
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REVIEW OF THE LITERATURE 

Cell Division Cycle 

The eukaryotic cell division cycle is the process of faithful duplication of cellular 
material of a parental cell and subsequent physical division of cellular components 
into two genetically identical daughter cells. Understanding the process of cell 
division is crucial for modern cancer medicine due to the central role of uncontrolled 
cell division in this disease. Cancer involves unrestrained proliferation as a result of 
cells loosing normal control and being driven through the cell cycle, where they 
normally would be non-dividing or quiescent. Furthermore, the loss of cell cycle 
control can lead to progeny with an abnormal complement of DNA, which further 
increases the likelihood of the cells escaping normal growth control. A normal cell 
cycle of a somatic cell involved four distinct phases that are; Mitosis (M), Gap phase 
1 (G1), Synthesis (S) and Gap phase 2 (G2).  The S phase is the period when DNA is 
synthesized, the M phase is the process of physical separation and the two G phases 
are the periods separating the major events. In addition, cells that are quiescent or 
non-dividing enter and exit this state in G1 of the cell cycle and this phase outside the 
normal cell cycle is called G0. The molecular machinery at the core of this process is 
an evolutionarily conserved group of enzyme complexes called Cyclin-dependent 
kinases (Cdks) needed for the progression of all cell cycle phases (Figure 1). The cell 
cycle Cdk complexes integrate signals from several control mechanisms, such as 
mitogenic stimuli and checkpoint controls. This ensures the orderly progression of the 
cell cycle, through execution of distinct events by the Cdk mediated phosphorylation 
of downstream targets.  

 

Figure 1. Cell cycle progression through the four phases of cell cycle.  

Progression through the four cell cycle phases (G1-S-G2-M) is controlled by the activity of Cdks-

cyclin complexes. In addition, the non-dividing, quiescent, state of cells is often called G0.  



 

 12 

Cyclin-Dependent Kinases 

The first Cdk was isolated as cell division cycle (cdc) mutants in both budding yeast 
(Saccharomyces cerevisiae) (Hartwell et al., 1974) and fission yeast 
(Schizosaccaromyces pombe) (Nurse, 1975), and their genes were given the names 
CDC28 and cdc2 respectively (see Figure 2 for representative pictures of classical 
fission yeast cell cycle mutant phenotypes).  

 

 

Figure 2. Fission yeast cdc and wee mutant phenotypes  

Scanning Electron Micrograph of wild type fission yeast cells (A) where the central bulge is a mark of 

the site of cell division. The bulges on the cell tips represent scars of previous divisions. Chromatin 

(DAPI) and cell wall (Calcofluor) staining of wt (B) wee (C) and cdc (D) phenotypes. Asterisks 

indicate a normal anaphase cell (B) division septa of a cell dividing at shorter than normal length (c) 

and a cell that has a delayed cell cycle while cell growth is normal (D).   

 

CDC28 and cdc2 encode protein kinases (Reed et al., 1985; Simanis and Nurse, 1986) 
and fission yeast Cdc2 exhibited variable activity throughout the cell cycle (Moreno et 
al., 1989a). Remarkably, fission yeast cdc2 could be replaced by budding yeast 
CDC28 or a homologous human kinase, suggesting that the machinery governing the 
cell cycle is conserved from yeast to human (Lee and Nurse, 1987). Concomitantly, 
Cdc2 was identified from a periodic kinase activity known as Maturation Promoting 
Factor (MPF) (Gautier et al., 1988; Lohka et al., 1988) and shown to associate with 
cyclin B (Labbe et al., 1989). After these findings had been extended to several other 
species a naming convention emerged in 1991, suggesting that “kinases that are 
associated with cyclins would be called Cyclin-dependent kinases, or Cdks” (Doree 
and Hunt, 2002) and thus, human Cdc2 became Cdk1. (Although the Cdk1 fission 
yeast homolog is still known as Cdc2, I have for clarity used the name Cdk1(Cdc2) 



 

 13 

when discussing fission yeast Cdc2.) The amount and complexity of Cdk-cyclin 
complexes have increased since the discovery of Cdk1, and the human Cdk family has 
now expanded to include 12 members (Hu et al., 2003; Malumbres and Barbacid, 
2005). In addition, 7 putative Cdks without identified cyclin partners exist (Manning 
et al., 2002), thus the number is likely to increase 

Cdks as Mediators of Cell Cycle Progression 

During the mammalian G1 phase of the cell cycle, when the cell monitors the 
environment for conditions permissive for cell division (e.g. presence of nutrients, 
mitogenic and anti-mitogenic signals), the concerted activation of Cdk4 and Cdk6 is 
thought to be essential for progression to S phase (Ezhevsky et al., 2001; Harbour et 
al., 1999). The critical target of Cdk4 and Cdk6 is the retinoblastoma (pRB) tumor 
suppressor protein. The phosphorylation of pRB results in the release of the E2F 
family of transcription factors from pRB and activation of genes required for start of 
DNA replication (S phase) (reviewed in Weinberg, 1995). Cdk2 and its regulatory 
subunit cyclin E are E2F targets and as pRB is also a target of this complex, pRB is 
further phosphorylated and thus inactivate (reviewed in Ortega et al., 2002). The full 
phosphorylation of pRB by Cdk2-cyclin E is thought to be a critical trigger for the 
passage through the “restriction point”, or START, after which cells no longer 
respond to external control, but become committed to fulfilling the cell division cycle 
(reviewed in Blagosklonny and Pardee, 2002). During the S-phase, Cdk2 associates 
with the newly synthesized cyclin A, and phosphorylates a wide range of substrates 
involved in the progression through and exit from the S-phase e.g. Cdc6 and Mcm 
(Mini chromosome maintenance) proteins (Woo and Poon, 2003).  At the exit from S-
phase, cyclin A also associates with Cdk1 and these cyclin A associated kinases 
apparently share substrates including Mcm4 and DNA checkpoint (e.g. p53) proteins 
and appear to have at least partially overlapping functions (reviewed in Malumbres 
and Barbacid, 2005). During G2, cyclin A is degraded and Cdk1 associate with cyclin 
B. The Cdk1-cyclin B complex is needed for the initiation of mitosis through its 
phosphorylation of a wide range of substrates, including ones involved in nuclear 
envelope breakdown, sister chromatid cohesion and transcriptional repression 
(reviewed in Malumbres and Barbacid, 2005).  

Recent studies in mouse models have partly challenged this, classical, model of Cdk 
function. Cdk4 (Rane et al., 2002; Tsutsui et al., 1999), Cdk6 (Malumbres et al., 2004) 
and Cdk2 (Berthet et al., 2003; Ortega et al., 2003) single knock out mice are viable 
with surprisingly few phenotypes. Strikingly, even the double knockout combinations 
of Cdk4, Cdk6 and Cdk2 have relatively late embryonic lethal phenotypes (Berthet 
and Kaldis, 2006; Malumbres et al., 2004). However, Cdk1 knockouts have, not been 
reported, and unpublished data indicate that loss of Cdk1 in mice is lethal (Malumbres 
and Barbacid, 2005) as is loss of Cdk1 in both budding yeast (Cdc28) and fission 
yeast (Cdc2). Furthermore, ablation of Cdk1 using RNAi causes a mitotic block 
(Harborth et al., 2001). In summary, these new genetic models have revealed 
unexpected complexity of the regulation of the mammalian cell cycle. These 
unexpected findings also suggest that the cell cycle is a redundant system as deletion 
of any one component is not enough to perturb normal cell cycle progression. While 
this indicate a need for more complex animal models where several Cdks can be 
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conditionally targeted, it also shows the need for simple in vivo model organisms, 
such as fission yeast, to study the basic concepts of Cdk function. 

The Cell Cycle of Fission yeast, Schizosaccharomyces pombe 

The cell cycle of fission yeast is significantly less complicated than that of higher 
organisms. Fission yeast is a small approximately 14 !m long and 8 !m wide cylinder 
shaped (Figure 2A) unicellular organism with a cell division cycle that last for 
approximately two to three hours in normal laboratory condition. Cytokinesis takes 
place through binary fission (Figure 2A) thus its common name. In fission yeast, one 
major Cdk, Cdk1(Cdc2), is the kinase driving the cell cycle (Stern and Nurse, 1996). 
Furthermore, the Cdc13 B-type cyclin normally associated with Cdk1(Cdc2) at 
mitosis (Hagan et al., 1988) can drive the entire fission yeast cell cycle in a strain 
deleted for other reported B-type cyclins (Martin-Castellanos et al., 2000). The 
minimal requirement of the Cdc13 cyclin suggests a model where the level of Cdk 
activity, rather than the specificity of the Cdk-Cyclin complexes, is critical for cell 
cycle progression (Stern and Nurse, 1996). The minimal requirement of the Cdc13 
cyclin may also, in part, reflect the exotic life cycle of fission yeast. Although fission 
yeast goes through a diploid life cycle it spends most of its time in haploid form, both 
in the laboratory and in nature e.g. in grapes and molasses (Munz et al., 1989). 
Perhaps due to this predominantly haploid life cycle, fission yeast spends most (ca. 
70%) if its division cycle in G2 (MacNeill and Fantes, 1993) as opposed to other 
model organisms that spend most of their cell cycle in preparation of passing the 
restriction point or the similar event in budding yeast known as START (Hartwell et 
al., 1974). The potential advantage of the G2 dominated cell cycle of the haploid 
fission yeast is the increased time spent with a replicated (G2) DNA content that is 
less prone for deleterious DNA alterations.  

In spite of these differences, fission yeast has a typical eukaryotic cell cycle with 
ordered progression through G1, S, G2 and M phases in contrast to budding yeast that 
does not appear to have a clear temporal separation of S phase and M phase events 
(Nurse, 1985). In addition, although Cdk1(Cdc2)-Cdc13 is apparently totipotent in 
mutant fission yeast strains, other cyclins besides Cdc13 are important for the normal 
G1 and S phase regulation, although they are non-essential. Thus, Cig2 (Connolly and 
Beach, 1994) is the major partner of Cdk1(Cdc2) in the G1 phase and regulates the 
G1 to S transition (Martin-Castellanos et al., 1996; Mondesert et al., 1996). Also, the 
cyclins Cig1 and Puc1 contribute to G1 progression (Benito et al., 1998; Martin-
Castellanos et al., 2000).  

