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The Activation of Cyclin-Dependent Kinases in Saccharomyces cerevisiae

Francisco Hernán Espinoza

Abstract

The cyclin-dependent kinases (CDKs) of the budding yeast Saccharomyces

cerevisiae are involved in the control of the cell division cycle, signal transduction, and

transcription. These studies examined the regulation of yeast CDK function by association

with different positive regulatory subunits (cyclins) and the identity and targets of the

CDK-Activating Kinase (CAK).

The cyclin-dependent kinase Cdc28 controls commitment to the cell division cycle

by association with the G1 cyclins, Cln1-3. We found that another putative G1 cyclin,

known as HCs26/Pcl1, did not associate with Cdc28 but with another CDK, Pho85.

Classically, Pho85 is known as a regulator of secreted acid phosphatase expression when

associated with the cyclin, Pho80. Our studies reveal that PCl1-Pho85 complexes also have

a role in cell cycle progression, illustrating that cyclins not only activate CDKs, but direct

them to particular cellular functions.

In addition to cyclin binding, CDKs require phosphorylation of a conserved

threonine by CAK for full enzymatic activity. In higher eukaryotes, CAK is a heterotrimer

made up of a cyclin (Cyclin H), a CDK (Cdk?), and a RING-finger protein, Matl and

associates with the basal transcription factor, TFIIH. The S. cerevisiae homologue of

Cdk?, Kin28, also associates with TFIIH, but does not have CAK activity. However,

Cdc28 still requires activating phosphorylation. We purified a monomeric kinase from S.



cerevisiae lysates with CAK activity. This kinase, Cak1, phosphorylates and activates

Cdc28 both in vivo and in vitro.

To address the possibility that Cak1 is required for the activation of other yeast

CDKs, we examined the effect of cak1 mutants on the phosphorylation and activity of

Cdc28, Kin28, Pho85, and Srbl(). Loss of Cak1 function reduced both the

phosphorylation and activity of Cdc28 and Kin28, but did not affect the activity of Srb 10

or Pho85. In the presence of the Kin28 regulatory subunits Ccl1 and Tfb3, Kin28 was

phosphorylated and activated when co-expressed with Cak1 in insect cells. The results

suggest that Cak1 is required for the activating phosphorylation of Kin28 as well as that of

Cdc28.
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Chapter One

INTRODUCTION



Historically, cyclin-dependent kinases (CDKs) are best known for their role in the

control of the eukaryotic cell division cycle, but they have also been implicated in other

basic cellular processes.” The wide range of CDK functions is clearly apparent in the

budding yeast, Saccharomyces cerevisiae, which contains at least five CDKs involved in

a variety of essential and non-essential regulatory pathways [Table 1). The objective of

my studies is to understand the regulation of these fascinating enzymes using the

combination of powerful genetic tools and the relative ease of biochemical manipulation

available in S. cerevisiae.

The eukaryotic cell division cycle can be divided into four phases: cells prepare to

enter the cell cycle during G1, genomic replication occurs in S phase, and in G2 cells

prepare the machinery for segregating the genomes in M phase. These phases are not

hard and fast mechanical states but rather conceptual phases for the analysis of the

progression of the cell division cycle. Passage through these phases is regulated by the

prototypes of the CDK subfamily: Cdc28 from S. cerevisiae, cdc2+ from

Schizosaccharomyces pombe, and Cdc2 and Cdk2 from higher eukaryotes. Unlike higher

eukaryotes, in which Cdk2 is specialized for G1 and S phases and Cdc2 for mitosis,

Cdc28 regulates all of the major events of the S. cerevisiae cell division cycle by binding

to a series of phase-specific cyclins [Table 1].” When bound to the G1 cyclins (Clns),
Cdc28 is required for the commitment to the cell division cycle." Cln3-Cdc28

complexes promote the transcription of a number of G1 genes including other G1

cyclins.” “*” Cln1-Cdc28 and Cln2-Cdc28 complexes promote budding, spindle
pole body duplication, and polarized cell growth.***** Clb5 and Clb6-Cdc28
complexes regulate the onset and completion of S phase.*** Clb1-Clb4 are required



for the proper assembly of the mitotic spindle and the completion of mitosis.””””
*** The partial redundancy of Cdc28 cyclins has confounded attempts to define the

targets and functions of individual Cdc28 cyclins precisely.

Another yeast CDK, Pho&5, associates with a large family of cyclins involved in a

variety of nonessential functions in gene expression and metabolic regulation.***
PHO85 is non-essential, but Apho&5 cells have an array of phenotypes, some of which

can be matched to specific Pho&5 cyclins. Pho80-Pho85 complexes phosphorylate and

inhibit the transcription factor, Pho4.” In response to low environmental phosphate
levels, Pho&0-Pho&5 activity is inhibited by the CDK inhibitor, Pho81, which leads to

Phoº! activation and secreted acid phosphatase expression.” Prior to entering stationary
phase, S. cerevisiae cells begin to polymerize glucose into glycogen for storage.””
During periods of high glucose flux, glycogen synthesis is repressed because glycogen

synthase 2 (Glys2) is inhibited by phosphorylation.” Recent evidence has shown that

this inhibitory phosphorylation is catalyzed by PCl8-Pho&5 complexes and Pcl10-Pho85

complexes.** Pho&5 also has a set of cyclins whose expression is regulated in the cell

division cycle (Table 1). Pcl1 and Pcl2 expression peaks in G1 and Pcl9 expression in

late mitosis and early G1.**** PCl1-Pho&5 and Pcl2-Pho&5 complexes have an

essential function for the commitment to the cell cycle in the absence of Cln1 and Cln2,

although its precise nature is unknown.” In addition, there are number of additional

PCLs for which no function has been yet identified (Table 1).” Identification of Pell as

a Pho85 cyclin and the role of PCl1-Pho85 complexes are addressed in Chapter 2.

Kin28 is another essential yeast CDK but is only known to associate with a single

cyclin, Ccl1.” 197 Cell-Kin28 complexes are components of the basal transcription
factor, TFIIH.*** 19° 10° Their role with in this complex may be to phosphorylate the

C-Terminal Domain (CTD) of the largest subunit of RNA polymerase II, which is



required for the transition from transcription initiation to elongation.” Indeed, kin28 and
ccl1 mutants display broad defects in gene transcription and reduced CTD

phosphorylation in vivo.19, 19° 10° Kin28 is the S. cerevisiae homologue of Cdk?, which
also associates with TFIIH.*** Interestingly, while Cdk? seems to be the Cdk

Activating Kinase (CAK) in other eukaryotes, Kin28 does not have CAK activity."(see

below).

Srblo (Ssn3, Umes, Are 1) is a nonessential yeast CDK that is homologous to

Cdk8 and associates with the Cyclin Chomologue Srbl 1 (Ssn8, Ume3).** Srbl 1
Srblo complexes are components of the RNA polymerase II holoenzyme.* Loss of

Srb10 function leads to the reduction of CTD phosphorylation and GAL promoter

induction in vivo, and Srbl 1-Srb10 complexes can phosphorylate the CTD in vitro,

suggesting this complex also has a role in CTD phosphorylation.” In addition, Srblo
and Srbl 1 may have a role in transcriptional repression.**** 119 Srblo and Srb 11

were identified as ume 5 and ume 3 in a screen for mutants that caused inappropriate

expression of meiotic genes (ume = unscheduled meiotic expression).” The alleles ssn}

and ssn'8 were identified in mutants that suppress the repression of SUC2 transcription

caused by loss of Snfl function (ssn = suppressor of snfl).” The are 1 allele

demonstrated that Srbl() is required for the proper transcriptional repression of a-specific

genes in O. cells (are = alpha 2 repression)." Alleles of srb10 and srb 11 suppress the

growth defects of a partial truncation of the CTD of the largest subunit of RNA

polymerase II, perhaps through the derepression of essential genes.”

Purification of a heterotrimeric complex with CTD kinase activity (CTDK-1)

identified yet another CDK in S. cerevisiae (Table 1).” The o subunit is a CDK (Ctk1),

the 3 subunit is its cyclin-like partner (Ctk2), and the Y subunit is a novel protein.”

Deletion of CTK1, CTK2, or CTK3 causes identical phenotypes, each of which resemble



deletions of SRB10 or SRB11 function.” Ctk1 function is also required for

transcriptional repression of the same promoters as Srb10.* However, Asrb10 Actk1
double mutants have more profound phenotypes than either single mutant alone and

overexpression of one cannot suppress loss of the other.” These data suggest that while
Srb11-Srb10 complexes and Ctk2-Ctk1-Ctk3 complexes may affect the same processes,

they function independently. Ctk1 and Ctk2 may be the S. cerevisiae homologues of

Cdk9 and Cyclin T, which are involved in retroviral transactivation." "4

A number of regulatory mechanisms have evolved to restrain the activation of

CDKs.” Most importantly, even though a CDK contains a full-length catalytic domain,

monomeric CDKs are enzymatically inactive. Crystallographic analysis of a human

CDK, Cdk2, reveals that the tertiary structure of a monomeric CDK'? is similar to that of

other kinases including cAMP-dependent kinase (cAPK)” and MAPK.”''' All known
kinases have an N-terminal lobe mostly made up of 3-strands (31–35) and a C-terminal

lobe made up of 0-helices (oD/02 – O.I/07). The active site lies within a deep cleft

between these lobes. The ring system of the ATP fits deep into the catalytic cleft with the

triphosphate chain sticking out towards the putative substrate docking surface.

Differences between the structures of cAPK, MAPK, and Cdk2 are illustrated in

Figure 1. These structural differences cause changes in the orientation and contacts of the

triphosphate chains of ATP (Figure 2A and 2B). In cAPK, the triphosphate chain is

properly aligned by a series of interactions: the O. and 3 phosphates interact with a

conserved lysine (in 33, Figure 2 in blue) that is itself stabilized by a conserved glutamate

(in OC, Figure 2 in red), the 3 and Yphosphates coordinate a Mg2+ ion which interacts

with a conserved aspartate (in 38) (Figure 2A). These interactions place the Yphosphate

in the correct position and orientation for nucleophilic attack by the substrate (Figure

2A).” In CDK2, a small o-helix (O.L12, Fig 1 and Fig 2B, in purple) has replaced 39



(Figure 1 and Figure 2A in green). This change has some important structural

consequences for Cdk2. First, OL12 turns helix 0.1 up and out, twisting the conserved

glutamate out of the catalytic site altogether so that it can no longer interact with the

conserved lysine (Figure 2B). In addition, O.L12 reorients the conserved aspartate and

alters its interaction with the Mg2+ ion (Figure 2B). As a coup de grace, the activation

loop (L12) occludes the entrance to the catalytic cleft (Figure 2B). Thus, monomeric

Cdk2 is inactive because substrates cannot gain access to the active site. Even if they did,

the orientation of the triphosphate chain would preclude a productive phosphotransfer

reaction.

This state of affairs changes dramatically upon cyclin binding.” When bound to
a truncated version of Cyclin A (missing 174 residues from the N-terminus), OL12 melts

into a 3-strand essentially identical to 39 (Figure 1 and 2A, in green), which reverses

most of the differences in the tertiary structures. Helix O.1 moves in and around to place

the conserved glutamate into a virtually identical position as the one in cAPK (Figure

2A). The conserved aspartate is also reoriented to a position like its counterpart in cAPK

(Figure 2A). The result is that triphosphate chain of the ATP bound to Cdk2 is now

properly oriented for catalysis (Figure 2A)." In addition, the activation loop turns down

into a position similar to the equivalent loop in cAPK (Figure 2A). Where there was once

a dead kinase, there is now one that is ready for action.

Because of their absolute dependence on cyclin binding for activity, the most

important level of CDK regulation is cyclin availability as illustrated by the regulation of

the Cdc28 cyclins [Table 1].” It is important that each of the events of the cell cycle

occurs in a precise order, so it is equally important that the cyclins that control each of

those events only be available at the right time in the correct order. Translation of the

CLN3 message is coupled to the rate of protein synthesis by a small upstream open



reading frame (uORF) on its mRNA, such that the CLN3 open reading frame is translated

only when the scanning initiation machinery misses the uORF in a rare bypass event.”