Regulation of Cdks 

In addition to the association with a cyclin subunit the activity of Cdks is regulated at 
many levels (Figure 3). Both subcellular localization and total levels of some cyclins 
(i.e. A and B type cyclins) are tightly regulated during the cell cycle (reviewed in 
Murray, 2004). The specific degradation of cyclins is mediated by the SCF (Skp1-
Cullin-F-box protein) and APC (Anaphase Promoting Complex) machineries that 
target proteins to the proteasome (Nakayama and Nakayama, 2006). The binding of a 
number of Cdk inhibitors collectively know as CKIs (Cyclin-dependent Kinase 
Inhibitors) can also regulate the activity and complex formation of Cdk-cyclin pairs 
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(Sherr and Roberts, 1999). The most conserved level of regulation of Cdks, however, 
is the activating and inhibiting phosphorylation events, that were first identified in 
fission yeast by genetic and biochemical means.  

During the early genetic cdc screens in fission yeast it became apparent that wee1 and 
cdc25 represent opposing forces regulating cdk1(cdc2). cdk1(cdc2) had been shown to 
be critical for the onset of mitosis, with loss of function mutants dividing at increased 
size (Nurse et al., 1976). Loss of function wee mutants divide at reduced cell size, 
except one dominant wee mutation that mapped to the cdk1(cdc2) locus linking the 
wee and cdc phenotypes (Nurse and Thuriaux, 1980). The wee1-50 phenotype is 
suppressed when combined to the cdc25-22 allele (Fantes, 1979). In addition, 
overexpression of wild-type Cdc25 in the wee1-50 background exacerbates the wee 
phenotype and cells undergo a lethal premature mitosis called mitotic catastrophe 
(Russell and Nurse, 1986). This convincing genetic data linking wee1, cdc25, and 
cdk1(cdc2) was corroborated by biochemical studies leading to the identification of an 
inhibitory phosphorylation on tyrosine-15 of Cdk1(Cdc2) that is mediated by the 
Wee1 kinase (Gould and Nurse, 1989) and dephosphorylated by Cdc25 (Gould et al., 
1990). During these studies a second phosphorylation site was identified on 
Cdk1(Cdc2) and mapped to threonine-167 on the T-loop of the kinase domain (Figure 
3) (Gould and Nurse, 1989). The alanine substitution mutant of Cdk1(Cdc2) 
threonine-167 is lethal in fission yeast and dominant when overexpressed, suggesting 
that the phosphorylation is essential for Cdk1(Cdc2) function (Gould et al., 1991).   

 

 
 
Figure 3. Cdk regulation takes place at multiple levels 

The activity of Cdks is dependent on the binding of its cognate cyclin subunit. The activity of either 

monomeric Cdks or Cdk-cyclin dimers can be inhibited by the binding of CKIs. Cdk activity is further 

inhibited by the phosphorylation of the inhibitory site (blue) by Wee1, and this inhibition is 

antagonized by the Cdc25 phosphatase. The activating phosphorylation (red) of Cdks is essential and is 

mediated by the T-loop kinase, several phosphatases including KAP are thought to dephosphorylated 

the T-loop site, thereby reducing the activity of the kinase. Activity can also be regulated at the level of 

cyclin stability as several cyclins get specifically degrade by the 26 S proteasome.  Blue colors indicate 

negative and red clolors positive regulation of total Cdk-complex activity. 
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Cdk regulation by T-loop phosphorylation  

Phosphorylation of the conserved T-loop residue is critical for the activity of 
Cdk1(Cdc2) and it stabilizes cyclin binding (Gould et al., 1991). The T-loop, (also 
called the activation segment) is a flexible loop, whose conformation greatly 
influences the structure of the active site of Cdks and the phosphorylation site is 
conserved on most (e.g. Cdk1 and Cdk2) but not all (e.g. Cdk8) Cdks. Structural 
studies of Cdk2 monomers and Cdk2-cyclin A dimers show that the T-loop of 
monomeric Cdk covers the catalytic cleft of the enzyme (Figure 4 A). Upon cyclin 
binding the T-loop undergoes a conformational change that aids the opening in the 
ATP binding pocket partially activating the enzyme (Figure 4 B and Brown et al., 
1999; Jeffrey et al., 1995; Pavletich, 1999; Russo et al., 1996). Phosphorylation of the 
T-loop induces further conformational changes that stabilize the substrate-binding 
site, which is thought to mediate full activation of the enzyme (Brown et al., 1999; 
Russo et al., 1996) (Figure 4 C). In addition to Cdk2 and Cdk1, Cdk4 and Cdk6 are 
also T-loop phosphorylated in vivo and in the human glioblastoma cell line (T89G), 
serum stimulation results in the activation of Cdk4 coinciding with an increase in T-
loop phosphorylation (Bockstaele et al., 2006 and references therein). Cdks have also 
been suggested to be negatively regulated through the removal of the T-loop 
phosphorylation. Human Cdk2 is dephosphorylated by the KAP protein phosphatase 
(Chinami et al., 2005; Poon and Hunter, 1995; Song et al., 2001). In addition 
Cdc2(Cdk1) has been suggested to be dephosphorylated by protein phosphatase PP2C  
in frog oocytes (De Smedt et al., 2002).  

 

 
Figure 4. Activation of Cdks by phosphorylation of the T-loop 

 (A) The T-loop (T indicates conserved threonine residue) of the inactive Cdk monomer constitutes a 

steric hindrance of the ATP binding pocket (black arrow) of the enzyme. Cyclin binding induces 

conformational changes that lead to the partial activation of the enzyme. For full activity the T-loop 

must be phosphorylated (red circle) on the conserved residue. This induces further movement of the T-

loop and full accessibility to the active site, where ATP (blue) binds (modified from Morgan, 1996; and 

based on Russo et al., 1996).  
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Two types of Cdk-activating T-loop Kinases - Cdk7 and Cak1 

The body of genetic and biochemical evidence showing the essential role of T-loop 
phosphorylation suggest that some common mechanism for activating Cdks exist. 
Two distinct types of T-loop kinases have been identified in eukaryotes. The 
monomeric Cak1 kinase was identified in budding yeast as the T-loop kinase of 
Cdc28 in vitro and in vivo (Espinoza et al., 1996; Kaldis et al., 1996; Thuret et al., 
1996). The trimeric Cdk7-cyclin H-Mat1 kinase complex was identified 
biochemically as the T-loop kinase of metazoan Cdk1 and Cdk2 (reviewed in Kaldis, 
1999). The budding yeast homologs, called Kin28, Ccl1, and Tfb3 respectively have 
not been attributed with a function in cell cycle regulation and lacks T-loop kinase 
activity in vitro and in vivo, while being important for transcriptional regulation 

(Cismowski et al., 1995; Valay et al., 1995). 

 

 

Figure 5. Structural homologs of Cdk1-cyclin B and the suggested T-loop kinases  

Fission yeast harbors two distinct T-loop kinase candidates Csk1 and the Mcs6-Mcs complex (left). In 

budding yeast Cak1 is the in vivo T-loop kinase of Cdk1(Cdc28) (right). In metazoans the trimeric 

Cdk7-cyclin H complex has T-loop kinase activity in vitro while single subunit T-loop candidates have 

so far not been identified (center). The Cdk7-cyclin H-Mat1 homologs in budding yeast have not  been 

shown to exhibit T-loop kinase activity. The conservation of Cdk7 and cyclin H in both budding yeast 

and man suggest that a Mat1 homolog might also exist in fission yeast.  
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Fission yeast Cdk7, called Mcs6, exhibits T-loop kinase activity in vitro and 
associates with the Mcs2 cyclin (Buck et al., 1995; Damagnez et al., 1995). Alleles of 
both Cdk (mcs6-13) and cyclin (mcs2-75) were isolated in a screen for suppressors of 
a mitotic catastrophe phenotype (Molz et al., 1989), suggesting that they could be cell 
cycle regulators. In addition to the metazoan T-loop kinase candidate, fission yeast 
also harbors the second type of T-loop kinases. Csk1 is distantly related to the 
monomeric T-loop kinase Cak1 of budding yeast and was originally identified as a 
high-copy suppressor of the mcs2-75 mutation (Molz and Beach, 1993). Thus fission 
yeast represents a unique model where two distinct T-loop kinase candidates have 
been found (Figure 5). 

Functions of Cdk7 as a subunit of TFIIH 

In addition to being found in a trimeric complex, Cdk7 has also been identified as a 
subunit of the general transcription factor TFIIH where it regulates the activity of 
RNA polymerase II (RNA pol II) by phosphorylation of the carboxy-terminal domain 
(CTD) of the RNA pol II large subunit (Rpb1) (Makela et al., 1995; Roy et al., 1994; 
Serizawa et al., 1995). TFIIH is a conserved complex in all eukaryotes, and consists 
of nine stably associating subunits (Cdk7, cyclin H, Mat1, p62, Xpd, Xpb, p52, p44 
and p34) (reviewed in Thomas and Chiang, 2006), and the recently discovered tenth 
subunit, p8/TTD-A (Giglia-Mari et al., 2004; Ranish et al., 2004), whose association 
appears to be stabilized after nucleotide excision repair (NER) specific DNA lesions 
(Coin et al., 2006; Giglia-Mari et al., 2006). These lesions locally distort the DNA, 
which results in stalling of the elongating RNA polymerase II (Isaacs and Spielmann, 
2004). The Xpd and Xpb helicases are necessary for the unwinding of DNA around 
the lesion (reviewed in Reardon and Sancar, 2004) and the E3 ubiquitin ligase activity 
of the p44 subunit is required for transcriptional response to DNA damage (Takagi et 
al., 2005). The best characterized function of Cdk7 in transcription is the 
phosphorylation of the CTD of RNA polymerase II (Meinhart et al., 2005) but has 
been also implicated in the phosphorylation of other of transcriptional regulators such 
as nuclear transcription factors (Bastien and Rochette-Egly, 2004).  

Regulation of transcription through the RNA pol II CTD 

The CTD is a distinct subdomain of the largest subunit (Rpb1) of RNA pol II, and 
consists of a long repeat of the consensus sequence YSPTSPS (52 times in human and 
26 times in yeast) (Stiller and Hall, 2002). During one cycle of transcription, from 
assembly at the pre-initiation complex  (PIC) to the dissociation of the polymerase 
after transcriptional termination, the phosphorylation pattern of the CTD varies 
greatly (Figure 6). The assembly of transcription machinery into the PIC at the 
promoter involves an unphosphorylated CTD. At the initiation of transcription, serine-
5 of the CTD is phosphorylated and immediately after this, serine-2 phosphorylation 
is required for the polymerase to extend further than approximately 30 nucleotides 
(reviewed in Palancade and Bensaude, 2003). Before Rpb1 is recycled at the end of 
transcription, and assembled into a new PIC the CTD is dephosphorylated, 
presumably by the FCP1 (Lin et al., 2002) and SCP1-3 (Yeo et al., 2003) 
phosphatases. The different phosphorylation states of the CTD are important for 
coordinating the transcription cycle and also essential for recruiting RNA processing 
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components. The phosphorylation of serine-5 at the promoter leads to the subsequent 
recruitment of the capping machinery (Cho et al., 1997; Komarnitsky et al., 2000; 
Rodriguez et al., 2000) and at a later stage, phosphorylation of serine-2 is required for 
splicing and 3’ end processing (Komarnitsky et al., 2000). 

 

 

Figure 6. The CTD of RNA pol II undergoes changes in phosphorylation during transcription 

RNA polymerase II (green) together with TFIIH and other transcription factors (TFIIs, purple) are 

assembled at the promoter into the PIC where serine-5 of the CTD gets phosphorylated (A). Both Cdk8 

and Cdk7 have serine-5 kinase activity in vitro. After transcription is initiated the capping machinery 

(orange) is recruited by CTD phosphorylated on serine-5 phosphorylated (B). Subsequent to capping 

(red circle) Cdk9 is recruited and mediate serine-2 phosphorylation of the CTD (C). The full 

phosphorylation of the CTD results in the recruitment of splicing (E, blue) and RNA cleavage factors 

(D, yellow), needed for the production of a mature mRNA. Dissociated RNA polymerase is 

dephosphorylated by CTD phosphatases e.g. Fcp1 (G) before being recruited to a new PIC (H) 

(modified from Palancade and Bensaude, 2003). 

RNA pol II CTD kinases 

Three Cdks have been implicated in the phosphorylation of the CTD. As part of the 
TFIIH complex, Cdk7 is recruited to the PIC where it is important for the 
phosphorylation of serine-5 of the CTD repeat of RNA pol II, a crucial step for the 
initiation of transcription (Cho et al., 1997; Komarnitsky et al., 2000; Rodriguez et al., 
2000). Cdk7 mutants in various species including flies, budding yeast and nematode 
impairs CTD serine-5 phosphorylation, transcription and cause lethality (Holstege et 
al., 1998; Leclerc et al., 2000; Wallenfang and Seydoux, 2002). Cdk9 was originally 
found as the kinase subunit of Positive Elongation Factor b (p-TEFb) (reviewed in 
Peterlin and Price, 2006). Inhibition of Cdk9 by flavopiridol or DRB (5,6-Dichloro-1-
ß-D-ribofuranosylbenzimidazole) abolishes CTD serine-2 kinase activity, and RNAi 
inhibition of Cdk9 in nematodes result in a lethal transcriptional phenotype (Shim et 
al., 2002). Cdk9 is able to phosphorylate serine-5 in addition to serine-2 of the CTD, 
but this requires the presence of the HIV-1 (human immunodeficiency virus type 1) 



 

 20 

Tat protein (Zhou et al., 2000). In addition, recent evidence shows that Cdk9 is 
recruited to the polymerase by the capping enzyme, subsequent to serine-5 
phosphorylation, as a checkpoint mechanism to ensure elongation of only properly 
capped transcripts (Guigen et al, personal communication). Cdk8, on the other hand, 
was originally isolated due to its genetic interaction with RNA pol II CTD and is able 
to mediate CTD serine-5 phosphorylation in vitro (reviewed in Bjorklund and 
Gustafsson, 2005). Depletion of Cdk8 by RNAi sensitizes HeLa cells to taxol-
mediated apoptosis, but Cdk8 is apparently not required for cell survival (MacKeigan 
et al., 2005). Deletion of Cdk8 in slime mold and wall cress causes subtle defects in 
some aspects of differentiation (Lin et al., 2004; Takeda et al., 2002; Wang and Chen, 
2004). Thus the possible involvement of Cdk8 in phosphorylation of CTD on serine-
5, remains to be established in vivo in higher model organisms. 

The varied function of Cdk7 has posed severe technical challenges for in vivo studies 
as both cell cycle and transcription are tightly coupled processes and phenotypes of a 
genetic alteration that affects both functions in vivo is difficult to interpret. Kin28 is 
the structural homologue of Cdk7 in budding yeast and differs from fission yeast and 
metazoan Cdk7 in that it totally lacks T-loop activity in vivo and in vitro. Instead it 
only exhibits CTD kinase activity that is directed to serine-5 of the CTD (Cismowski 
et al., 1995; Valay et al., 1995). Thus, much of our current understanding of Cdk7 
involvement in transcription relies on in vitro studies supported by in vivo findings in 
budding yeast.  

In budding yeast, temperature or inhibitor sensitive mutations of Kin28 or its cyclin H 
and Mat1 homologues Ccl1 and Tfb3 have a global effect on transcription in most 
cases, with some notable exception. Conditional alleles of KIN28 (Cismowski et al., 
1995; Faye et al., 1997; Holstege et al., 1998; Liu et al., 2004a; Valay et al., 1995), 
CCL1 (Valay et al., 1996), and TFB3 (Faye et al., 1997) demonstrate a dramatic shut 
off of the majority of RNA Pol II transcription when inactivated. However, in other 
cases the function of Kin28 appears to be nonessential for transcription (Lee and Lis, 
1998). This is also true for the homologous Mcs6 in fission yeast where inactivation 
of a ts allele of Mcs6 result in the down regulation of a subset of genes (Lee et al., 
2005). Furthermore, Cdk7 appears dispensable for global transcription in metazoan 
species, at least under some conditions. Ablation of the essential Cdk7 regulatory 
subunit, Mat1, in murine models does not interfere with transcription of injected GFP 
(green fluorescent protein) constructs (Rossi et al., 2001) and post-mitotic cell 
lineages survive months after genetic inactivation of Mat1 (Korsisaari et al., 2002). 
Interestingly, work in our laboratory also indicate that ablation of Cdk7 by RNAi in 
cultured Schneider S2 fly cells, does not affect CTD serine-5 or serine-2 
phosphorylation (Kuuluvainen et al, unpublished data). Thus it is likely that there is a 
physiologically relevant redundant kinase of CTD serine-5 under certain conditions, 
or a compensatory kinase that takes over the function of Cdk7 in its absence. The 
obvious candidates, for this yet unidentified kinase activity, are other identified CTD 
kinases e.g. Cdk8.  
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Regulation of Cdk7 in cell cycle and transcription 

Cdk7 is thought to operate in both progression of the cell cycle and regulation of 
transcription, two widely different and essential functions of the cell (Figure 7). The 
regulation of Cdk7 in and between these two activities is poorly known. The steady 
state levels of Cdk7, cyclin H and Mat1 appear to be unchanged and their subcellular 
localization is constitutively nuclear during the cell cycle (reviewed in Lolli and 
Johnson, 2005), with the exception of early fly embryos during cellularization and 
gastrulation where Cdk7, cyclin H, and Mat1 can be found in the cytoplasm (Aguilar-
Fuentes et al., 2006). Like most other Cdks also Cdk7 has a conserved T-loop 
phosphorylation site and is phosphorylated in vitro by Cdk2 and Cdk1 complexes 
(Fisher et al., 1995). The association of the third subunit Mat1 apparently bypasses the 
need for T-loop phosphorylation and changes the specific activity of Cdk7 in vitro 

(Inamoto et al., 1997; Rossignol et al., 1997; Yankulov and Bentley, 1997). The 
association with Mat1 and T-loop phosphorylation could be a way for the cell to 
regulate the activity of Cdk7. While the transcriptional functions of Cdk7 are likely to 
be carried out in context of the TFIIH complex, the contribution of other Cdk7 
containing complexes to e.g. T-loop phosphorylation activity is not clear. Also the 
possible physiological regulation of complex formation is unknown, except that levels 
of the Xpd subunit of TFIIH, at least in fly embryos, influence the activity of Cdk7 
(Chen et al., 2003). 

 

 

Figure 7. Proposed functions of Cdk7 as a T-loop and CTD kinase 

Cdk7 can be found as a trimeric complex or as part of TFIIH, which is presumably functional in the 

context of the pre-initiation complex. Cdk7 has been suggested to phosphorylate several Cdk-cyclin 

pairs (1) and could thus be important at multiple stages of the cell cycle. In addition Cdk7 is thought to 

phosphorylate RNA pol II CTD on serine-5 residues (2), an event critical for the start of RNA pol II 

transcription. The regulation (3) of Cdk7 in these functions is not well known.  



 

 22 

AIMS OF THE STUDY 

This study was undertaken to identify the physiological T-loop kinase of Cdk1 and to 
determine the function of the Csk1 and Mcs6 kinases in vivo. Fission yeast was used 
as it represents a simple organism with a genetically defined cell cycle and with genes 
representing both budding yeast Cak1 and metazoan Cdk7.  

Furthermore, as Cdk7 and Mcs6 have been implicated in both cell cycle regulation 
and transcription, determination of possible mechanisms regulating the participation 
of Mcs6 in these was undertaken.  

During the course of this study, several observations suggested that metazoan Cdk7 is 
not be essential in transcription, contrary to what has previously suggested. This 
prompted the attempt to investigate the function of the candidate redundant kinase, 
Cdk8, in mice. 
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RESULTS AND DISCUSSION: 

Csk1 is the T-loop kinase of Mcs6  

Since csk1 was identified through a genetic interaction with mcs2 (Molz and Beach, 
1993) it was interesting to study the possible interaction of csk1 with mcs6, which 
encodes for a Cdk7 homolog, associating with the Mcs2 cyclin (Buck et al., 1995; 
Damagnez et al., 1995). The disruption of csk1 (csk1::sup3-5 or csk1::URA4

+
, here 

called csk1!) alone produces a weak temperature-sensitive (ts) phenotype that is 
exacerbated by growing the strain on minimal media. The most prominent feature of 
the csk1! strain is the increased time required to reach exponential growth after 
stationary phase. Combining the csk1! allele with a ts loss of function allele of Mcs6 
(mcs6-13) results in a ts synthetic lethal phenotype, while the mcs6-13 allele on its 
own has no phenotype. Further analysis of the synthetic lethal phenotype by cell wall 
(Calcofluor) and chromatin (DAPI, 4',6-diamidino-2-phenylindole) staining revealed 
highly elongated cells with aberrant septa and condensed chromatin. Examination of 
earlier time points (5 hours) indicate that cells stop dividing, although biomass 
accumulation continues, in a fashion reminiscent of cdc mutants (I and our 
unpublished observations).  