Thus, Cln3 is only translated efficiently during periods of active protein synthesis. The

ball begins to roll when increased levels of Cln3-Cdc28 activate the transcription factors

SBF and MBF.” “ SBF controls the expression of a number of early G1 genes,

including the G1 cyclins, CLN1 and CLN2 **7.7% ", whereas MBF controls the

transcription of DNA synthesis genes", CLB5, and CLB6.** Cln1-Cdc28 and Cln2

Cdc28 complexes phosphorylate the Clb-Cdc28 inhibitor, Sic 1, leading to its destruction

by ubiquitin-mediated proteolysis””””” and suppress the Anaphase Promoting

Complex (APC)-mediated destruction of the Clbs proteins.” All of these changes allow

the accumulation of active Clb-Cdc28 complexes. In turn, Clb-Cdc28 complexes reduce

the transcription of CLN1 and CLN2 and target Cln1 and Cln2 for proteolysis by

phosphorylation, while enhancing their own transcription.' * * * In addition, Clb-Cdc28

complexes prevent the transcription of Sic] by phosphorylating the transcription factor,

Swis, which prevents its nuclear localization.** 19 Finally, although Clb-Cdc28

complexes inhibit APC-mediated proteolysis, evidence from other systems suggests that

they may also indirectly activate it, eventually leading to their own destruction.” This

destruction allows the nuclear localization of Swis, which leads to the expression of Sic 1

that then prevents the re-accumulation of Clb proteins.” “*” Without Clb proteins to
block the transcription of CLN1 and CLN2, the process can begin again. By coupling

their expression and destruction in these ways, Cdc28 cyclins ensure that their availability

is restricted to particular phases of the cell cycle.

In addition to activating CDKs, cyclins also direct their CDKs to specific tasks.

The functional specificity of cyclins is clearly illustrated by Pho&5 and its own extended

family of cyclins (Table 1).” Loss of Pho80 function specifically leads to

hyperexpression of secreted acid phosphatase without affecting cell cycle progression or



glycogen accumulation (M. Lenburg, pers. com.)". Loss of Pell and Pcl2 do not effect

secreted acid phosphatase expression or glycogen accumulation (F.H.E, unpublished

results).” Loss of PCl8 and Pcl10 function causes hyperaccumulation of glycogen

without cell cycle or secreted acid phosphatase defects.” Clearly, the same CDK is

being directed to specific and widely different tasks by association with different cyclins

with little or no functional overlap [Table 1). Precisely how a cyclin specifies a CDK for

a particular function is unclear, but one obvious model is that the cyclin specifies the

substrate preference of the bound CDK. For instance, the consensus sequence for

phosphorylation by Cdc28-related kinases is S/T-P-X-K/R*”, whereas the consensus

sequence for Pho&5 substrates is S/T-P-X-I/L.9° Based on the structure of cyclin A

CDK2 complexes, the obvious substrate binding surface is the face of the C-terminal

domain just outside the active site cleft. In fact, a chimeric CDK in which the putative

substrate recognition region of Cdc28 is replaced with Pho85 sequences rescues a number

of Pho85 defects (but not Cdc28 defects), suggesting that this region specifies the enzyme

for Pho85 substrates.” This kinase-directed substrate preference is unlikely to be the

whole story. Although complexes of Pho&0-Pho&5 phosphorylate Pho4 efficiently, they

do not phosphorylate Gls2 in vitro very well.” The reverse is true of PCl10-Pho85

complexes, clearly demonstrating that the cyclin is specifying substrate preference.” The

N-terminus of the truncated Cyclin A molecule in the complex is pointed towards the

putative substrate recognition region, so it is possible that in the full-length molecule, the

N-terminal domain of Cyclin A could form another substrate binding face.”

In addition to cyclin binding, full activation of most CDKs requires

phosphorylation of a highly conserved threonine [Figure 1 and 3, in magenta] in the

activation loop (L12). Mutation of this site to a nonphosphorylatable residue often

results in an inactive kinase.” ”, *** The precise requirement for activating

phosphorylation depends heavily on the exact cyclin-CDK complex in question but not



obviously on the individual cyclin or CDK. For instance, Cyclin A binds to and partially

activate unphosphorylated Cdk2, but not to unphosphorylated Cdc2." On the other hand,
Cyclin B binds to unphosphorylated Cdc2 but does not activate it significantly."
Following activating phosphorylation of Cyclin A-Cdk2, the phosphothreonine residue

moves into a small positively charge niche that further reduces occlusion of the active site

by the activation loop.” A number of new hydrogen bonds are formed which may

explain the stabilized cyclin-CDK interactions which have been observed after

phosphorylation.”.” These structural changes seem minor, but the activating

phosphorylation of Cyclin A-Cdk2 complexes increases histone H1 kinase 80-fold.

Because the negative charge of the phosphothreonine is a significant feature of the

architecture of the putative substrate binding surface, it is conceivable that rather than

increasing the catalytic activity of Cdk2, the important function of this phosphorylation

may be to enhance substrate recognition.” One prediction of this model is that the

kinetics of Cyclin A-Cdk2 ATPase activity should not change upon phosphorylation.

Crystallographic studies of additional cyclin-CDK complexes should illuminate the

common and the divergent effects of activating phosphorylation.

The enzyme which phosphorylates the activating loop of CDKs is called the

CDK-Activating Kinase (CAK). There is considerable evidence both in vitro and in vivo

that the Cyclin H-Cdk/-Mat.1 heterotrimer is CAK in vertebrates, starfish,

Schizosaccharomyces pombe, and Drosophila melanogaster.”, “"“”. * * * * * *

*** The recombinant heterotrimer can phosphorylate and activate Cdk2, Cdc2, and
Cdk4 in vitro.””””* Loss of Cdk? activity in Drosophila melanogaster leads to

dephosphorylation of Cdc2 in vivo and loss of Cdc2 function.” As mentioned

previously, Kin28 does not have CAK activity or affect Cdc28 phosphorylation in vivo."

On the other hand, in S. cerevisiae, CAK is a monomeric kinase (Cak1) which is only

distantly related to CDKs.” “’.” Identification of Cak1 is the subject of Chapter 3.



Activating phosphorylation is not a universal feature of CDK activation.

Activating phosphorylation of Cdk1 is required for Cyclin H-Cdk1 dimer activity, but is

dispensable for Cyclin H-Cdk7-Matl trimers.””””” The latter is the predominant
complex in vivo, but most of the Cdk? is phosphorylated.”" Thus, it is not entirely

clear what role the unphosphorylated heterotrimer plays in vivo. Kin28 associates with

Tfb3/Rig2, a Matl homologue, in TFIIH, and mutations of t■ b3/rig2 also reduce the

transcription of a number of genes, indicating that it has a role in transcription.***

However, unlike Matl and Cyclin H-Cdk?, Tfb3/Rig2 can be easily separated from Ccl1

Kin28 complexes, and thus Kin28 may be more dependent on activating phosphorylation

than Cdk1.** Human Cdk8 does not require activating phosphorylation because there

is no phosphorylatable residue in its activation loop at all.” It is possible that the

negative charge of the phosphothreonine has been replaced by a glutamate in the

activating loop.”

Each of the CDKs in yeast has an potential activating site (Figure 3, in magenta).

Cak1 phosphorylates and activates Cdc28 in vitro and in vivo.”.” The role of Cakl

in the phosphorylation of activation of other yeast CDKs is examined in Chapter 4. To

address the role of Cak1 in the activation of yeast CDKs other than Cdc28, we generated

new cak1 mutants and analyzed their effects on cell morphology and the phosphorylation

and activity of Cdc28, Kin28, Pho&5, and Srbl(). We observed significant synthetic

interactions between our cak1 mutants and cdc28 and kin28 mutants. Cdc28 and Kin28

phosphorylation and activity were reduced in cak1 strains. Co-expression of Cak1 and

Kin28 in insect cells led to the phosphorylation and activation of Kin28. Thus, it seems

that Cak1 may also have a role in the phosphorylation and activation of Kin28. On the

other hand, the activity and phosphorylation of Pho85 and Srbl() were not changed in the

cak1 mutants, suggesting that Cak does not have a role in their activation.

10



In addition, a meiotic role for Cak1 has also been reported.” Overexpression of

CAK1 suppresses the spore wall defect of cells with mutations of SMK1, a gene encoding

a member of the MAP kinase family. Cells with defects in CAK1 exhibit a spore wall

formation defect that resemble the phenotype of smk1 mutants.” Like the closely

related CDKs, MAP kinases are activated by phosphorylation of residues within the

activating loop. Smk1 contains a threonine (T207) in a position that is roughly analogous

to the activating site of CDKs (Figure 3).” Thus the requirement for Cak1 in spore wall

formation may reflect a direct role in the activation of Smk1.

Although activating phosphorylation is not universal, it is conserved regulatory

motif among all kinase subfamilies, suggesting that it is evolutionarily robust.” For

instance, MAP kinases are activated by phosphorylation of a threonine and a tyrosine in

the activation loop (Figures 1 and 3, in magenta).” Phosphorylation of these sites by

MAPK kinases is crucial to their role as signal transducers, and thus it is clear why this

motif has been retained in this branch of the kinase family.” On the other hand, the

purpose of CDK activating phosphorylation is not immediately obvious. Interestingly,

one feature that Cak1 and Cdk1 share is an essentially invariant activity profile during the

course of the cell cycle.”””” Since CAK activity is required for multiple, unrelated

processes with different regulatory needs and responses, invariant activity may simply be

the most parsimonious solution. If this is the case and CDKs can dispense with

phosphorylation, then why have CAK at all? The requirement for activation by CAK

may be an artifact of ancestral kinases and reflect the strong conservation of the

regulatory motif.” It is known that multiple mutations are required to produce an
activating phosphorylation-independent Cdc28, and it may be that for CDKs the

counterselective cost of the intermediate steps would be too high.” Another possibility is

that regulation of CAK activity may occur outside of the cell division cycle proper in

11



terminally differentiated or quiescent cells.” CAK activity may permit cell growth and

division but not actually control their execution.

The regulatory machinery of the cell division cycle is highly conserved, including

the requirement for activating phosphorylation of regulatory CDKs, but the actual

enzyme is not. In Appendix A, we examine the evolutionary history of CAK by

classifying a number of organisms by the size of the major CAK activity in lysates: large

(Cdk?-like) or small (Cak1-like). Based on the accepted phylogeny of eukayotes, no

clear history of CAK evolution emerges from these studies, but they may suggest that the

enzyme responsible for CAK activity has changed more than once.

12



Table 1 - The Cyclins and Cyclin-Dependent Kinases of Saccharomyces cerevisiae. In

each case the expression pattern, known substrates, and representative functions are

shown.

Figure 1 - Structural Alignment of cAPK, MAP Kinase, and Cdk2. Secondary structures

for cAPK (above) and Cdk2 (below) are noted. Superimposable 3-strands are shown in

blue, superimposable ot-helices in red, conserved but displaced helices in pink, and non

conserved helices and 3-strands in purple and green, respectively. Conserved residues

are boxed. Residues that are discussed in the text are labeled with a (°). Activating

phosphorylation sites are shown in magenta.

Figure 2 - Cartoon of the ATP-binding sites of cAPK (A) and Cdk2 (B). 33 is shown in

blue with the invariant lysine (Lys72) in cAPK and (Lys33) in Cdk2). O.C/o.1 is shown in

pink with invariant glutamate (Glu21) in cAPK and (Glu51) in Cdk2. 39 is shown in

green and OL12 in purple. The coordinating aspartates (Asp184) and (Asp145) are

shown on the right and the putative catalytic aspartate (Asp166) and (Asp127) on the left.

A hypothetical mechanism for phosphotransfer is shown in (A).