The sequence-based relationship between Cak1 and Csk1, suggested that Csk1 could 
be a monomeric kinase. Indeed, recombinant Csk1 produced in both bacterial and 
baculoviral expression systems is highly active. Recombinant monomeric Csk1 is able 
to phosphorylate the Gst-Cdk2 model substrate on the T-loop activation site and is 
thus a monomeric T-loop kinase in vitro (I). 

The strong genetic interaction of csk1 with mcs6 and mcs2 prompted the examination 
of its ability to phosphorylate the T-loop of Mcs6 as this represents a candidate 
substrate for Csk1 in vivo. Indeed Csk1 could phosphorylate Mcs6 on the T-loop site 
serine-165 as shown both by using recombinant proteins and immunoprecipitations of 
Mcs6 from fission yeast lysates expressing variable levels of Csk1, Furthermore this 
phosphorylation enhances the kinase activity of Mcs6, showing that its is a functional 
T-loop phosphorylation event (I).  

Regulation of Csk1 and Mcs6 

Since Csk1 together with Mcs6 appeared to cause a cdc-like phenotype, it was 
interesting to examine if their kinase activities are cell cycle regulated. The Mcs2 
associated kinase activity, that presumably is mediated by Mcs6, is not cell cycle 
regulated (Molz and Beach, 1993). Measurement of the kinase activity of Csk1 
immunoprecipitates, from synchronized cdc25-22 cultures, showed stable activity 
throughout the cell cycle. This suggests that a possible cell cycle dependent regulation 
of T-loop phosphorylation is mediated by mechanisms independent of total T-loop 
kinase activity (I).  

As csk1 is not an essential gene (Molz and Beach, 1993) and the csk1! phenotype can 
be suppressed by overexpression of both wild type and T-loop mutant Mcs6 (Mcs6 
serine-165 to alanine, S165A), there apparently is not an absolute requirement for T-
loop phosphorylation of Mcs6 (I). Strikingly, also the knock in replacement of mcs6 
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by the S165A mutant results in similar growth retardation as the csk1! (II). Taken 
together this provides strong evidence that activation of Mcs6 in fission yeast in vivo 

is not totally dependent on T-loop phosphorylation and suggests that a Mat1 homolog, 
mediating an alternative activation mechanism of Mcs6, exists also in fission yeast. 
Interestingly, a putative Mat1, called Pmh1 (Pombe Mat1 homolog) homolog was 
identified subsequent to these studies as a partner interacting with the SCF (Skp1-
Cullin-F-box protein) component Skp1 in a yeast-two-hybrid screen (see below). The 
identified cDNA exhibits significant similarity to mammalian Mat1 (mouse; 
gi19860537, 35%) and budding yeast Tfb3 (gi1778061, 41%) and is the only 
predicted or identified fission yeast protein with significant homology to Mat1. 
Recombinant Pmh1 associates with Mcs6 and Mcs2, and this interaction results in the 
strong activation of the kinase activity of the complex. In addition, Pmh1 is associated 
with kinase activity, presumably Mcs6, when immunoprecipitated from fission yeast 
cells. Taken together this data shows that fission yeast Cdk7 associates with a third 
subunit, Pmh1, in addition to the cognate cyclin, Mcs2 and can be activated by both 
T-loop phosphorylation and Pmh1 binding, thus providing good support for fission 
yeast as an appropriate model for the study of metazoan Cdk7 complexes (III).   

Mammalian Csk1 Heterologs  

The presence of a T-loop kinase of Mcs6 in fission yeast suggested the presence of a 
Csk1 homolog also in man. In order to isolate a functional Csk1 homolog in man a 
human cDNA library was screened for genes capable of rescuing the ts lethal 
phenotype of the csk1! mcs6-13 double mutant strain. Eleven weak suppressors were 
isolated (Figure 8) from a screen covering approximately 1 million cDNA clones from 
a single cDNA library. 

 

Figure 8. Human cDNAs capable of partial complementation of the csk1! mcs6-13 strain  

Human cDNAs isolated in a screen for suppression of the growth defect of the csk1! mcs6-13 mutant 

strain. 11 clones were selected from initial screening and phenotypic suppression was tested by serial 

dilution of clones on selective media (EMM) at permissive (30°C, left panel) or restrictive (35°C, right 

panel) temperature. Complete suppression of the phenotype was controlled by Csk1 expression (Csk1), 

empty vector (C) was used as background control. 
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Sequencing of the isolated cDNAs, revealed several cDNA with homology to known 
genes, including ribosomal genes, but none of the clones exhibited sequence 
similarity to known kinases (our unpublished work). Thus the isolated cDNAs more 
likely reflect sporadic suppressing mutations or a small general increase of viability of 
the cells, e.g. improved tolerance of the heat-shock treatment.  

The relatively low number of clones screened and the use of a single cDNA library 
did not exclude the existence of a Csk1 homolog in man. Also, any kinase that would 
require a regulatory subunit not expressed in fission yeast, would be overlooked in the 
used approach. However, since the release of several full genome sequences, 
including fly, man, budding and fission yeast, phylogenetic comparisons of serine-
threonine kinases have not revealed an obvious human Csk1 counterpart (Guo and 
Stiller, 2004; Vallenius, 2004). Clik1 was isolated based on its sequence similarity to 
Csk1 but does not exhibit T-loop kinase activity in vitro (Vallenius, 2004; Vallenius 
and Makela, 2002). 

Mcs6 is the T-loop kinase of Cdk1(Cdc2) 

Fission yeast harbors two T-loop kinases, Csk1 that is the T-loop kinase of Mcs6 in 

vivo and of Gst-Cdk2 in vitro, and Mcs6 that is a T-loop kinase of Gst-Cdk2 in vitro. 
The perturbation of both T-loop kinases lead to a cdc-like phenotype and either kinase 
may represent the T-loop kinase of Cdk1(Cdc2) in fission yeast. To test the capability 
of Csk1 and Mcs6 to function as T-loop kinases of Cdk1, a budding yeast strain 
harboring a ts allele (called civ1-4) of CAK1 (Thuret et al., 1996) was employed. This 
strain is ts lethal due to a failure to phosphorylate budding yeast Cdk1 (Cdc28) on the 
T-loop. Either csk1 alone or mcs6 together with mcs2 can rescue the loss of  CAK1 

function. Interestingly, mcs6, but not budding yeast KIN28, expressed together with 
the budding yeast CCL1 cyclin is able to rescue the phenotype partially, indicating 
that the complex has some T-loop activity towards Cdk1(Cdc28) in budding yeast. 
This would indicate that at least part of the substrate recognition features in the Mcs6-
cyclin complex is inherent to the kinase subunit (II).  

In order to distinguish between Csk1 and Mcs6 functions, regulators of Cdk1(Cdc2) 
activity were tested for their ability to suppress the phenotypes of the csk1! and the 
csk1! mcs6-13 double mutant strains. If Csk1 and Mcs6 were redundant T-loop 
kinases of Cdk1(Cdc2) in fission yeast, the overexpression of Cdk1(Cdc2) regulators 
in the mutant strains would suppress the phenotypes to the same extent. Whereas the 
synthetic lethality of the csk1! mcs6-13 double mutant was suppressed by a range of 
positive Cdk1(Cdc2) regulators (e.g. Cdc13, Cdc25), the csk1! delay in exponential 
growth was not (II). This suggested that the Csk1! phenotype is not directly 
attributable to a Cdk1(Cdc2) activation defect, and indirectly that Mcs6 has other 
function independent of Cdk1(Cdc2) activation. This is in good agreement with the 
suggested transcription function of Mcs6 homologs Cdk7 and Kin28, a function 
involving the phosphorylation of other substrates such as the largest subunit of RNA 
polymerase II. Alternatively, the used strategy has revealed the existence a non-Mcs6 
mediated function of Csk1 due to the high copy number suppression of the csk1! 
phenotype by mcs6 T-loop mutants. Such a function has recently been suggested 
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through the identification of Cdk9 as a second T-loop substrate of Csk1 (Pei et al., 
2006). 

Interestingly, the suppression of the csk1! mcs6-13 mutant phenotype could be 
extended to budding yeast Cak1 and human Cdk7. While this did not exclude the 
possibility of Cak1 and Csk1 being interchangeable as Mcs6 T-loop kinases it raised 
the possibility that the suppression of the lethal phenotype by Cak1 is due to its 
property to act as a T-loop kinase of Cdk1(Cdc2). To exclude the possibility of Cak1 
functioning as a Csk1 heterolog, the capability of Cak1 to suppress the growth 
retardation effect of the Csk1! strain was analyzed. Overexpression of Cak1 did not 
change the growth profile of the Csk1! strain indicating that the rescue effect of Cak1 
in the csk1! mcs6-13 mutant is independent of the function of Csk1 (II). 

The complex genetic modifications in the csk1! mcs6-13 mutant did not allow the 
unambiguous identification of the T-loop kinase of Cdk1 in fission yeast. To this end 
a new composite allele of mcs6 was generated, combining the mutations of the csk1! 

mcs6-13 strain. The mutation of the mcs6-13 allele was identified by sequencing of 
the open reading frame and consists of a point mutation, leading to the substitution 
(leucine-238 to arginine, L238R) of a single conserved amino acid. The L238R 
mutation was combined with the T-loop mutant (serine-165 to alanine, S165A) 
mimicking the disruption of Csk1 with respect to its effect as a T-loop kinase of 
Mcs6. The resulting mutant called mcs6-SALR, is ts lethal and exhibits all the features 
of the synthetic lethal strain, indicating that the majority of the defect observed is 
attributable to a function of Mcs6. Importantly, the phenotype of this strain, 
containing defined mutations in a single gene (mcs6), is also suppressible by positive 
Cdk1 regulators, including Cak1. These data shows that the T-loop kinase of Cdk1 in 
fission yeast is Mcs6. In combination with the data showing that Csk1 functions as the 
T-loop kinase of Mcs6, this also shows that a T-loop activation cascade (Csk1-Mcs6-
Cdk1) is present in fission yeast (II). These conclusions, however, have been 
challenged by the identification of distinct phenotypes of fission yeast cells with 
either mcs6-SALR or csk1! mcs6-13 mutations (Saiz and Fisher, 2002). This finding 
is unexpected, but could be a result of a Mcs6 independent function of Csk1, such as 
activation of Cdk9 (Pei et al., 2006).  