Figure 3 - Alignment of the Cdk2, Cdc28, Pho85, Kin28, Srbl(), Ctk1, and Smk 1. For

reference, the secondary structures of Cdk2 are noted below. Residues that are conserved

among the CDKs are boxed. Activating phosphorylation sites are shown in magenta.
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Table
1-
TheCyclinsand
Cyclin-dependentKinases
of
Saccharomycescerevisiae

CDKCyclinExpressionKnownSubstratesFunctions Colc28CIn3ConstantHistoneH1
Activation
ofG1
transcription

Cln1lateG1HistoneH1,Farl,SiclCommitment
tocellcycle,budding
& Cln2lateG1HistoneH1,Farl,Siclpolarizedcellgrowth,spindlepolebody

duplication,Sicl&Clnproteolysis, inhibition
ofClbproteolysis

Clb5lateG1HistoneH1,CdcóGenomicReplication Clb6lateG1HistoneH1,CdcóGenomicReplication Clb1G2/MHistoneH1,Swis■ ?Mitosis
&
Spindleformation,repression
of Clb2G2/MHistoneH1,Napl;Swi£,Swis■ ?Clntranscription,repression

of
polarized CIb3S/G2HistoneH1cellgrowth,activation

ofAPC,repression Clb4S/G2
QofSwisnuclearlocalization,suppression

of

re-replication

PhO85PhoS0ConstantPho.4(invivo)Lowenvironmentalphosphatesignaling
PC18ConstantGls2Repression
of
glycogensynthesis PC110ConstantGls2 PCl6ConstantPho4Unknown Pcl?ConstantPho4Unknown PC11lateG1Pho4Commitment

tothecelldivisioncyclein PC12lateG1PhO4theabsenceofCln1andCln2 Clg!Constant
º

Unknown PC15G1/S
Q

Unknown PC19M/G1PhO4Unknown
Kin28CC11ConstantRNApolIICTD,MBPTranscription Srb10Srb||ConstantRNApolIICTDTranscription,Transcriptionalrepression Ctk1Ctk2ConstantRNApolIICTDTranscription
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ABSTRACT

The events of the eukaryotic cell cycle are governed by cyclin-dependent kinases

(CDKs), whose activation requires association with cyclin regulatory subunits expressed

at specific cell cycle stages. In the budding yeast Saccharomyces cerevisiae, the cell cycle

is thought to be controlled by a single CDK, CDC28. Passage through the G1 phase of

the cell cycle is regulated by complexes of CDC28 and G1 cyclins (CLN1, CLN2, and

CLN3). A putative new G1 cyclin, HCS26, has recently been identified. In a/o diploid

cells lacking CLN1 and CLN2, HCS26 is required for passage through G1. HCS26 does

not associate with CDC28, but instead associates with PHO85, a closely related protein

kinase. Thus budding yeast, like higher eukaryotes, use multiple CDKs in the regulation

of cell cycle progression.
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Cyclin-dependent kinases (CDKs) interact with cyclin regulatory subunits to

control the major transitions of the cell division cycle. In higher eukaryotes, the cell cycle

is governed by multiple CDKs, each of which interacts with a narrow subset of cyclins to

promote a limited range of cell cycle events. In budding yeast, it is thought that a single

CDK, CDC28, associates with a broad range of stage-specific cyclins to control all major

cell cycle events (1).

CDC28 associates with the G1 cyclins CLN1, CLN2, and CLN3 to control

passage through the G1 phase of the cell cycle. Several observations suggest that a

recently identified gene, HCS26, may also encode a G1 cyclin. The sequence of the

HCS26 gene product (2) is similar to those of the G1 cyclins CLN1 and CLN2, and

transcription of HCS26, like that of CLN1 and CLN2, is restricted to G1 and controlled by

the G1-specific transcription factor SWI4(3). When overexpressed, HCS26, CLN1, and

CLN2 are each able to suppress the growth defect of a SWI4-deficient a■ o diploid strain,

suggesting functional redundancy among the three genes (2). Overexpression of HCS26

does not, however, allow growth of a cln IA cln2A clnj4 strain, indicating that the

redundancy is not complete (4).

We explored the possibility that HCS26 participates in G1 control. We

constructed a yeast strain carrying a chromosomal deletion of HCS26 (5). Like strains

carrying single (or double) mutations in CLN1, CLN2, or CLN3 (1), the hcs.26A strain had

no discernible growth defect. We also analyzed hcs.26A strains carrying additional

mutations in one or two CLN genes. Only hcs26A cln1A cln2A strains exhibited a growth

defect: these cells grew slowly as haploids and were inviable as a■ o diploids. Thus, under

conditions where CLN1 and CLN2 functions are compromised, HCS26 is required for

viability.
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To clarify the essential function of HCS26 in cells lacking CLN1 and CLN2, we

characterized the terminal phenotype of the hcs.26A cln1A cln2A a■ o diploid strain (6).

We rescued this strain with a plasmid expressing CLN2 under the control of the

methionine-repressible MET3 promoter (7). This strain is viable in the absence of

methionine (CLN2 expressed) and inviable in the presence of methionine (CLN2

repressed) (Fig. 1A). We added methionine to an asynchronous log-phase culture of cells

grown in the absence of methionine (Fig. 1B, C). At time zero, when CLN2 expression

was still maximal, cells were 28% unbudded and a large fraction exhibited a 4N DNA

content; this distribution probably resulted from a G2 delay induced by constitutive

expression of CLN2 (8). Four hours after CLN2 expression was repressed, 89% of the

cells were large and unbudded with a single nucleus (Fig. 1B), and the majority exhibited

a 2N DNA content (Fig. 1C), consistent with a G1 arrest. These observations suggest that

the hcs.26A cln1A cln2A a■ o diploid strain is defective in progress through G1.

We investigated whether the HCS26 protein, like the CLN proteins, is associated

with CDC28-dependent protein kinase activity. We used antibodies to HCS26, developed

against a TrpE-HCS26 fusion protein(9), to immunoprecipitate HCS26 protein from yeast

lysates (10). Anti-HCS26 immunoprecipitates from wild-type cells or cells that

overexpressed HCS26 did not contain higher amounts of histone H1 kinase activity than

immunoprecipitates from cells lacking HCS26 (Fig. 2A); in contrast, histone H1 kinase

activity was readily detectable in control anti-CLN3 immunoprecipitates (Fig. 2B) (11).

A phosphorylated protein of approximately 32 kD was observed in anti-HCS26

immunoprecipitates (Fig. 2A, lanes 1 and 2); the labeling of this protein was greater in

immunoprecipitates from cells overexpressing HCS26 (Fig. 2A, lane 1) and was greatly

reduced in cells lacking HCS.26 or in control immunoprecipitates lacking anti-HCS26

antibody (Fig. 2A, lanes 3 and 4). Because this protein is the same size as HCS26, and

re
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many CDKs phosphorylate their associated cyclin subunit, we suspect that this

phosphorylation represents phosphorylation of HCS26 by an associated catalytic subunit.

To determine whether the HCS26-associated kinase activity was dependent on

CDC28, we analyzed activity in lysates from cells with a temperature-sensitive defect in

CDC28 activity (11). HCS26-associated kinase activity was similar in a wild-type strain

(Fig. 2C, lane 3), a cdc28-4 strain (lane 4), and a cdc28-13 strain (4). As expected, CLN3

associated kinase activity was CDC28-dependent (Fig. 2C, lanes 1 and 2). These results

suggest that HCS26 associates with a kinase other than CDC28.

To search for the CDK that associates with HCS26, we added a bacterially

expressed GST-HCS26 fusion protein (12) to crude yeast lysates and incubated briefly

(13). GST-HCS26 and its associated proteins were then adsorbed to glutathione-agarose,

washed, and eluted (13). GST-HCS26 eluates contained the previously observed HCS26

kinase activity but contained little activity toward histone H1 (14). Control eluates with

GST-CLB3, a mitotic cyclin known to interact with CDC28, contained strong histone H1

kinase activity (14).

Cyclin-dependent kinases, including CDC28, contain a conserved amino acid

motif, PSTAIRE, near their NH2-terminus. To determine if HCS26 associates with a

CDK containing this motif, we used immunoblotting (15) with an antibody against the

PSTAIRE peptide to analyze proteins associated with GST-HCS26 after incubation in

yeast lysates (13). Wild type yeast lysates contained two major immunoreactive proteins

of approximately 36 and 34 kD (Fig. 3A, lane 4). GST-CLB3 eluates contained an

immunoreactive protein of 34 kD (Fig. 3A, lane 3) that co-migrated with the lower

protein in the wild-type lysate and reacted with antibodies specific for CDC28 (14). Thus

the lower band probably represents CDC28. On the other hand, GST-HCS26 eluates

-

*** -*.
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contained a larger (36 kD) immunoreactive protein that co-migrated with the upper

protein detected in crude lysates (Fig. 3A, lane 1).

Aside from CDC28, the only other yeast protein known to contain the PSTAIRE

motif is PHO85, a 36 kD protein kinase that is 51% identical to CDC28 (16, 17). We

found that crude lysates from cells lacking PHO85 (pho&5A) did not contain the 36 kD

protein recognized by anti-PSTAIRE antibodies (Fig. 3A, lane 5), suggesting that this

protein is PHO85. GST-HCS26 eluates prepared from lysates of the pho&5A strain did

not contain the 36 kD protein (Fig. 3A, lane 2), suggesting that the GST-HCS26

associated kinase is PHO85.

Identification of PHO85 as the likely CDK partner of HCS26 suggested a possible

exogenous substrate for analysis of HCS26-associated kinase activity. PHO4 is a

substrate for the cyclin-CDK pair PHO80-PHO85 (18). GST-HCS26 eluates prepared

from wild-type cells contained PHO4 kinase activity (Fig. 3B, lane 1) (19). GST-HCS26

eluates prepared from pho&5A lysates lacked this activity (Fig. 3B, lane 2), further

supporting the notion that PHO85 is the CDK partner of HCS26.

To confirm that HCS26 and PHO85 associate in vivo, we constructed an epitope

tagged version of HCS26 containing a triple tandem hemagglutinin (HA) tag at the

COOH-terminus (20). The epitope-tagged HCS26 was expressed in various yeast strains

and immunoprecipitated (21) from cell lysates with a monoclonal antibody to the HA tag

(MAb 12CA5). PHO4 kinase activity (19) was present in 12CA5 immunoprecipitates of

lysates from wild-type cells (Fig. 4, lane 1) and from a strain with a defective CDC28

protein (cdc28-4, lane 3). PHO4 kinase activity was not detectable in immunoprecipitates

from lysates of pho&5A cells (Fig. 4, lane 2) or cells not expressing the epitope-tagged

HCS26 protein (14). In addition, 12CA5 immunoprecipitates from wild-type lysates
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contained a 36 kD protein that was recognized by anti-PHO85 antibodies and was not

present in immunoprecipitates from pho&5A lysates (14). These data indicate that the

major CDK partner of HCS26 in yeast cells is PHO85.

Our observations that HCS26 functions in progress through G1, and that HCS26

is associated with PHO85, imply that PHO85 contributes to progression through G1 as

well. To investigate this possibility, we examined the requirement for PHO85 function in

cells lacking CLN1 and CLN2. We constructed a haploid cln1A cln2A pho&5A strain (5)

carrying a plasmid containing CLN2 under the control of the MET3 promoter (7). In the

absence of methionine, CLN2 was expressed and the strain was viable, whereas in the

presence of methionine, CLN2 was repressed and the strain was inviable (Fig. 5). Thus,

like HCS26, PHO85 is required for cell viability in the absence of CLN1 and CLN2.

Our results indicate that HCS26 is a G1 cyclin that associates with the cyclin

dependent protein kinase PHO85. HCS26 is thus a member of a small family of PHO85

cyclins that includes OrfD (22) and PHO80 (18). To better reflect its biochemical

function, we propose renaming HCS26 as PCL1 (PHO85 CycLin 1). In this

nomenclature, OrfD becomes PCL2 (22).

The precise role of HCS26/PCL1 in regulating the cell cycle remains unclear.

Deletion of HCS26/PCL1 has a greater effect in a■ o diploid cells than in haploid cells.

The effects of HCS26/PCL1 deletion are, in this respect, similar to those of a deletion of

SWI4. Haploid swi-AA cells are viable whereas a■ o diploid swi-AAVswi4A cells are inviable

(2). Perhaps HCS26 plays a specialized role in promoting G1 progression in a/o diploid

cells. Alternatively, a■ o diploid cells may express a smaller complement of cyclins and

may therefore be more dependent on those cyclins that are expressed. HCS26/PCL1 is
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required for G1 progression in haploid cells under some conditions: for example, a cln 14

cln2Apcll Apcl2A haploid strain is unable to exit G1 (22).

Our observations suggest that budding yeast, like higher eukaryotes, use multiple

CDK systems to regulate cell cycle progression. The roles of CDC28 and PHO85 are

clearly not equivalent. Overexpression of PHO85 cannot complement the lethality in

CDC28-deficient strains (16). CDC28 is absolutely required for progression through

multiple cell cycle transitions in wild-type cells (1), whereas PHO85 is non-essential (17)

and required for passage through G1 only in the absence of CLN1 and CLN2. PCL

PHO85 complexes and CLN-CDC28 complexes have different substrate specificities in

vitro (Fig. 2), suggesting that the targets of PHO85 in vivo are probably different from the

targets of CDC28.

PHO85 was originally identified as a negative regulator of phosphatase (PHO5) gene

expression (23). When phosphate concentrations are high, an active complex of PHO85

and the cyclin PHO80 represses phosphatase expression by phosphorylating the

transcription factor PHO4; decreased phosphate concentrations inactivate the complex

(18). The participation of PHO85 in both phosphate metabolism and cell cycle

progression provides an example of how the same CDK may be directed to distinct

biological functions by association with different cyclin subunits. Perhaps PHO85 serves

to coordinate nutritional state and cell cycle progression. Phosphate starvation, in addition

to inhibiting the activity of the PHO80-PHO85 complex, may also control other PCL

PHO85 complexes. Since PHO85 is not essential for G1 progression, except in the

absence of CLN1 and CLN2, inhibition of PHO85 activity would not cause cell cycle

arrest but instead could provide more subtle regulation of progression through G1 in

response to nutritional requirements.
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min, washed twice with PBS, and visualized with a Nikon MICROPHOT FXA

microscope at X40 magnification.

. The plasmid pMET3-CLN2 (pHE52) was constructed by insertion of a fragment

containing CLN2 under the control of the MET3 promoter (from p2663; a gift of M.

Peter) into prS316 (described in R.S. Sikorski and P. Hieter, Genetics 122, 19 (1989)].

. D. J. Lew, S. I. Reed, J. Cell. Biol.120, 1305 (1993).

. A bacterially expressed TrpE-HCS26 fusion protein was purified from inclusion

bodies by denaturing gel electrophoresis, electro-eluted from gel slices, and injected

into rabbits (BabCO, Berkeley, CA). Antibodies to HCS26 were affinity-purified as

described [B. J. Andrews and I. Herskowitz, Nature 342,830 (1989)].



10. For immunoprecipitations, cells were grown in log phase (30°C for CDC28 strains

11.

12.

and 25°C for cdc28-4 strains) to an optical density(OD)600 of 0.4 - 0.6. Cells (30

OD600 units) were collected by centrifugation and resuspended in 1 ml ice-cold buffer

A [50 mM NaCl, 50 mM Tris (pH 7.5), 0.1% NP-40, 0.1 mM EDTA] containing 1

mM PMSF, 1 mM benzamidine, 0.1 mg/ml leupeptin, 1 puM calyculin A, 2 pg/ml

aprotinin. All manipulations were done at 4°C. Resuspended cells were combined

with 0.5 ml of glass beads and lysed with three 30-second pulses of a mini beadbeater

(BioSpec products). The lysate was clarified by centrifugation (10 min, 10,000g).

Affinity-purified anti-HCS26 or anti-GST (a gift of D. Kellogg) were added at a

1:100 dilution for 1 hour, and the mixture was then incubated for 45 min with 40 pil of

a 1:1 slurry of goat antibodies to rabbit IgG coupled to agarose beads (Sigma)

suspended in buffer A. Immunoprecipitates were washed three times with 1 ml

buffer A, once with 1 ml PBS, and once with 1 ml kinase buffer [50 mM Tris (pH

7.5), 10 mM MgCl2].

To determine kinase activity in anti-HCS26 immunoprecipitates, beads were

resuspended in 50 pil of kinase buffer supplemented with 1 mM DTT, 0.5 mM PMSF,

2 pg/ml aprotinin, 0.1 pg/ml leupeptin, and 10 puCi [Y-3°P)ATP. Histone H1

(Boehringer Mannheim) was added at 0.5 mg/ml. Reactions were incubated for 20

min at 30°C (or 20 min at 25°C for the experiment shown in Fig. 2C) and analyzed by

SDS-polyacrylamide gel electrophoresis and autoradiography.

The NH2-terminal GST-HCS26 fusion construct (pHHE29) was made by ligating the

open reading frame of HCS26 into the polylinker of pCEX1 [D.B. Smith and K.S.

Johnson Gene 67,31 (1988)]. Expression of GST-HCS26 was induced in logarithmic

phase (OD600-0.6) DH.50 cells containing pHHE29 by the addition of 1 mM IPTG

followed by incubation for 3 hours at 30°C. Cells were collected, frozen (-70°C),
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13.

14.

thawed into PBS with 0.5 mg/ml lysozyme, 1 mM EDTA, 1 mM EGTA, and 1 mM

PMSF at 4°C, and lysed by sonication (3 pulses of 1 min at setting 35). The lysate

was adjusted to 250 mM KCl and 15 mM DTT and clarified by centrifugation

(85,000g) for 1 hour. The lysate was loaded onto a glutathione-coupled agarose

(Sigma) column, washed extensively with PBS with 250 mM KCl and 0.5 mM DTT,

and the GST-HCS26 was eluted with elution buffer [50 mM Tris (pH 8.1), 250 mM

KCl, 5 mM reduced glutathione]. Peak fractions were pooled and dialyzed

extensively against 50 mM HEPES (pH 7.6), 50 mM KCl, 30% glycerol. GST-CLB3

and GST were prepared in the same way with the plasmids pGEX-CLB3 (from D.

Kellogg) and pCEX1, respectively.

Logarithmic phase cells (OD600-0.6) were mechanically lysed with glass beads in a

Biospec Products Mini-beadbeater (two 50-second pulses) in buffer A containing 1

mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 1 pg/ml leupeptin, and 2 pg/ml

aprotinin. Lysates were clarified by centrifugation (10 min, 10,000g). 50 pig of

purified GST-HCS26 protein was added to 900 pig lysate containing ATP

regenerating mix (50 mM Hepes (pH 7.5), 40 puM creatine phosphate, 20 pg/ml

creatine phosphate kinase, 1 mM MgCl2, 1 mM ATP) and incubated for 15 min at

24°C. GST-HCS26-associated proteins were recovered by adding 50 pil of a 1:1

slurry of glutathione-coupled agarose beads (Sigma) in buffer A, and incubating for 1

hour at 4°C. Beads were washed twice with buffer A, once with PBS, and once with

kinase buffer. Associated complexes were eluted from the beads by incubation in

kinase elution buffer [50 mM Tris (pH 7.5), 10 mM MgCl2, 1 mM DTT, 5 mM

reduced glutathione] for 15 min at 24°C.

F.H. Espinoza, unpublished data.
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15. Immunoblotting was done as described [S.M. Murphy, M. Bergman, D.O. Morgan,

Mol. Cell. Biol. 19, 5290 (1993)]. Where horseradish peroxidase-coupled secondary

antibodies were used, the immunoreactive proteins were visualized with the Enzyme

linked Chemiluminescence (ECL) Western Blotting Detection Kit (Amersham).

16. A. Toh-e, K. Tanaka, Y. Uesono, R. B. Wickner, Mol. Gen. Genet. 214, 162 (1988).
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18. A. Kaffman, I. Herskowitz, R. Tijan, E. K. O'Shea, Science 263, 1153 (1994).

19. For the analysis of PHO4 kinase activity, samples were incubated in 50 mM Tris (pH

7.5), 10 mM MgCl2, 100 puM ATP, 800 ng PHO4, and 10 p.Gi [Y-32P]ATP. Reactions

were incubated for 15 min at 30°C and analyzed by SDS-PAGE and autoradiography.

Purified, recombinant PHO4 was a gift of E. O'Shea (18).

20. An in-frame Not I site was added to the 3' end of HCS.26 by oligonucleotide-directed

mutagenesis. A Not I fragment containing three tandem copies of the HA epitope

(YPYDVPDYA) (a gift of J. Li) was then ligated into the Not I site to generate

HCS26-3XHA. A Hind III/Xho I fragment containing HCS26-3XHA was then

ligated into a 2 micron-based plasmid carrying the HCS26 promoter region to

generate pHHE40. A, Ala; D,Asp; P, Pro; V, Val; Y, Tyr

21. Lysates for immunoprecipitations with mab 12CA5 were prepared as in (12). 1 to 7

pig of MAb 12CA5 were added to lysates (900 pig) and incubated on ice for 30 min.

Protein A-coupled Sepharose beads (Sigma) were then added and the mixture

incubated with constant agitation for 1 hour at 4°C. Beads were then washed twice

with buffer A, once with PBS, and once with kinase assay buffer.
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FIGURE LEGENDS

Fig. 1 Arrest of a/o diploid hcs.26A cln1A cln2A cells in G1. (A) a■ a diploid and haploid

cln1- cln2- (TOP) and hcs26A cln1A cln2A (BOTTOM) strains (5), expressing CLN2

under the control of the methionine-repressible MET3 promoter (7), were grown in the

presence or absence of methionine. (B) Phase contrast and fluorescent micrographs of

DAPI-stained cells (a/o hes26A cln1A cln2A, pMET3-CLN2) before (t=0) and 4 hours

after addition of methionine (6). (C) Flow cytometric analysis of DNA content in

propidium iodide-stained cells (a/o hes26A cln1A cln2A, p"MET3-CLN2) at 0, 0.5, 1, 2,

and 4 hours after addition of methionine (6).

Fig. 2 Kinase activity associated with HCS26 is not dependent on functional CDC28.

(A) Lysates were prepared from wild-type cells carrying HCS26 on a high copy vector

(lanes 1,4), wild-type cells without vector (lane 2), or hos26A cells (lane 3). Lysates were

subjected to immunoprecipitation (10) with anti-HCS26 (lanes 1-3) or no antibody (lane

4). Immunoprecipitates were incubated with [Y-32P]ATP in the absence (top panel) or

presence of histone H1 (bottom panel)(10,11). Arrow indicates migration of HCS26. (B)

Lysates were prepared from wild-type cells (lanes 2,5), cells overexpressing GST-CLN3

(lanes 1,3), or cells overexpressing HCS26 (lanes 4, 6). Lysates were subjected to

immunoprecipitation (10) with anti-GST(lanes 1,2), anti-HCS26 (lanes 4,5), or no

antibodies (lanes 3, 6). Immunoprecipitates were incubated with [Y-32P)ATP in the

absence (top panel) or presence of histone H1 (bottom panel)(11). (C) Lysates were

prepared from a wild-type strain overexpressing GST-CLN3 (lane 1), a cdc28-4 strain

expressing GST-CLN3 (lane 2), a wild-type strain (lane 3), or a cdc28-4 strain (lane 4).

Immunoprecipitates were prepared with anti-GST (lanes 1, 2) or anti-HCS26 (lanes 3, 4)

and incubated with [Y-32PIATP (10,11).
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Fig. 3 Association of GST-HCS26 and PHO85 in vitro. (A) Crude lysates from a wild

type strain (lane 4) or a pho&5A strain (lane 5) were immunoblotted (15) with polyclonal

antibodies to the PSTAIRE motif. Purified GST-HCS26 (lanes 1,2) or GST-CLB3 (lane

3) were incubated in lysates of wild-type (lane 1,3) or pho&5A yeast (lane 2) (12, 13).

GST fusion proteins and associated proteins were then precipitated and immunoblotted

with anti-PSTAIRE. (B) Proteins associated with GST-HCS26 or with GST alone were

purified from wild-type (lanes 1 and 3, respectively) or pho&5A lysates (lanes 2, 4) and

assayed for PHO4 kinase activity (12, 13, 19). The lower band (*) is a degradation

product of bacterially expressed PHO4.

Fig. 4 Association of HCS26 and PHO85 in vivo. Epitope-tagged HCS26 (20) was

expressed in wild-type (lane 1), pho&5A (lane 2), or cdc28-4 yeast (lane 3). Lysates were

subjected to immunoprecipitation (21) with mab 12CA5, and immunoprecipitates were

assayed for PHO4 kinase activity (19). The lower band (*) is a degradation product of

bacterially expressed PHO4.