In addition, human Cdk7, but not budding yeast KIN28, is capable of rescuing the 
phenotype of the mcs6-SALR mutant, which suggest that the T-loop activation 
mechanism (i.e. Cdk7 and Mcs6) of Cdk1 is conserved between yeast and man, and 
supports the proposed function of Cdk7 as a T-loop kinase of Cdk1 in metazoan 
species in vivo (II). 

Identification of novel regulatory mechanisms of Mcs6 function   

In order to find novel regulatory mechanisms involved in determination of the 
function of Mcs6 a yeast two-hybrid interaction screen using Mcs2 as bait was 
performed. One partial cDNA clone isolated from this screen encodes the 118 C-
terminal amino acids of the fission yeast Skp1 homolog (Hermand et al., 2003). Using 
Skp1 as bait in a subsequent screen several F-box proteins were identified, consistent 
with the role of Skp1 in the SCF complex. Interestingly, the screen resulted in the 
identification of the fission yeast Mat1 homolog, Pmh1, as a Skp1 interacting protein, 
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providing further evidence for the interaction of Skp1 with subunits of the Mcs6 
complex. The yeast two-hybrid interaction is abolished by the skp1-3 mutation 
(isoleucin-139 to asparagine, I139N), originally isolated as a mutation in the 
homologous site of budding yeast SKP1 leading to a arrest at the G1/S transition 
(Connelly and Hieter, 1996). While this mutation causes a G1/S arrest in budding 
yeast, the homologous mutant strain in fission yeast progresses through S-phase and 
displays arrest in mitosis with high Cdc2 activity or cytokinesis defects (Hermand et 
al., 2003). Skp1 is best known as a subunit of the SCF complex involved in the 
targeting of a wide range of proteins, including several cyclins and Cdk inhibitors, for 
degradation by the 26S proteasome (Willems et al., 2004). In order to extend the two-
hybrid interaction between Mcs2, Pmh1 and Skp1 to a more physiological system, 
affinity co-purification experiments of tagged proteins from constructs integrated at 
their endogenous loci were performed. Tandem Affinity Purification (TAP) of both 
TAP tagged Mcs2 and TAP tagged Pmh1 copurified ectopically expressed myc-
tagged Skp1. Surprisingly, myc-Skp1 was not detected in TAP purifications of Mcs6 
indicating that this complex excludes the kinase subunit (III).  

The Skp1 interaction with subunits of Mcs6-complex suggested that they could be 
regulated at the level of protein stability, as SCF is a well known mediator of 
proteolytic degradation. The levels of Mcs6, Mcs2 and Pmh1 was followed by 
western blotting in ts mutants of Skp1 (skp1-3) and the 26S proteasome (mts3-1, 
essential proteasome subunit) (Gordon et al., 1996) where the both of SCF function 
and proteolytic degradation by the 26S proteasome is blocked. Even though the 
mutant cells arrested with their expected phenotypes no significant change in total 
protein levels could be detected. The lack of proteolytic regulation of Mcs6, Mcs2 and 
Pmh1 raised the possibility that the observed Skp1 interactions would be SCF 
independent. In agreement with this the SCF scaffold protein Pcu1 is absent from 
Skp1 complexes with Mcs2 and Pmh1. Previous studies have already suggested 
several SCF independent functions for Skp1, including vesicle trafficking (Galan et 
al., 2001; Wiederkehr et al., 2000) and cell separation (Hermand et al., 2003). The 
identified interaction between Mcs2, Pmh1 and Skp1 could thus represent a novel 
potential regulatory mechanism for Mcs2 and Pmh1, which could selectively 
determine the distribution of these subunits between different physiological Mcs6 
containing complexes (III).  

Function of mammalian Cdk8 

The clear and absolute requirement of Cdk7 in transcription has been recently 
challenged in several metazoan models, where either Cdk7 (RNAi of cultured 
Schneider S2 fly cells, Kuuluvainen et al, unpublished data) or one of its essential 
regulatory subunits has been targeted conditionally (murine Mat1 Korsisaari et al., 
2002; Rossi et al., 2001). In order to study the possible compensation of Cdk7 
function by Cdk8 the generation of a mutant mouse model was initiated. Cdk8 mutant 
mice were generated by morula-ES (embryonic stem) cell aggregation, using a murine 
ES cell line with a gene trap insertion in intron 4 of Cdk8 (Stryke et al., 2003). The 
gene trap mutation generates a fusion protein as normal splicing is interrupted by a 
strong splice acceptor sequence of the gene trap. The resulting mutant Cdk8 protein 
lacks a major part of the kinase domain and is fused to the ß-galactosidase-neomycin  
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(ß-geo) selection marker and thus represents a kinase dead mutation that here is called 
Cdk8

- for clarity. The obtained heterozygous Cdk8
+/- animals were normal, based on 

appearance and breeding capacity indistinguishable from wild type littermates. 
However, when offspring from Cdk8

+/- intercrosses were analyzed at weaning, the 
absence of homozygous mutant Cdk8

-/- animals indicated a requirement for Cdk8 
during development. Further analysis of embryos at midgestation (E12.5) failed to 
reveal Cdk8

-/- embryos and the absence of empty deciduas and other signs of 
resorption indicated that the Cdk8

-/- requirement would occur prior to implantation in 
the uterine wall (IV). 

The apparent early requirement of Cdk8 was studied by examination of embryos 
isolated at various stages prior to implantation. PCR (polymerase chain reaction) 
genotyping revealed the presence of Cdk8

-/- embryos at E2.5 and E3.0 but their 
absence at later stages. Fragmentation of the Cdk8

-/- embryos suggests that individual 
blastomeres are undergoing apoptosis. Interestingly, no compacted Cdk8

-/- embryos 
have been isolated, indicating that Cdk8 function is required already at a stage prior to 
the first overt signs of differentiation during compaction and blastocyst formation. It 
appears unlikely that the function of Cdk8 at this early stage is connected to the 
phosphorylation of CTD serine-5. The non-essential role of Cdk8 in all other 
organisms studied so far indicate that it does not function as the sole serine-5 CTD 
kinase and thus the presence of Cdk7 at this stage of murine development (Rossi et 
al., 2001) would be expected to mediate the serine-5 CTD kinase function even in the 
absence of Cdk8 (IV). 

Preimplantation requirement of Cdk8 and function in repression of 

transcription 

The molecular basis of differentiation events before the compacted 8-cell stage is 
poorly understood (Zernicka-Goetz, 2005), but the probable involvement of active 
transcriptional regulation has been demonstrated using global transcription profiling 
of preimplantation stages of mouse development.  The first bursts of transcription 
(Hamatani et al., 2004; Wang et al., 2004) between the 2-cell stage, when the large 
activation of zygotic genes takes place (Aoki et al., 2003), and the 8-cell stage where 
the Cdk8

-/- embryos die, are intriguing. Furthermore, the timing of the repression of 
these bursts correlate with an induction of Cdk8 transcription just prior to compaction 
(Wang et al., 2004). One function of Cdk8 in budding yeast is the repression of a 
small subset of genes (Holstege et al., 1998; van de Peppel et al., 2005), and part of 
the observed repression can be attributed to direct phosphorylation and turnover of the 
transcription factors Ste12, Gcn4 and Msn2 (Chi et al., 2001; Nelson et al., 2003). 
This function might be conserved, as Cdk8 has been shown to be recruited to 
activated Notch1 and through phosphorylation, target Notch for rapid turnover in a 
mammalian cell culture model (Fryer et al., 2004). These observations demonstrate an 
unexpected early requirement of Cdk8 prior to compaction in mouse development. In 
view of the identified functions of Cdk8 they also suggest that it is required for 
transcriptional repression involved in early cell fate determination. 

The Cdk8
-/- mouse model suggests that other serine-5 CTD kinases than Cdk8 might 

serve as the Cdk7 redundant kinase. Indeed, comparative genomics based on full 
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length sequences over several species have recently suggested that CCRK (cell cycle 
related kinase), Cdk7 and plant CdkD are the closest homologues amongst the Cdks 
(Guo and Stiller, 2004) whereas alignments based on the kinase domains of human 
kinases did not reveal this close relationship (Manning et al., 2002). While the cyclin 
regulating CCRKs activity has not yet been identified, CCRK is able to mediate T-
loop phosphorylation in vitro (Liu et al., 2004b) although apparently not in vivo 

(Wohlbold et al., 2006). Whether this kinase could mediate serine-5 CTD 
phosphorylation is still an open issue.    



 

 30 

CONCLUSIONS 

The study of cell cycle regulation started with the insightful ideas of a small number 
of researchers half a century ago. While this field of research has expanded and the 
function of Cdks has been considered well understood, several critical predictions 
have not survived recent experimental models.  

First, the biochemically identified T-loop kinase, Cdk7, was apparently not the T-loop 
kinase of budding yeast Cdk1(Cdc28) as predicted. Instead a distinct kinase Cak1 
mediated this function suggesting that the biochemical evidence was not 
physiologically relevant. Second, even though a considerable effort has been made for 
the elucidation of T-loop kinase regulation, new layers of complexity have emerged. 
New functions and interacting proteins have been ascribed to the Cdk7 type T-loop 
kinases and in some cases, the predicted requirement of Cdk7 in transcription has not 
been observed. Third, elaborate models of sequential requirement of different Cdk-
cyclin pairs in higher metazoan cell cycles, appears not to be holding out when tested 
in genetic mouse models. 

Thus there has been, and still is a great need for further research using several 
complementary models organisms and approaches. The studies presented in this thesis 
have attempted to tackle some of the central questions in the field of cell cycle 
regulation by Cdks.  