Fig. 5 Requirement for PHO85 in the absence of CLN1 and CLN2. Haploid pho&5A

cln1A cln2A cells (5), rescued by CLN2 under the control of the methionine-repressible

MET3 promoter (7), were grown in the absence (A, CLN2 on) or presence (B, CLN2 off)

of methionine.
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Chapter 3

The major CDK-activating kinase in budding yeast is unrelated to
vertebrate CAK
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Progress through the cell cycle is governed by the cyclin-dependent kinases (CDKs),

whose activation requires phosphorylation by the CDK-activating kinase (CAK). In

vertebrates, CAK is a trimeric enzyme containing CDK7, cyclin H, and MAT1. CAK

from the budding yeast Saccharomyces cerevisiae was identified as an unusual 44 kD

protein kinase, Cak1, that is only distantly related to CDKs. Cakl accounted for the

majority of CAK activity in yeast cell lysates, and its activity was constant through the

cell cycle. The CAK1 gene was essential for cell viability. Thus, the major CAK in S.

cerevisiae is distinct from the vertebrate enzyme, suggesting that budding yeast and

vertebrates may have evolved different mechanisms of CDK activation. .*.*
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The activation of CDKs requires association with a cyclin subunit and

phosphorylation by CAK at a conserved threonine residue (1). The major CAK activity in

vertebrate and starfish cells is a heterotrimer composed of CDK7, cyclin H, and MAT1

(2-4). The homologous CDK-cyclin complex in fission yeast also has CAK activity (5).

However, in the budding yeast Saccharomyces cerevisiae, the closest CDK7 homologue

(Kin28) does not have CAK activity (6, 7), and the enzyme responsible for CDK

activation in this organism is unknown.

To explore the nature of CAK in budding yeast, we used conventional

chromatographic methods to purify the major CAK activity in yeast lysates (Fig. 1). CAK

activity was measured by testing the ability of column fractions to activate the histone H1

kinase activity of purified human CDK2-cyclin A complexes, which are more readily

prepared in large quantities than yeast Cdc28-cyclin complexes. Peak fractions also

activated Cdc28-Clb2 (8). We estimate that CAK activity was purified over one

thousand-fold after six chromatographic steps. In the last steps of purification, CAK

activity co-migrated with a single protein of ~44-kD on polyacrylamide gels (p44; Fig.

1B and C). We were unable to purify p44 to homogeneity; however, in multiple

preparations, p44 was the only protein that consistently co-purified with CAK activity,

suggesting that p44 alone was responsible for the activity. This conclusion is supported

by results from gel filtration analysis of CAK activity in crude yeast lysates (8) or

partially purified CAK preparations (Fig. 1A), in which the apparent molecular size of

native CAK was ~45-kD.

Tryptic peptides from p44 were subjected to mass spectrometry and amino acid

sequencing. Comparison of peptide sequences with the Saccharomyces Genomic

Database (Stanford University) revealed that the amino acid sequences of two peptides

matched predicted sequences in a previously uncharacterized open reading frame,

s
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YFLO29c, on chromosome VI (9). In addition, the masses of these two peptides, as well

as those of two additional peptides from p44, matched the theoretical masses of tryptic

peptides in the predicted sequence of YFLO29c (Fig 2). The YFLO29c open reading frame

encodes a protein with sequence similarities to protein kinases and a molecular size of

42,183 Daltons. We conclude that this open reading frame encodes p44, which we call

Cak1.

Cak1 is only distantly related to other protein kinases. Its closest known relative

in any species is yeast Cdc28, with which it shares very limited similarity (approximately

23% identity; Fig.2). It is even less similar to yeast Kin28 (17% identity) and is therefore

not closely related to the CDK7 subfamily. Cak1 is also distinct from most other protein

kinases in that it is missing a highly conserved NH2-terminal cluster of glycine residues

that contributes to the adenosine triphosphate (ATP) binding site (10). Cak1 has large

amino acid inserts between conserved kinase subdomains. On the basis of studies of

protein kinase structure (11, 12), we predict that these inserts are located in loops between

conserved secondary structural elements (Fig. 2), away from the catalytic cleft of the

kinase.

We constructed a yeast strain in which the genomic Cak1 protein-coding sequence

was replaced with a version of Cak1 carrying a COOH-terminal hemagglutinin (HA)

epitope tag, allowing detection with antibodies to the tag (13). The tagged protein was the

only Cak1 protein expressed in this strain and was under the control of the endogenous

CAK1 promoter. Immunoblotting with antibodies to HA revealed an immunoreactive 44

kD protein in lysates carrying the tagged protein but not in lysates from wild-type cells

(Fig. 4B). Similarly, silver staining of immunoprecipitates with antibodies to HA from

the tagged strain revealed a single 44 kD protein not present in immunoprecipitates from

~
A.

-
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the untagged strain (8). We found no evidence for prominent Cak1-associated proteins in

immunoprecipitates.

We tested the ability of Cak1 to phosphorylate and activate CDKs in vitro.

Immunoprecipitated Cak1 phosphorylated purified human CDK2-cyclin A complexes in

vitro, resulting in the activation of their histone H1 kinase activity (Fig. 3A). Cak1 did

not phosphorylate or activate a CDK2 mutant in which Thr160, the CAK phosphorylation

site, was changed to alanine (T160A; Fig. 3A), confirming that Cak1 phosphorylates

CDK2 at the appropriate site. Cak1 did phosphorylate a kinase-deficient CDK2 mutant,

indicating that Cak1 does not catalyze CDK2 autophosphorylation (14).

Cak1 also phosphorylated purified Cdc28 in vitro (Fig. 3A). Phosphorylation of

Cdc28 was not dependent on the presence of cyclin: Cdc28 phosphorylation was

equivalent in the presence and absence of the mitotic cyclin Clb2. However, Cakl

activated the histone H1 kinase activity of Cdc28 only when Clb2 was present,

confirming that Cdc28 activity is cyclin-dependent.

The kinase activity asssociated with Cdc28-Clb2 (Fig. 3A) was lower than that

associated with CDK2-cyclin A (note that the kinase reactions in the bottom panel of

lanes 7-12 involved ten-fold higher quantities of CDK and cyclin proteins than other

reactions). Low Cdc28-Clb2 activity is probably due to the low activity of the GST-Clb2

protein, which we have found is highly aggregated on gel filtration. The addition of

cyclin A to Cdc28 resulted in high kinase activity similar to that seen with CDK2-cyclin

A (Fig. 3A). Limited Clb2 activity may also explain our observations (Fig. 3A) that Cak1

and CDK7 seem equally potent in the activation of Cdc28 despite differences in their

ability to phosphorylate Cdc28. Limiting amounts of active Clb2 in these reactions

probably restricts kinase activation to a similar low level.
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To verify that Cak1 represents the major CAK activity in S. cerevisiae, we

immunodepleted Cak1 from cell lysates and measured the amount of CAK activity

remaining in the supernatant with human CDK2 or yeast Cdc28 as substrates (Fig. 3B).

Cell lysates containing only epitope-tagged Cak1 were incubated with the 12CA5

antibody to the tag, and immune complexes were then adsorbed to Protein A-Sepharose

and sedimented. Over 97% of CAK activity in the lysate was removed by this procedure

(Fig. 3B). In control experiments, immunoprecipitation with 12CA5 did not affect the

amount of CAK activity in lysates of wild-type cells in which Cak1 is not tagged. We

therefore conclude that Cak1 is the major CAK activity in yeast cell lysates.

Monomeric Cak1 protein appears to be responsible for the CAK activity we

observe. Cak1 migrates on gel filtration as a monomer, and we did not observe any

prominent co-migrating proteins during CAK purification or in Cak1-HA

immunoprecipitates. We also expressed CAK as a 6-histidine-tagged fusion protein in

Escherichia coli, and purification of this protein by metal affinity and gel filtration

chromatographies revealed that the protein was monomeric and had CAK activity (8). We

therefore suspect that Cak1, unlike the CDKs, does not require an activating subunit.

We analyzed the activity of Cak1 at different stages of the cell cycle. Cells

carrying tagged Cak1 were arrested in G1 by treatment with the mating pheromone o

factor. The pheromone was then washed out, allowing synchronous progress through S

phase and mitosis. Immunoblotting analysis of the mitotic cyclin Clb2 was used to

estimate the time of mitosis (Fig. 4C). Cak1 kinase activity and the amount of Cak1

protein (Fig. 4A, B) were constant throughout the cell cycle, like those of CAK in higher

eukaryotes (15).

61



To clarify the physiological role of Cak1, we determined the phenotypic

consequences of deleting the CAK1 gene. A diploid strain was constructed in which one

chromosomal copy of the CAK1 coding region was completely replaced with the TRP1

gene. Analysis of spores produced by this diploid indicated that CAK1 is essential for cell

viability (8). Spores bearing the CAK1 deletion formed microcolonies containing between

8 and 12 cells whose terminal phenotype was heterogeneous: 21% of cells in these

colonies were unbudded, 5% had small buds, 33% had large buds, and the remainder

exhibited abnormal morphology. If the sole function of Cak1 were to activate Cdc28,

then one might predict that loss of Cak1 function would yield a uniform cell cycle arrest

similar to that observed in temperature-sensitive cdc28 mutants. However,

dephosphorylation of Cdc28 due to gradual Cak1 depletion might result in a more

heterogeneous arrest phenotype. Alternatively, Cak1 may have additional functions in

the activation of other CDKs such as Kin28 or Pho85.

Previous studies of CDK regulation suggest that fundamental mechanisms of cell

cycle control have been highly conserved during evolution. However, studies of CAK

and related enzymes are beginning to challenge this notion. In vertebrates and starfish, a

heterotrimer containing CDK7 is the major CAK in cell lysates. The same enzyme has

also been implicated in the control of polymerase II-dependent transcription (4, 16). In

contrast, it now appears that in S. cerevisiae the CDK7 homologue, Kin28, serves in

transcriptional control (6, 17) while an unrelated protein kinase, Cak1, is responsible for

the activation of CDKs. This may indicate that budding yeast have evolved separate

components, Kin28 and Cak1, to carry out functions served by a single component,

CDK7, in vertebrates. Alternatively, CDK7 may not be the sole CAK in the vertebrate

cell; CDK activation may also involve a vertebrate Cak1 homologue.
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HEPES (pH 7.4), 10% glycerol, 1 mM EDTA, 1 mM DTT, 5 mM NaF, 5 mM B

glycerophosphate] plus 300 mM (NH4)2SO4 and then eluted with buffer A. The

eluate was loaded on an 80 ml DEAE-Sepharose column and eluted with a linear

NaCl gradient in buffer A. Peak fractions were passed through sulphopropyl (SP)

Sepharose, loaded onto Cibacron Blue Sepharose (8 ml) and eluted with an NaCl

gradient in buffer A. Peak fractions were concentrated by ammonium sulfate

precipitation and fractionated on a Pharmacia Superdex 200 gel filtration column

(125 ml) equilibrated with buffer A (Fig. 2A). Peak fractions were pooled and

º
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loaded onto a Heparin Sepharose column (25 ml) and eluted isocratically with buffer

A. The eluate was concentrated with a 1 ml Mono Q column, loaded onto a 1 ml

Cibacron Blue Sepharose column and eluted with a linear NaCl gradient (Fig. 2B).

Fig. 2C illustrates the peak CAK fraction from a Heparin-Sepharose column in a

separate preparation.

19. For measurement of CAK activity, purified complexes of human CDK2-HA and a

truncated form of human cyclin A (CycAA171)(3) were immobilized on protein A

Sepharose beads coated with monoclonal antibody to HA (12CA5), and incubated 15

min at 25°C with the desired sample and 10 mM MgCl2 and 1 mM ATP. Beads were

washed once with HBST [10 mM HEPES (pH 74), 150 mM NaCl, 0.05% Triton X

100], once with HBS [10 mM HEPES (pH 7.4), 150 mM NaCl), and once with

kinase buffer [25 mM HEPES (pH 74), 10 mM MgCl2], and then incubated 10 min

at 25°C with kinase buffer plus 100 puM ATP, 5 pig histone H1 and 1 pCi [Y-32P]-

ATP.

20. Partially purified CAK was precipitated with acetone, subjected to polyacrylamide

gel electrophoresis and transferred to polyvinylidene difluoride membranes. The 44

kD component (~300 to 500 ng) was excised, digested with trypsin, and fractionated

by reversed-phase HPLC on a 1.0-mm Reliasil C18 column. The masses of four

tryptic peptides were determined by matrix-assisted laser-desorption time-of-flight

mass spectrometry [H. Erdjument-Bromage, M. Lui, D. M. Sabatini, S. H. Snyder,

P. Tempst, Protein Sci 3, 2435-46 (1994); S. Geromanos, P. Casteels, C. Elicone, M.

Powell, P. Tempst, in Techniques in Protein Chemistry J. W. Crabb, Eds.

(Academic Press, San Diego, CA, 1994), vol. V, pp. 143-150], and two of these

peptides were sequenced by automated Edman degradation [P. Tempst, S.

Geromanos, C. Elicone, H. Erdjument-Bromage, METHODS Comp. Meth. Enzymol.

6, 248-261 (1994)]. Small amounts of two peptides from unrelated proteins were also

present in the 44-kD fraction and presumably represent contaminants.
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21. Yeast lysates were prepared by mechanical disruption in lysis buffer (18). Lysate

(500 pig) lysate or purified mammalian CAK [CDK7-HA-cyclin H-MAT1] (100 ng)

were subjected to immunoprecipitation with 12CA5 as described (24). To analyze

CDK phosphorylation, immunoprecipitates were incubated 10 min at 25°C in kinase

assay buffer (Fig. 1) with 5 puCi [Y-32P)-ATP and 0.5 pig of each CDK-cyclin pair

(except that 1.5 pig GST-Clb2 was used for Clb2 experiments). To analyze CDK

activation, immunoprecipitates were incubated 15 min at 25°C with 500 ng CDK

cyclin pair (or 1.5 pig GST-Clb2) and 10 mM MgCl2, 1 mM ATP, and 5 pig HA

peptide to reduce binding of HA-tagged substrates to 12CA5 on the beads. To

analyze histone H1 activity, 5 ng (lanes 1-6, 16-18) or 50 ng (lanes 7-12) of the

indicated cyclin-CDK pair were incubated 10 min at 25°C with kinase buffer plus 5

pig histone H1 and 1 pCi [Y-32P)-ATP.

22. Purified CDK2-HA, CDK2(T160A)-HA, and CycAA171 were prepared as described

(3, 25). Cdc28-HA and the mammalian CAK trimer were expressed in Sf9 insect

cells with recombinant baculoviruses and purified by conventional chromatography.

A GST-Clb2 fusion protein was expressed in bacteria (24) and purified with

glutathione affinity resin followed by HiTrap Q-Sepharose.

23. For immunodepletion experiments, 50 pig 12CA5 and 100 pil protein A-Sepharose

were added to 500 pig lysate, incubated for 1 hr at 4°C, and removed by

centrifugation. Control lysates were incubated with beads alone. To analyze Cak1

protein remaining after depletion, 500 pig of control or immunodepleted lysate was

immunoprecipitated with 12CA5 and the immunoprecipitates analyzed by

immunoblotting with antibody to HA (16B12). To assess CAK activity remaining

after depletion, 100 ng of each CDK-cyclin complex was incubated 15 min at 25°C

with 50 pig lysate (or lysis buffer) with 10 mM MgCl2 and 1 mM ATP. Activated

CDKs were recovered by immunoprecipitation with 12CA5 and tested for histone

H1 kinase activity as described (19).
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FIGURE LEGENDS

Fig. 1. Purification of budding yeast CAK. Cell lysates were fractionated by several

conventional chromatographic steps (18), and CAK activity in fractions was measured

with purified CDK2-cyclin A complexes (19). Results from selected steps in two separate

preparations are shown. (A) CAK after Superdex 200 gel filtration. CAK activity in crude

cell lysates migrated at the same size. Positions of molecular size standards are shown.

(B) Elution of CAK activity from Cibacron Blue Sepharose. Top panel, CAK activity;

bottom panel, silver stained proteins. Molecular size standards (in kD) are shown at left.

(C) Protein components in the peak CAK activity fraction from Heparin-Sepharose in a

separate preparation. p44 is indicated by ‘’.

Fig. 2. Amino acid sequence of Cak1. The sequence of Cak1 is aligned with the

sequences of budding yeast Cdc28, Kin28 and human CDK2. Residues conserved in

three or more sequences are boxed, and gaps have been introduced to maximize

identities. The four tryptic peptides isolated from p44 are overlined and numbered. In

aligning the Cak1 sequence, we also considered secondary structural elements in protein

kinases; these elements in human Cdk2 are indicated below the alignment (12) (31-38

represent conserved beta strands; 0.1-0.7 represent conserved alpha helices, and loops

between conserved elements are labeled L1-L16).

º
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Fig. 3. Cak1 is the major CAK activity in yeast cell lysates. (A) Anti-HA (12CA5)

immunoprecipitates were prepared from lysates of wild-type cells (lanes 1, 4, 7, 10, 13,

16) or cells expressing only HA-tagged Cak1(lanes 2, 5, 8, 11, 14, 17) and incubated with

ATP and purified CDK-cyclin complexes as indicated (21). In the top panel, [Y-3°P)-ATP

was included to allow detection of CDK phosphorylation. In parallel experiments (bottom

panel), incubation with Cak1 immunoprecipitates was done in the presence of unlabeled

ATP, after which Cak1-treated CDKs were incubated with [Y-32P)-ATP and histone H1 to

assess their kinase activity. Ten-fold greater amounts of CDK and cyclin proteins were

used in lanes 7-12 than in other lanes (21). Control experiments (lanes 3, 6, 9, 12, 15, 18) *

were performed with immunoprecipitates of HA-tagged trimeric human CAK (CDK7- *

cyclin H-MAT1); in these reactions, the CDK7-HA subunit was also phosphorylated. ***

Apparent discrepancies between cyclin A-Cdc28 phosphorylation and activation (lanes -*

16-18) were not reproducible; quantitation of results from this and other experiments
º

º
indicate that phosphorylation and activation increase in parallel. Purified CDK-cyclin

complexes were prepared as described (22). (B) Top panel: lysates of wild-type (lanes 1,

2) and Cak1-HA cells (lanes 3,4) were immunodepleted with 12CA5 (lanes 2, 4), and

remaining Cak1-HA was detected by immunoprecipitation with 12CA5 followed by 3
immunoblotting (21). Bottom panel: Lysates from wild-type (wt) or cells expressing only

HA-tagged Cak1 (CAK-HA) were incubated with (+) or without (-) antibody 12CA5.

After removal of immune complexes samples were incubated with the indicated CDK

cyclin complexes, and CDKs were then immunoprecipitated and tested for their ability to

phosphorylate histone H1 (21). In control experiments (C), CDKs were incubated with

buffer alone. Scintillation counting of excised histone H1 bands indicated that the amount

of CAK activity remaining after depletion (lanes 10 and 15) was less than 3% of the

activity in undepleted lysates.
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Fig. 4. Constant amounts of Cak1 protein and activity throughout the cell cycle. Cak1

HA cells were arrested in G1 by treatment with o-factor (of), washed to allow release

from the arrest, and lysed at the indicated times (24). Lysates were also prepared from

asynchronous wild-type cells (wt). (A) Cak1 activity in 12CA5 immunoprecipitates,

measured by activation of Cdc28-Clb2 complexes (21). (B-D) Immunoblots with

antibodies to the HA epitope tag (B), Clb2 (C), and Cdc28 (D). On the Clb2 immunoblot,

the upper band in the doublet is Clb2; the lower band is a non-specific band.

Immunoblots were performed as described (24).
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Cak1 is required for Kin28 phosphorylation and activation in vivo
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Abstract

Complete activation of most cyclin-dependent protein kinases (CDKs) requires

phosphorylation by the CDK-Activating Kinase (CAK). In the budding yeast,

Saccharomyces cerevisiae, the major CAK is a 44 kd protein kinase known as Cak1.

Cak1 is required for the phosphorylation and activation of Cdc28, a major CDK involved

in cell cycle control. We addressed the possibility that Cak1 is also required for the

activation of other yeast CDKs, such as Kin28, Pho85, and Srbl(). We generated three

new temperature-sensitive cak1 mutant strains, which arrested at the restrictive

temperature with non-uniform budding morphology, suggesting that Cak1 may have roles

in addition to the activation of Cdc28. All three cak1 mutants displayed significant

synthetic interactions with loss-of-function mutations in CDC28 and KIN28. Loss of

Cak1 function reduced the phosphorylation and activity of both Cdc28 and Kin28, but did

not affect the activity of Pho85 or Srbl(). In the presence of the Kin28 regulatory

subunits Ccl1 and Tfb3, Kin28 was phosphorylated and activated when co-expressed

with Cak1 in insect cells. We conclude that Cak1 is required for the activating

phosphorylation of Kin28 as well as that of Cdc28.
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INTRODUCTION

Cyclin-dependent kinases (CDKs) are important regulators of basic cellular

processes. Although best known for their role in the control of the eukaryotic cell

division cycle, CDKs have also been implicated in signal transduction pathways and

transcription (37, 39). The wide range of CDK functions is clearly apparent in the

budding yeast, Saccharomyces cerevisiae, which contains at least five CDKs involved in

a variety of essential and non-essential regulatory pathways (2, 37, 38). The best

understood yeast CDK is Cdc28, an essential regulator of cell cycle progression. When

bound to the G1 cyclins Cln1-3, Cdc28 regulates passage through START; when bound

to the B-type cyclins Clb1-4 or Clb5-6, Cdc28 controls the onset of mitosis or S-phase,

respectively (38). Another essential yeast CDK is Kin28, which associates with a single

cyclin, Ccl1, in a complex that interacts with the basal transcription factor TFIIH. Kin28

may function to phosphorylate the C-Terminal Domain (CTD) of the largest subunit of

RNA polymerase II (13,49, 54, 55), and kin28 mutants display broad defects in gene

transcription (4, 54). A third yeast CDK is Pho&5, which associates with a large family

of cyclins involved in a variety of nonessential functions in gene expression and

metabolic regulation (2, 21, 30). Srbl() (Ssn3, Umej, Are 1) is another non-essential

CDK, which associates with the cyclin-like protein Srbl 1 (Ssn8, Ume3) in the RNA

polymerase II holoenzyme (26, 31, 46, 58). Finally, the CDK-like protein kinase Ctk1,

with its cyclin-like partner Ctk2, may also be involved in control of polymerase-II

dependent transcription (25, 45).

In addition to cyclin binding, complete activation of most CDKs requires

phosphorylation of a conserved threonine residue in a region known as the T-loop;

phosphorylation at this site is catalyzed by the CDK-Activating Kinase (CAK) (20,37).

Mutation of the activating residue in several CDKs, including Cdc28, abolishes kinase
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activity and function in vivo (8, 15, 18, 33,44). The major CAK activity in S. cerevisiae

is a monomeric protein kinase, Cak1 (Civ.1), that is distantly related to CDKs (10, 22,

52), cak1 mutants display defects in the phosphorylation and activity of Cdc28 in vivo

(22, 52), and purified Cak1 protein phosphorylates Cdc28 in vitro (10, 22, 52); thus, it

seems likely that Cak1 is directly responsible for the phosphorylation and activation of

Cdc28. However, cak1 mutants arrest with non-uniform morphologies unlike those

observed in cdc28 mutants, raising the possibility that Cak1 contributes to the activation

of other CDKs (3, 22, 47, 52). Cells expressing a CDC28 mutant that functions without

activating phosphorylation can grow in the absence of CAKI (5), suggesting that the

major essential function of Cak1 is the activation of Cdc28; however, the poor growth of

these cells also suggests that Cak1 has other non-essential functions.

The role of phosphorylation in the activation of Kin28, Pho85, and Srbl() has not

been studied in detail. The T-loop of Kin28 contains a threonine (T162), but the role of

this site in Kin28 function has not been determined. Studies of the vertebrate Kin28

homologue, Cdk?, may provide insight into the mechanisms governing Kin28 activation.