First, this study has resolved the apparent discrepancy regarding the function of T-
loop kinases and unambiguously identified the T-loop kinase of Cdk1 in fission yeast. 
While budding yeast Cak1 is indeed the T-loop kinase of Cdk1, it does not represent a 
conserved entity. Fission yeast harbors a Cak1 related kinase, Csk1 that serves as the 
T-loop kinase of Mcs6 that in turn is the T-loop kinase of Cdk1. These results 
established Mcs6 as the T-loop kinase of Cdk1 and suggested that the T-loop kinase 
function is probably conserved from yeast to man, as Cdk7 is able to substitute for 
Mcs6 in heterologous T-loop kinase models. Whether the entire cascade is conserved 
through evolution remains to be seen, as a Csk1 homologue has yet not been found in 
metazoans (Figure 9).  

Also, in this study, fission yeast has been established as a model organism in which to 
study the alternative activation mechanisms of Cdk7 kinases, i.e. T-loop 
phosphorylation and association with the Mat1 subunit, previously identified in 
metazoan species. Using this system to look for interacting proteins, the SCF 
component Skp1 has been identified as a potential regulator of Mcs6 functions in 
fission yeast. 

 



 

 31 

 

Figure 9. A model for T-loop activation of Cdk1 in fission yeast and mammals  

Cdk1 of fission yeast is activated by T-loop phosphorylation that is mediated by the Mcs6-Mcs2-Pmh1 

complex. A monomeric kinase Csk1 is in turn the T-loop kinase of Mcs6. T-loop activation in fission 

yeast is thus mediated by a cascade of kinases with distinct substrate specificities. The ability of Cdk7 

to complement the function of fission yeast Mcs6 indicate that this could be a conserved function in 

mammals. The T-loop kinase of Cdk7 in vivo remains to be identified. 

 

Last, a mouse model for Cdk8 function in mice in vivo has been established in an 
attempt to resolve the apparent redundancy of the Cdk7 kinase. This work highlighted 
an unexpected early requirement for Cdk8, which could reflect a function as a 
transcriptional repressor of early developmental signal transduction pathways. Based 
on these results the involvement of Cdk8 as a CTD kinase is unlikely, although not 
impossible, and new candidates for the suspected Cdk7 redundancy need to be 
examined. In this regard it is interesting to note that attempts to seek evolutionary 
relationships between different CTD kinases have identified other related kinases (e.g. 
CCRK) that might be responsible for the apparent redundancy of Cdk7 function.  
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MATERIALS AND METHODS: 

Yeast Strains and Techniques 

The yeast strains used in these studies are summarized in table 2. All standard fission 
yeast protocols, including genetic crosses and analysis, have been described 
previously (Moreno et al., 1991).  

The Mcs2 yeast two-hybrid screen was performed essentially as described (Gyuris et 
al., 1993) using mcs2-pEG202 as bait against a fission yeast cDNA library (a kind gift 
of V. Damagnez) in pJG4-5. The Skp1 two-hybrid was performed according to 
manufacturers protocol (Matchmaker, Clontech) using skp1-pPC87 against a fission 
yeast cDNA library (a kind gift of S. Elledge) in pACT2. The csk1::sup3-5 mcs6-13 

suppressor screen was performed using standard lithium-acetate transformation of a 
human primary keratinocyte (HaCat) cDNA library in pGR4 (a kind gift of Giullaume 
Cottarel). Approximately 1 million clones  (based on colony counts of low density 
plates) were screened for suppression of lethality at 37°C. Csk1, Mcs6 and empty 
control expression vectors were used as positive and negative controls for the 
transformations and phenotype rescue. Isolated weak suppressors were identified by 
sequencing of the cDNA insert.  

!"galactosidase Assay  

The assay was performed according to the protocol described in the Clontech 
Matchmaker two-hybrid manual. 

Cloning of csk1 and pmh1 

The csk1 open reading frame (ORF) was amplified from a fission yeast cDNA library 
(a kind gift from Dr. Michelle Minet and Dr. Francois Lacroute) using the CF1 (5'-
GGG-GAA-TTC-AAT-TTA-ATG-AAA-TCA-GTC-3'), and CR1 (5'-TCT-CTC-
TCG-AGT-TAT-GCA-TAT-TGT-GAA-AGC-C-3') primers. The EcoRI-XhoI 
digested PCR product was introduced into the pGEX-4T bacterial expression vector 
(Pharmacia) and confirmed by sequencing.  

pmh1 cDNA was amplified from a fission yeast cDNA library (a kind gift from L. 
Guarente) using 2 oligonucleotides 5’-C-GAA-TTC-AGA-AAG-ATG-GAC-GAT-
GAA-3’and 5’-TGC-GGC-CGC-GGA-TCC-CTC-GAG-CTA-ACT-TGC-TAC-TTC-
AAG-TTT-TTT-G-3’ and subcloned as EcoRI-XhoI fragment into pYF (a kind gift of 
Nina Korsisaari), a derivative of pYES2 (Invitrogen) containing a FLAG-tag 
(MDYKDDDDK) sequence between HindIII-EcoRI. FLAG-pmh1-pREP3 results 
from the transfer of the FLAG-pmh1 (SalI-XhoI) fragment from pmh1-pYF. The 
insert of the resulting construct was verified by sequencing.  

Fission Yeast Expression Vectors  

The csk1 ORF was introduced into the fission yeast expression vectors pAHA (a 
modified pAAUN (Xu et al., 1990) with a N-terminal HA epitope tag) and into 
pREP3 (Maundrell, 1993). mcs2-pAHA, myc-mc6-pREP3 and myc-Cdk7-pREP3 were 
previously described (Damagnez et al., 1995). mcs2-pAHL and csk1-pAHL result 
from the exchange of the ura4

+ selection marker of pAHA by LEU2 from pREP3.  



 

 33 

skp1 was PCR amplified using fission yeast genomic DNA as template and the 
following primers: 5’-CCG-CTC-GAG-ACC-ATG-GAA-CAG-AAG-CTG-ATC-
AGC-GAA-GAG-GAC-CTG-TCC-AAA-ATC-AAA-CTG-AT-3’, containing a myc 
tag sequence (myc ATG underlined) and 5’-GCA-CAC-GGA-TCC-CTA-TCT-GTC-
TTC-GGC-CCA-TT. The XhoI-BamHI digested fragment was cloned in pREP-3 
digested with SalI-BamHI. The insert of the resulting construct was verified by 
sequencing 

The S165A mutant of mcs6 was made by replacing the insert in myc-mcs6-pREP3-by 
a two-step PCR approach using myc-mcs6-pREP3 as the template. In the first step the 
5' PCR fragment was made with primers Mcs6S165A1: 5'-AGC-GGC-CGC-GTC-
GAC-ACC-ATG-GAA-CAG-3' Mcs6S165A2: 5'-C-CTG-ATG-AGC-CAT-ATG-
GCT-TGG-G-3' where the serine-165 was mutated to alanine with the introduction of 
a NdeI restriction site. The 3' PCR fragment was made with primers McsS165A3: 5'-
C-CCA-AGC-CAT-ATG-GCT-CAT-CAG-G-3' where the serine-165 was mutated to 
alanine with the introduction of a NdeI restriction site, and Mcs6S165A4: 5'-TGC-
GGC-CGC-GGA-TCC-TTA-AAC-AAA-TT-3'. The second PCR was made with 
Mcs6S165A1 and McsS165A4 using the described PCR fragments as template. The 
resulting mutant was verified by sequencing. 

KIN28-pREP3 results from transferring a SalI-BamHI PCR fragment from the KIN28 
cDNA (a kind gift of Michel Simon) using primers 5’-AGC-GGC-CGC-GTC-GAC-
ATG-AAA-GTG-AAT-ATG-GAG-3’ and 5’-GCG-GGA-TCC-TCA-GTT-ACG-
TAT-TTT-TAT-TG-3’. 

The CAK1 open reading frame was amplified from budding yeast genomic DNA 
using primers 5’-CGG-AAT-TCA-CCA-TGA-AAC-TGG-ATA-GTA-TAG-AC-3’ 
and 5’-TAT-GCG-GCC-GCT-TAT-GGC-TTT-TCT-AAT-TCT-3’, and cloned as an 
EcoRI-NotI fragment into pGEX-4T. The ORF was subsequently transferred into 
pREP3 in order to express wild type Cak1 or into pAHA and pAHL in order to 
express HA-Cak1. 

For the rescue experiments using cdc2 regulators; cdc2, cdc13, nim1, wee1, cdc25 and 
suc1 were expressed from genomic inserts cloned in pWH5 (Wright et al., 1986). To 
express tagged Cdc2 in T-loop activity measurement in fission yeast cells, cdc2-HA-
pREP3 plasmid (a kind gift from B. Ducommun) was used. The transformed strain 
was grown in the presence of thiamine to reduce the toxicity of overexpressed Cdc2-
HA. 

Budding Yeast Expression Vectors 

mcs6, mcs2 and csk1 ORFs were cloned under the control of a methionine repressible 
promoter in p425, p424 and p426 (Mumberg et al., 1994), respectively. KIN28-p425 
was made by transfer of the KIN28 cDNA from pREP3 (see above) to p425. The 
insert for CCL1-p426 was made by PCR from budding yeast genomic DNA using 
oligonucleotides 5’-ACG-CGT-CGA-CGA-ATC-CAC-CAT-GAC-GGA-TAT-TCA-
ACT-AAA-TGG-3’ and 5’-GCG-GGA-TCC-CTC-GAG-CGG-TAA-CAG-AGC-
TGT-TTC-ATG-3’, and cloned as SalI-XhoI into p426. All above plasmids were 
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transformed in budding yeast strain GF2531 (Thuret et al., 1996) and streaked out on 
media lacking methionine and appropriate selection nutrients.  

LexA-Mcs6, LexA-Mcs2 and B42-Mcs2 were expressed in budding yeast from the 
pEG202 and pJG4-5 vectors respectively (Damagnez et al., 1995). To generate skp1-
pJG4-5, the skp1 ORF was amplified by PCR with the following primers: ACG-CGT-
CGA-CGG-ATC-CGA-ATT-CAC-CAT-GTC-CAA-AAT-CAA-ACT-GAT-TTC-
ATC-T and TCC-CCC-GGG-CTC-GAG-CTA-TCT-GTC-TTC-GGC-CCA-TTC-
AAT. The PCR product was purified and digested with EcoRI and XhoI and cloned in 
pJG4-5. To generate skp1-3-pJG4-5, the Quickchange kit (Stratagene) was used with 
the following primers TCG-GAA-AAC-ATT-CAA-CAA-CCC-TAA-TGA and TCA-
TTA-GGG-TTG-TTG-AAT-GTT-TTC-CGA according to the manufacturer’s 
instructions. Inserts generated by PCR were verified by sequencing. 