Cdk? phosphorylation at T170 is required for the activation of Cdk?-Cyclin H dimers (9,

14, 15, 35, 51). However, addition of the assembly factor Matl allows the formation of

an active Cdk?-Cyclin H-Mat.1 trimer in the absence of phosphorylation (9, 14, 51).

Because most Cdk? exists in the trimeric form in vivo (14,36), the importance of

activating phosphorylation of Cdk? remains unclear. Similarly, in budding yeast, Kin28

associates with a Cyclin H homologue, Ccl1, and a Matl homologue, Tfb3 (Rig2) (11,

12,49, 56). However, active Kin28-Ccl1 dimers are readily separated from the other

components of yeast TFIIH, including Tfb3, raising the possibility that Kin28 is more

dependent on activating phosphorylation (13, 48).
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Pho85 contains a serine (S166) that aligns with activating phosphorylation sites in

other CDKs. Replacement of this residue with alanine abolishes Pho85 activity and

function in vivo, but phosphorylation at this site in vivo or in vitro has not been

demonstrated (41). Similarly, Srblo contains a threonine (T320) in its T-loop region, but

the requirement for phosphorylation at this site is unknown.

To address the role of Cak1 in the activation of yeast CDKs other than Cdc28, we

generated new cak1 mutants and analyzed their effects on cell morphology and the

phosphorylation and activity of Kin28, Pho85, and Srb10. Phenotypes observed in our

cak1 mutants were not identical to those seen in cdc28 mutants. Cdc28 and Kin28

phosphorylation and activity were reduced in cak1 strains, but the activities of Pho&5 and

Srb10 were unaffected. Co-expression of Cak1 and Kin28 in insect cells led to the

phosphorylation and activation of Kin28. We therefore conclude that Cak1 plays a role

in the activation of Kin28, but not that of Pho&5 or Srbl O.
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MATERIALS & METHODS

Strains and plasmids: The wild type strain used in this work is from a W303

background with the following genotype : MATa ura■ -52 leu.2-3112 trp 1-1 his 3-11 ade2

1 can 1-100. All other yeast strains in this work were derived from this strain by one-step

replacement or extensive back crossing (>4 times) into that strain using standard

techniques. A prS313-based (42) plasmid containing a 2320 bp CAK1 insert and

flanking sequence was mutagenized in vitro by treatment with hydroxylamine.

Mutagenized plasmids were screened for temperature-sensitive rescue of Acak1::HIS3.

cak1 temperature sensitive strains were generated by transplacement of Acak1::URA3 as

described (34). To add epitope tags to yeast CDKs, cells were transformed with an

integrating plasmid (42) containing a 5' fragment of the CDK coding region fused to a

hemagglutinin tag (underlined) followed by the ACT1 terminator. YIpFHE83 contained a

744 bp fragment of the CDC28 coding region and altered the C-terminus of Cdc28 from

QES to QESMAYPYDVPDYASLGPGP. YIp]C01 contained a 866 bp fragment from

the KIN28 coding region and altered the C-terminus of Kin28 from IRN to

IRTMAYPYDVPDYASLGPGP. YIpFHE48 contained a 667 bp fragment of the PHO85

coding region and altered the C-terminus of Pho&5 from HAS to

HASMAYPYDVPDYASLGPGP. YIpFHE101 contained a 1097 bp fragment from the

SRB10 coding region and altered the C-terminus of Srb10 from NRR to

NRTMAYPYDVPDYASLGPGP. None of the integrated plasmids caused phenotypes

associated with loss-of-function alleles of the CDKs. GAL-driven expression of KIN28

was performed with YIpFHE104, which contained a 918 bp fragment that contained the

full length coding sequence of KIN28 with the intron removed (43), fused to a

hemagglutinin tag (as above), and controlled by the GAL1-10 promoter in the vector

pRS306 (42). pHHE104T162A is a version of YIpFHE104 in which the KIN28 coding
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sequence contains a single nucleotide change that converts codon 162 from ACA to

GCA; the mutation was confirmed by nucleotide sequencing.

Baculoviruses encoding Kin28HA, Ccl1, 6-histidine tagged Tfb3, and 6-histidine

tagged Cak1 were constructed and used to infect Sf9 insect cells by conventional methods

(8). All Cak1 infections also included co-infection with a virus encoding Cdc27 (17),

which is required in yeast for Cak1 stability and greatly enhances Cak1 expression in

insect cells (A.F., unpublished results).

Microscopy: Samples were fixed for 2 hours in 3.7% formaldehyde, washed 3

times in HBS (10 mM HEPES-NaOH pH 7.5, 150 mM NaCl), stained with 1 pg/ml

DAPI, and washed 3 more times in HBS. For microscopy, cell clumps were dispersed by

sonication for 3 seconds at 50% power and then mounted on polylysine-treated glass

slides. The budding indices of cell populations were assessed at 100X magnification with

Nomarski optics, or at 60X magnification by phase contrast microscopy, and nuclear

morphology was assessed with DAPI fluorescence microscopy. Small buds were defined

as being less than 50% the size of the mother, large buds were greater that 50% the size

of the mother.

Immunoprecipitations: For yeast, frozen cell pellets (~15 OD600) were

resuspended in Lysis Buffer (25 mM HEPES-NaOH pH 7.5, 250 mM NaCl, 0.2% Triton

X-100, 5 mM B-glycerophosphate, 5 mM NaF, 10% glycerol, 1 mM EDTA, 1 mM DTT,

1 pg/ml leupeptin, 1 pg/ml pepstatin A, 0.1 TIU/ml aprotinin, 1 mM PMSF) and lysed

by mechanical disruption in a Beadbeater (Biospec). For baculovirus-infected Sf9 cells,

frozen cell pellets (~1 X 10° cells) were resuspended in Hypotonic Lysis Buffer (10 mM

HEPES-NaOH pH 7.5, 10 mM NaCl, 0.2% Triton X-100, 5 mM B-glycerophosphate, 5

mM NaF, 10% glycerol, 1 mM EDTA, 1 mM DTT, 1 pg/ml leupeptin, 1 pg/ml pepstatin

A, 0.10 TIU/ml aprotinin, 1 mM PMSF), allowed to swell for 10 min. on ice, vortexed,
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and adjusted to 250 mM. NaCl. Lysates were clarified by centrifugation for 15 minutes at

14,000g and protein content assessed using the BioPad Protein Assay Method (BioFad).

20 pil of protein A-sepharose (Sigma) and 1 pig of m/Ab12CA5 (BAbCo) were added to 1

8 mg crude lysate and rotated for 1 hour at 4°C. Beads were then washed twice with

HBST (10 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 0.2% Triton X-100), twice with

HBS, and divided into two parts for Western blotting and kinase assays. Western blots

were performed with mAb12CA5 as described previously (17).

Phosphatase treatment: Immunoprecipitates were resuspended in Phosphatase

Buffer (50 mM Tris-HCl pH 7.8, 5 mM DTT, 1 mg/ml BSA, 1 pg/ml leupeptin, 1 pg/ml

pepstatin A, 0.10 TIU/ml aprotinin, 1 mM PMSF) to which was added either 2 mM

MnCl2, 2 mM MnCl2 plus 100 U A-phosphatase, or phosphatase plus 2 mM ZnCl2, 50

mM NaF, 1 mM Nas VO4. After incubation for 1 hour at 30°C, phosphatase-treated

immunoprecipitates were washed three times with HBS and analyzed by immunoblotting.

Kinase assays: Immunoprecipitates were resuspended in Kinase Assay Buffer

(10 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10 mM MgCl2, 100 puM ATP) which

included 1 pCi 22P-Y-ATP and 5 pig Histone H1 for Cdc28 assays, 2.5 pici 32P-Y-ATP and

5 pig GST-CTD (a gift of Rick Young) for Kin28 assays, 2 HCi 33P-Y-ATP and 2 pig Pho4

for Pho85 assays, 2.5 puCi 32P-Y-ATP and 5 pig GST-CTD for Srb10 assays. Reactions

were incubated for 15 minutes at room temperature, and reaction products were analyzed

by polyacrylamide gel electrophoresis and autoradiography.

:
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RESULTS

Generation of new cakl mutants. We used hydroxylamine mutagenesis of a

CAK1-bearing plasmid to generate new temperature-sensitive cak1 mutants that allowed

growth in a cak1A strain at 24°C but not at 37°C. We obtained three mutants, each

containing a single point mutation in the CAK1 coding region (Table 1). The Cak1-23

protein is mutated at the position of an aspartate residue that is highly conserved among

all kinases (19), while the mutation in Cak1-95 occurs at a residue that is conserved

among CDK-related kinases but not among kinases in general (19). In contrast, the

glycine mutated in Cak1-34 is not well conserved (19). We also reconstructed a

previously described temperature-sensitive allele, cak1-22, which was originally

generated by alanine substitution in a non-conserved region near the carboxy-terminus of

Cak1 (Table 1) (22,47).

Studies of cak1 phenotypes were performed with yeast strains in which the

endogenous CAK1 genes were replaced with the mutant sequences. At 37°C, these strains

exhibited a severe growth defect compared to wild type cells (Fig. 1A), but maintained

nearly 100% viability after 24 hours (data not shown). At 25°C, cak1 cells were slightly

elongated compared to wild type cells, but budding indices were similar (data not shown).

At the restrictive temperature, the majority of cak1-95 cells arrested as unbudded cells,

while a small fraction arrested as large-budded cells with elongated buds (Fig. 1B, Table

2). In contrast, cak1-23 and cak1-34 cells arrested with non-uniform morphology, and a

higher fraction displayed elongated buds (Fig. 1B, Table 2). When cak1 mutants were

first arrested in G1 by alpha factor pheromone treatment at 25°C and then released at

37°C, similar unbudded and elongated budding phenotypes were observed, while the

number of small-budded cells declined (Table 2). Analysis of cells treated with DAPI

revealed a single DNA mass in unbudded cak1-23 and cak1-34 cells, whereas the DNA
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morphology in large budded cells was heterogeneous (57-70% one mass, 4-7% stretched,

and 18-20% two masses). In cak1-95 cells, the DNA morphology of the large-budded

cells was more uniform (97% single DNA mass).

We compared these phenotypes to isogenic calc28-4, kin28-3, and cdc28-4 kin28

3 mutant cells. As observed previously, calc28-4 cells at 37°C arrested primarily as large

unbudded cells, and kin28-3 cells arrested with non-uniform budding morphology (Fig.

1B, Table 2). kin28-3 cells released from a G1 arrest at 37°C arrested primarily with

large buds (Table 2) and heterogeneous DNA morphology (40% one mass, 5% stretched,

and 54% two masses), and 18% of the large budded cells rebudded. Interestingly, cdc28

4 kin28-3 double mutants arrested at 37°C with a distribution of phenotypes similar to

that of the cak1-95 mutant, suggesting that the phenotype of cak1-95 cells results from

simultaneous loss of both Cdc28 and Kin28 function.

Genetic interactions between CAK1 and CDC28 or KIN28. It might be

expected that a reduction in activating phosphorylation by Cak1 would exacerbate the

defect in conditional CDK mutants. We therefore tested whether cak1 mutations

enhanced the growth defect in temperature-sensitive cdc28 and kin28 mutants.

The cak1-23 calc28-4 and cak1-34 calc28-4 double mutants were viable but

displayed a growth defect when compared to strains with the individual mutations.

Maximum permissive temperatures were reduced in double mutants to 23°C (Table 3).

The effect of the cak1-95 mutant in a cdc28-4 background was less pronounced.

Interactions between CAK1 and KIN28 were more striking: all three of our cak1 mutants

were synthetically lethal with kin28-3 (Table 3), as observed previously with a different

cak1 allele (mcaz8-782) (54). These results are consistent with the possibility that CAK1

is required for KIN28 function.

:
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Kin28 function requires activating phosphorylation. Our next goal was to

determine if Cak1 is required for activating phosphorylation of Kin28. However, it was

first necessary to establish that Kin28 is phosphorylated at the putative activating site

(T162) in vivo, and that this phosphorylation is required for Kin28 function.