Disruption of csk1 and pmh1 

A 300 bp internal HindIII fragment from csk1 was replaced by the ura4
+ cassette 

from pAAUN. Subsequently the 2.5 kb EcoRI-XhoI insert containing the URA4+ 

marker was used to transform the fission yeast strain h+
 mcs2::mcs2F leu1-32 ura4-

D18 ade6. The correct integration was confirmed by PCR and Southern blot analysis.  

In order to replace the pmh1 gene by the ura4
+ marker, 2 PCR fragments 

corresponding to 5’ (PCR1: 662bp) and 3’ (PCR2: 345bp) regions flanking pmh1 
were generated using 4 oligonucleotides. PCR1: 5’-TTG-ACG-AAT-TCA-TCC-
AGC-CT-3’ (harboring a genomic EcoRI site) and 5’-CCC-AAG-CTT-CGT-CCA-
TCT-TTC-TTT-TAT-AG-3’ (adding an exogenous HindIII site). PCR2: 5’-CCC-
AAG-CTT-TCT-TGC-TTT-AAT-GCT-CTC-AAC-A-3’ (adding an exogenous 
HindIII) and 5’-CACA-TGG-GAT-CCA-CAA-AGA-TT-3’ (harboring a genomic 
BamHI site). EcoRI-HindIII digested PCR1 and HindIII-BamHI digested PCR2 were 
cloned in EcoRI-BamHI opened pUC18 vector backbone, and subsequently ura4

+ 
was inserted as a HindIII fragment from pAAUN. The 2800 bp EcoRI-BamHI 
fragment was used to transform the diploid fission yeast strain h-/h+ ade6-216/ade6-

210 ura4D18/ura4D18 leu1-32/leu1-32 his3-D1/his3-D1. Stable integrants were 
selected on minimal media lacking uracil and genomic DNA was subjected to 
Southern blotting analysis with 5’ and 3’ pmh1 flanking probes. Clones with correct 
integration were sporulated and used for tetrad dissection. 

Construction and Integration of mcs6 Mutants and Tag-Constructs 

The S165AL238R mutant of mcs6 was made by replacing the insert in myc-mcs6-
pREP3 with a fragment generated by a two-step PCR approach using primers 
MopS165A1: 5'-AGC-GGC-CGC-GTC-GAC-ACC-ATG-GAA-CAG-3' 
MopL238R2: 5'-GGG-ACG-CTG-TTG-CAT-ACT-TTT-AAT-G3' MopL238R3: 5'-
AAA-AGT-ATG-CAA-CAG-CGT-CCC-3’, and MopS165A4: 5'-TGC-GGC-CGC-
GGA-TCC-TTA-AAC-AAA-TT-3' The resulting product was verified by direct 
sequencing. The generation of the mcs6-S165A expression plasmid is described 
above. Subsequently, SalI-BamHI inserts of pREP3 plasmids containing the SA or 
SALR mutants were transferred to the pRS306 plasmid (Sikorski and Hieter, 1989) 
with the kanR cassette of pFA6a-kanMX (Bahler et al., 1998). 
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An EcoRV fragment of the pSK-mcs6 G, containing a HindIII mcs6 genomic insert, 
was then replaced by EcoRV inserts harboring the mutants and the kanR cassette. The 
XhoI-XbaI linear fragments were used to transform the strain: h+ ade6-216 ura4D18 

leu1-32 his3-D1. Transformants were plated on YE media for 12 hours and replicated 
on YE media supplemented with G418 in order to select for the presence of integrated 
mcs6 mutants. Integration at the correct locus was confirmed by Southern blot 
analysis. 

The Mcs6-TAP and Mcs2-TAP strains were generated as described previously 
(Bahler et al., 1998; Tasto et al., 2001). The Pmh1-TAP strain has been described 
elsewhere (Spahr et al., 2003).  

Generation of Baculoviruses 

The GST-Csk1 expressing baculovirus was made by inserting the csk1 open reading 
frame as a EcoRI-NotI fragment from pGEX-4T-csk1 into pAcGHLT-A 
(Pharmingen) transfer vector, which was introduced into Sf9 insect cells together with 
BaculoGold (Pharmingen) baculovirus DNA as recommended by the manufacturer. 
An empty pAcGHLT vector was used to make a control GST expressing virus. The 
mcs2 and mcs6 viruses were made by inserting the open reading frame of the 
respective genes into the pVL1392 (Pharmingen) transfer vector and subsequently 
following the protocol above. To generate a FLAG-Pmh1 expressing virus A BglII-
XbaI fragment of pmh1/pYF was cloned into pVL1392 (Pharmingen). The cyclin H 
virus was generated by inserting a BamHI-XbaI fragment containing the open reading 
frame of human cyclin H into BglII-XbaI of the pEV55 transfer vector. The HA 
epitope tagged Cdk7 virus (Fisher and Morgan, 1994) was a kind gift from Robert 
Fisher and David Morgan. The resulting plasmid was introduced into Sf9 insect cells 
together with BaculoGold (Pharmingen) baculovirus DNA as recommended by the 
manufacturer. GST-Cak1 baculovirus was as a kind gift from Philipp Kaldis and 
Mark Solomon (Kaldis et al., 1998). 

Recombinant Protein Expression and Purification 

For protein expression recombinant baculoviruses were propagated in Hi5 insect cells 
(Invitrogen) for 48 hours. The GST-Csk1, GST-Cak1 and GST proteins were purified 
using glutathione-sepharose beads and eluted with glutathione. About 10 ng of 
purified protein was used per assay. Mcs6, Mcs2, Pmh1 and their complexes 
produced in co-infection with respective baculoviruses were purified using Mcs6 
antiserum. Protein amounts were estimated by silver staining and 100 ng of purified 
proteins were used for kinase assays. The HA-Cdk7-cyclin H complex was 
immunopurified with HA mouse monoclonal antibody. Bacterially expressed GST-
Cdk2-D155N and GST-CTD (a kind gift from David Chao and Richard Young) 
proteins were purified using glutathione-sepharose beads (Damagnez et al., 1995). 
The CTD peptide is a synthesized triple repeat of the RNA polymerase II carboxyl 
terminal domain motif linked to biotin (YSPTSPSYSPTSPSYSPTSPS-biotin).   

Antibodies and Affinity Purifications from Fission Yeast Cells 

C-terminal 15 amino acid peptides from Csk1 (IESFPKVSARLSQYA) or Msc6 
(QRQNNFPMRANIKFV) were synthesized, linked to keyhole limpet hemocyanin 
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(KLH), and used for immunization of rabbits. The resulting polyclonal antisera were 
tested for specificity in western blotting and immunoprecipitation using recombinant 
baculoviruses and fission yeast strains overexpressing the corresponding epitope 
tagged proteins. The Mcs2 rabbit polyclonal antiserum was generated against a full-
length Mcs2 protein, and was a kind gift from Dr. Eberhard Schneider and Dr. Peter 
Wagner.  

Monoclonal HA, Myc (Boehringer Mannheim) or FLAG M5 antibodies (Eastman 
Kodak Company) were used according to manufacturers protocols. For 
immunoprecipitations from fission yeast cells, liquid cultures (10 ml) were grown 
overnight. Subsequently cell pellets were washed once in phosphate-buffered saline, 
and disrupted in ELB lysis buffer (150 mM NaCl, 50 mM HEPES pH 7.5, 5 mM 
EDTA, 1% NP-40 with 0.2 mM PMSF, 10 mM ß-glycerophosphate, and 5 mM NaF). 
Following disruption, lysates (100-200 !g total protein) were adjusted to 0.5% NP-40 
for immunoprecipitation. Immunoprecipitates on Protein A-Sepharose (Sigma) beads 
were washed four times with ELB lysis buffer containing 0.1% NP-40, and once with 
kinase buffer (20 mM Tris pH 7.5, 50 mM KCl, 5 mM MgCl2, 2.5 mM MnCl2, 1 mM 
DTT). 

To purify Cdc2 from fission yeast lysates, 1 !l GST-Suc1 agarose (Upstate 
Biotechnology) was incubated with 200 !g lysate on ice for 30 min. Alternatively, 
yeast or insect cell lysates (1 mg in 400 !l) were supplemented with 2-4 !g of 
purified GST, GST-Csk1 or GST-Cak1 and incubated on ice for 30 min followed by 
purification with glutathione-sepharose as above. Beads were washed 4 times with 
washing buffer (50 mM Tris pH 7.5, 50 mM KCl, 0.1% CA-630) and used in kinase 
assay (see below). 

For IgG affinity precipitation of TAP-tagged proteins 20 !l of IgG agarose (Sigma 
A2909) were added to 1 mg of soluble ELB extract, and washed with ELB lysis 
buffer four times and once with kinases buffer as above. Purified complexes where 
subjected to western blot analysis or kinase assays. 

Western Blot Analysis 

Protein samples were separated by SDS-PAGE and subsequently transferred to 
nitrocellulose membranes. Western-blotting analysis using anti-HA (12CA5 
monoclonal antibody, Babco Inc., Berkeley, CA), anti-myc (9E10 monoclonal 
antibody, Babco Inc., Berkeley, CA), PAP (Peroxidase anti-peroxidase soluble 
complex, Sigma P2026) or anti-FLAG (M5 monoclonal antibody, Eastman Kodak 
Company) was performed according to the manufacturer (ECL, Amersham). Csk1, 
Mcs2 and Pmh1 antisera was used 1:1000 in blocking buffer (5% non-fat dry milk, 
0.05 Tween20) 

For the analysis of protein levels in time-course experiments, boiled extracts were 
prepared. For each sample, 1mM NaN3 was added to the culture and cells were 
quickly harvested by centrifugation at 4°C. STOP buffer (Moreno et al., 1989b) was 
added and cells were harvested again at 4°C. The pellet was resuspended in 200 !l 
HB buffer (Moreno et al., 1989b) and cells were boiled for 6 minutes. Cells were 
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broken with 1.5 ml of acid washed glass beads and the lysate was recovered by 
centrifugation.  

Kinase Assays  

For standard kinase reactions 10 ng of GST-Csk1, 100 ng of Mcs6-Mcs2, 100 ng of 
HA-Cdk7 or immunoprecipitates as indicated were used as kinases. Kinase reactions 
were performed in 30!l of kinase buffer supplemented with 10 !Ci of gamma-32P-
ATP and indicated substrates (2 !g of CTD peptide, 4 !g of GST-Cdk2-D155N, 4 !g 
of GST-CTD) for 30 minutes at 30°C.  

In the Cdk-activation experiments, GST-Csk1 or GST-Cak1 was incubated with 
Mcs6, Mcs2, or Mcs6-Mcs2 bound to beads for 6 min. at 30°C in kinase buffer 
supplemented with 100 !M to 1 mM ATP. Subsequently, the beads were washed 
three times with kinase buffer before a kinase reaction with gamma-32P-ATP with 
GST-CTD or GST-Cdk2 substrates. Phosphorylated substrates were analyzed by 
SDS-PAGE followed by autoradiography.  

ES Cell Culture and Western Blot Analysis 

ES cells were cultured according to standard protocols (Nagy et al., 2003). Briefly, ES 
cell were maintained in KO D-MEM media (Invitrogen) on gelatinized plates in the 
presence of lymfocyte inhibitory factor (Chemicon) and passaged every 48 hours. 
Soluble protein extracts were prepared of ES cells from feeder independent cultures.  
ES where collected in lysis buffer (ELB + inhibitors; 150 mM NaCl, 50 mM Hepes, 
pH 7.4, 5 mM EDTA, 0.1% CA-630 with 5 mM DTT, 12.5 mg/ml aprotinin, 0.5 mM 
PMSF/50 mM ß-glycerophosphate, 5 !g/ml leupeptin) 48 hours after seeding. 40 !g 
of total protein in LSB was separated by 7.5% SDS-PAGE and subsequently 
transferred to a nitrocellulose membrane. Incubation with mouse monoclonal anti-ß-
Galactosidase antibody (Promega) and subsequent ECL detection (Supersignal, 
Pierce) were performed according to manufacturers instructions 

Generation of Cdk8 Mutant Mice, Husbandry and Embryo Manipulation 

ES cells (clone RRS314) containing a Cdk8 gene trap allele, designated according to 
JAX convention as Cdk8GT(pGT0Lxf)/Byg, but here abbreviated to Cdk8

- were 
obtained from BayGenomics (Stryke et al., 2003). Morula-ES cell aggregations were 
carried out by the Transgenic unit of the Meilahti Experimental animal center, 
University of Helsinki. Briefly, superovulated CD1 morulas were aggregated to ES 
cells containing the Cdk8 gene trap allele. Chimeric males were subsequently bred 
with CD1 females. Germ line transmission was indicated by coat color and 
heterozygote mutant animal were identified by PCR genotyping. Staging of embryos 
was according to standard convention (E0.5 is noon on the day of the copulation 
plug). For extraction of embryos the uterine horns were removed post-mortem. For 
midgestation expression analysis embryos were fixed in paraformaldehyde and 
stained for using standard LacZ staining protocols (Schlaeger et al., 1995). 
Preimplantation embryos were dissected from the oviducts at various stages as 
described (Nagy et al., 2003). Mice were maintained on a mixed 129/Ola, CD1 
background and in accordance with local regulations regarding a use of animals in 
research.  
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Mouse Genotyping 

In order to locate the exact integration of the gene trap insertion overlapping PCR 
amplicons compatible with a gene trap specific 5´ reverse primer were designed to 
cover intron 4 of Cdk8. One amplicon produced a RRS314 cell line specific shorter 
product in addition to the expected wild type product. The forward primer used to 
capture the mutant specific amplicon was 5'-TGCAGTAACGAGAGGCAGTG-3', the 
reverse primer of the gene trap was 5´- CACTCCAACCTCCGCAAACTC-3 and the 
wild type control amplicon reverse primer was 
5'-GGACGTGCGTGATGTATCTG-3'. Purification and direct sequencing revealed 
the exact integration of the gene trap (not shown).  

Routine genotyping of mouse progeny from tail DNA samples was done by PCR from 
using the following primers; Cdk8 wild type allele: F1, 5'-
GCAAAACAAGCAAGCAAACA-3', R1, 5'-CATGGCAGCATCTTCCAGTA-3' 
and Cdk8 mutant allele: F2, 5'-CAGGCAGTTGTGCATTGTCA-3', R2, 
5'-CGGAGCGGATCTCAAACTCT-3. 

Genotyping of preimplantation embryos was done using a multiplex nested PCR 
where the forward primer is shared and reverse primers are allele specific. The wild 
type outer amplicon is 492 bps and the mutant outer amplicon is 456 bps. The inner 
amplicons are 107 bps and 246 bps for the wild type and mutant respectively. The 
common forward primers are 5´-TGCAGTAACGAGAGGCAGTG-3' and 
5'-CAGGCAGTTGTGCATTGTCA-3' for the outer and inner amplicons respectively. 
The reverse primers for the outer amplicons are 
5'-AAGACCTCCCTCCAAGCAGT-3' and 5'-TAGGACAAGAGGGCGAGACC-3' 
for the wild type and mutant alleles respectively. The reverse primers for the inner 
amplicons are 5'-CATGGCAGCATCTTCCAGTA-3' and 
5'-CGGAGCGGATCTCAAACTCT-3' for the wild type and mutant alleles 
respectively.  

For Southern blot analysis, genomic DNA was prepared from post mortem biopsies 
by standard protocols (Sambrook and Russell, 2001). Briefly, biopsies were incubated 
with a denaturing proteinase K lysis buffer at 56°C overnight. Aqueous phase was 
extracted two times using phenol extraction in combination with phase lock gel 
(Eppendorf). The extracted aqueous phase was then precipitated and resuspended in 
TE buffer. 10 !g of genomic DNA was digested overnight using 5 U/!g restriction 
enzyme/DNA ratio. Digests were precipitated and separated on 0.8% agarose and 
transferred to Hybond N+ membranes using capillary transfer. Hybridizations were 
carried out at 65°C in Rapid-hyb solution (Amersham Biosciences). The probe used 
was generated using a cloned intron fragment of the Cdk8 locus as template in a 
random labeling reaction (Redi-Prime II, Amersham Biosciences). The cloning of the 
probe fragment was done by PCR cloning (Topo-TA kit, Invitrogen) of the fragment 
amplified by the following primers: 5´-TTTTAAGCAGCCATCCATCC-3´ and 5'-
ACAAGCTCAGGCACCTTTGT-3'. 
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Yeast strains used in these studies 

Fission yeast strains      Reference 

h
-
 skp1::skp1-3-KanMX6 ade6-210 leu1-32 ura4-D18  (Hermand et al., 2003) 

h
-
 mts2-1 leu1-32       (Gordon et al., 1993) 

h
-
 mts3-1 leu1-32       (Gordon et al., 1996) 

h
-
 leu1-32 ura4-D18      Study III 

h
+
 mcs2::mcs2L ade6 leu1-32 ura4-D18    (Molz and Beach, 1993) 

h
-
 mcs2::mcs2L mts2-1 ade6-216 leu1-32 ura4-D18   Study III 

h
-
 mcs2::mcs2L mts3-1 ade6-216 leu1-32 ura4-D18   Study III 

h
+
 pmh1::pmh1-TAP Kan MX6 ade6-210 leu1-32 ura4-D18 his3-D1 (Spahr et al., 2003) 

h
-
 skp1::skp1-3-KanMX6 mcs2::mcs2L ade6

+
 leu1-32 ura4-D18 Study III 

h
+
 skp1::skp1-3-KanMX6 pmh1::pmh1-TAP-KanMX6   Study III 

ade6-210 leu1-32 ura4-D18   

h
+
 pmh1::pmh1-TAP-KanMX6 mts2-1 ade6

+
 leu1-32 ura4

+
 his3-D1  Study III 

h
+
 pmh1::pmh1-TAP-KanMX6 mts3-1 ade6-216 leu1-32   Study III 

ura4-D18 his3-D1  

h
+
 mcs6::mcs6-TAP-KanMX6 leu1-32    Study III 

h
+
 mcs6::mcs6-TAP-KanMX6 mts2-1 leu1-32   Study III   

      mcs6::mcs6-TAP-KanMX6 mts3-1 leu1-32   Study III 

      mcs6::mcs6-TAP-KanMX6 skp1 ::skp1-3-KanMX6 ade6-216 Study III 

leu1-32 ura4-D18  

h
-
 pcu1::pcu1-13myc-KanMX6 ade6

+
 leu1-32 ura4-D18  (Osaka et al., 2000) 

      pmh1::pmh1-TAP-KanMX6 pcu1::pcu1-13myc-KanMX6   Study III 

ade6-210 leu1-32 ura4-D18     

     mcs6::mcs6-TAP-KanMX6 pcu1::pcu1-13myc-KanMX6  Study III  

ade6+ leu1-32 ura4-D18   

h
+
 mcs2::mcs2-TAP-KanMX6 pcu1::pcu1-13myc-KanMX6   Study III 

ade6-216 leu1-32 ura4-D18  

h
+
 ade6-216 leu1-32 ura4D18     (Molz and Beach, 1993) 

h
+
 csk1::sup3-5 leu1-32 ade6-704      (Molz and Beach, 1993) 

h
-
 mcs6-13 leu1-32 ura4D18 ade6     (Molz et al., 1989) 

h
-
 csk1::sup3-5 mcs6-13 leu1-32 ade6-704     Study I 

h
+
 csk1::ura4

+
 mcs2::mcs2F leu1-32 ura4D18 ade6   Study I 

h
+
 ade6-210 ura4D18 leu1-32 his3-D1     (Burke and Gould, 1994) 

h
+
 mcs2::mcs2F leu1-32 ura4D18 ade6     (Molz and Beach, 1993)  

Budding yeast strains      Reference  

MATa civ1-4 ura3 leu2 trp1 lys2 ade2 ade3    (Thuret et al., 1996) 

MATa, ura3, 6LexAop-LEU2, his3
-
, trp1

-
, URA3::pSH1834   (Fashena et al., 2000) 

MATa, ade2-101, ura3!, leu2-3, lys2-801, trp1-D63,   (Vidal et al., 1996) 

 !gal4 !gal80, SPAL::URA3, GAL1-LacZ, GAL1-HIS3   
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