Kin28 is known to migrate as a widely spaced doublet on polyacrylamide gels (4,

13). The faster migrating band disappears after phosphatase treatment, indicating that the

increase in mobility is dependent on phosphorylation (13). We confirmed this result with

a yeast strain in which the KIN28 gene was replaced with a version carrying a carboxy

terminal hemagglutinin (HA) epitope tag; this tag had no discernible effects on KIN28

function. Immunoblotting of Kin28 from these cells revealed a doublet in which each

band was accompanied by a minor additional band; as in previous work, the lower band

was consistently more abundant (4, 13) (Fig. 2). This band disappeared upon treatment

with phosphatase, demonstrating that the majority of Kin28 is phosphorylated in vivo

(Fig. 2).

We next mapped the site of phosphorylation in Kin28 by generating a point

mutant, Kin28A, in which the putative activating phosphorylation site (T162) is changed

to alanine (Fig. 3A). Wild type and mutant Kin28 proteins were expressed in wild type or

kin28-3 cells at 25°C under the control of the GAL1-10 promoter (Fig. 3B), resulting in

Kin28 levels 5-10-fold higher than normal (data not shown). The epitope-tagged

exogenous Kin28 migrated almost entirely in the low mobility form, indicating that

phosphorylation of the overexpressed protein was less extensive than that of the

endogenous protein analyzed in our previous experiments (Fig.2). Similarly, the CTD

kinase activity of the GAL-driven Kin28 was lower than that of endogenous Kin28 (data

not shown), particularly when expressed in wild type cells (Fig. 3B). The low
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phosphorylation and activity of exogenous Kin28 may be the result of its overexpression

at levels higher than those of its activating regulatory subunits Ccl1 and Tfb3, which

appear to be required for its phosphorylation and activation (see insect cell experiments

described below). In any case, analysis of the Kin28A mutant protein revealed that

mutation of T162 abolished the high mobility band on immunoblots and the CTD kinase

activity in Kin28 immunoprecipitates. Based on this result and our results with

phosphatase-treated Kin28 (Fig. 2), we conclude that activating phosphorylation at T162

causes the mobility shift and is required for Kin28 activity in vitro.

GAL-driven expression of wild type Kin28 or Kin28A had no deleterious effects

in wild type cells (Fig. 3C). Wild type Kin28 was capable of supporting the growth of

kin28-3 cells at 37°C, while the Kin28A mutant was not, arguing that activating

phosphorylation of Kin28 is required for full function in vivo.

Cak1 is required for Kin28 phosphorylation in vivo. To assess the role of Cak1

in the activation of Kin28 and other CDKs, we examined the activity and electrophoretic

mobility of epitope-tagged CDKs in cak1 mutants. In each case, we generated strains in

which endogenous CDK genes were replaced by epitope-tagged versions under the

control of their own promoter.

We analyzed the phosphorylation of Cdc28, like that of Kin28, by analyzing

mobility shifts on polyacrylamide gels. Cdc28 migrates as a tightly spaced doublet, and

the lower band is lost upon phosphatase treatment (Fig. 2). In addition, the lower band is

abolished by mutation of the activating site threonine (T169) in Cdc28 (A. F.,

unpublished results). In a wild type strain, most Cdc28 was phosphorylated at both the

permissive and non-permissive temperatures (Fig. 4A). The amount of phosphorylated

Cdc28 was decreased in all of the cak1 mutants at the permissive temperature (Fig. 4A),
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and Cdc28 phosphorylation and kinase activity were further reduced in these mutants

upon shifting to 37°C (Fig. 4A). Two alleles, cak1-23 and cak1-34, displayed particularly

strong phenotypes. These data confirm that Cak1 is required for the phosphorylation and

activation of Cdc28.

In wild-type cells growing at either the permissive or non-permissive

temperatures, the majority of Kin28 migrated in the lower, phosphorylated band on

immunoblots. The effects of cak1 mutations on Kin28 mobility and activity varied

dramatically among different cak1 alleles (Fig. 4B). In the strongest allele, cak1-23, the

phosphorylation and activity of Kin28 were significantly reduced at the non-permissive

temperature, and shifting to 37°C resulted in a decrease in Kin28 protein levels and a

further drop in kinase activity. Similar but less pronounced defects were observed in the

cak1-34 mutant (Fig. 4B). Kin28 phosphorylation in the cak1-95 strain was normal at

25°C; shift to 37°C caused a decrease in total Kin28 protein levels and a decrease in the

relative fraction of phosphorylated protein. Neither the phosphorylation or the levels of

Kin28 changed significantly in the previously described cak1-22 mutant (Fig. 4B). These

results suggest that Cak1 is required for the phosphorylation and activation of Kin28, and

is also required for normal levels of Kin28 protein production.

The vertebrate homologue of Kin28, Cdk1, can be phosphorylated in vitro by

vertebrate Cdc2 or Cdk2 (14,36), raising the possibility that Cdc28 may phosphorylate

Kin28 in budding yeast. Thus, the loss of Kin28 phosphorylation in cak1 mutants could

be the indirect effect of decreased Cdc28 activity. This possibility seems unlikely,

however, as we found that Kin28 phosphorylation was normal in cdc28-4 mutant cells

arrested in G1 at 37°C (Fig. 4C). Similar results were obtained with cdc28-13 and cdc28

1N mutants (data not shown).
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The activity and electrophoretic mobility of Pho&5 (Fig. 4D) and Srblo (Fig. 4E)

were not affected by the cak1-23 mutation. In addition, we analyzed the effects of CAK1

mutations on the expression of PHO5, a gene whose expression increases in the absence

of PHO85 function. PHO5 activity is readily assessed by a colorimetric assay of acid

phosphatase secretion (53). After 24 hours at 37°C, none of our three cak1 mutants

displayed a significant increase in PHO5-dependent acid phosphatase secretion (data not

shown), in agreement with previous studies of the cak1-22 mutant (47).

Cak1-dependent phosphorylation of Kin28 in insect cells. Our results argue

that Cak1 is required for the phosphorylation of Kin28 in vivo. We next attempted to

demonstrate direct phosphorylation of Kin28 by Cak1 in vitro with purified components

expressed in yeast, bacteria, or insect cells. Unfortunately, recombinant Kin28, Ccl1, and

Tfb3 were only marginally soluble when expressed separately or together, and did not

associate when incubated under a variety of conditions (data not shown). Partially

Soluble Kin28 preparations were not phosphorylated in vitro by Cak1, either alone or in

the presence of Ccl1, Tfb3, or crude cell lysates prepared under a variety of conditions

(data not shown).

We were able to reconstitute Cak1-dependent Kin28 phosphorylation in insect

cells infected with recombinant baculoviruses (Fig. 5). Kin28 was not phosphorylated

when expressed in insect cells, but a slight increase in phosphorylation was observed

upon co-infection with a virus encoding Cak1. The addition of the Kin28 regulatory

subunits Ccl1 or Tfb3 had little additional effect when added individually, but together

resulted in a striking increase in Cak1-dependent Kin28 phosphorylation and activity.

Thus, Cak1 is able to stimulate Kin28 phosphorylation in a heterologous expression

System lacking other yeast protein kinases, suggesting that it is capable of catalyzing

direct phosphorylation of Kin28.

:
:
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DISCUSSION

Considerable genetic and biochemical evidence indicates that Cdc28 is

phosphorylated and activated by Cak1. Defects in CAK1 function, as in our cak1 mutants

or in the previously described cak1-22 allele, enhance the growth defects of cdc28

mutants (Table 3) and cells deficient in various Cdc28 cyclins (22,47). Cdc28

phosphorylation and activity are greatly reduced in conditional cak1 mutants (Fig. 4A)

(22,52), and the Cak1 protein is able to catalyze Cdc28 phosphorylation in vitro (10, 22,

52). Thus, it appears likely that Cak1 is directly responsible for the activating

phosphorylation of Cdc28 in the cell.

The present work suggests that Cak1 is also required for the phosphorylation and

activity of Kin28. Mutations in CAK1 greatly exacerbate the growth defect observed in

the kin28-3 mutant (Table 3) (54). Kin28 phosphorylation in vivo is decreased in cak1

mutants, and co-expression of Cak1 and Kin28 in insect cells results in Kin28

phosphorylation and activation. These data are most consistent with a direct role for Cakl

in the phosphorylation of Kin28 in vivo, although clear evidence for direct

phosphorylation will require reconstitution of Kin28 phosphorylation by purified Cak1 in

vitro.

In addition to causing defects in Kin28 phosphorylation, mutations in CAK1 also

caused decreased Kin28 protein levels. These decreases occurred gradually at the

restrictive temperature (over a period of 3 hours; data not shown). Considering the

requirement for KIN28 in mRNA synthesis (4, 13, 54), we suspect that decreases in

Kin28 protein levels reflect a decrease in KIN28 transcription that is secondary to the

defect in Kin28 activation by phosphorylation. Interestingly, the decrease in Kin28

protein levels in cak1-34 cells at 37°C is not accompanied by changes in Kin28
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phosphorylation, suggesting that under these conditions Kin28 phosphorylation is

relatively stable.

The arrest phenotypes of cak1 mutants can be roughly divided into two classes.

Our cak1-95 mutant, like the previously described cak1-4 (civl-4) mutant, arrests

primarily as unbudded G1 cells (52). On the other hand, our cak1-23 and cak1-34

mutants, as well as the previously described cak1-22 mutant and cak1A cells (3, 22, 47),

arrest with a mixture of phenotypes that includes unbudded cells and cells with elongated

buds. The two classes of cak1 arrest phenotypes are not simply the result of differences in

the bulk kinase activity of Cdc28 or Kin28; for example, cak1-34 and cak1-95 mutants

contain similar levels of these kinase activities but arrest at 37°C with distinct

phenotypes. Instead, variations in cak1 phenotypes may be due in part to differences in

the ability of mutant Cak1 proteins to target different CDK-cyclin complexes. For

example, the elongated budding phenotype of cak1-23 resembles that seen in cells with

compromised Clb-Cdc28 kinase activity (1, 16, 23, 27, 32), while the unbudded

phenotype of cak1-95 is reminiscent of the G1 arrest seen in cdc28 mutants or in cells

lacking the G1 cyclins Cln 1–3 (6). The complexity of cak1 phenotypes may also reflect

differences in the stability of Cak1-dependent CDK activities: we found that shifting cak1

mutant cells to 37°C caused a more rapid loss of Cdc28 activity (10 minutes) than Kin28

activity (1–2 hr). Thus the broad features of the cak1 phenotype may be explained by

defects in specific Cdc28-cyclin functions, but the gradual loss of KIN28-dependent

transcriptional activity in these mutants complicates the phenotype.

Recently, Cross and Levine (5) used an elegant mutagenesis scheme to develop

mutant forms of Cdc28 that function normally in the absence of activating

phosphorylation at T169. Cells expressing these versions of Cdc28 are able to survive in

the absence of the CAK1 gene, suggesting that the only essential target of Cak1 is Cdc28.
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However, the poor growth of these cells indicates that Cak1 has other non-essential

functions. Our work indicates that one of these functions is the phosphorylation of Kin28.

On the other hand, our work also suggests that this function is essential, since the Kin28A

mutant is not capable of replacing the wild type protein. Perhaps the Kin28A mutant is

defective not only in activating phosphorylation but also in another essential biochemical

function. Alternatively, kinases other than Cak1 may provide backup Kin28

phosphorylation that allows limited survival in the absence of Cak1. Although our results

(Fig. 4C) suggest that Cdc28 is not normally required for the majority of Kin28

phosphorylation, this kinase may provide a low level of phosphorylation in the absence of

Cak1.

Our studies with the Kin28A mutant, as well as those with cak1 mutants, are most

consistent with the possibility that activating phosphorylation of Kin28 at T162 is

required for full kinase activity and function in vivo. Thus, the Kin28-CCl1 complex

appears to be more dependent on phosphorylation than its vertebrate homologue, Cdk1

Cyclin H, whose activation does not require phosphorylation in the presence of the

assembly factor Matl (9, 14). The S. cerevisiae homologue of Mat 1, Tfb3, may not

provide the same activating function as Matl in the absence of phosphorylation. Indeed,

in our insect cell co-infection experiments we found that co-expression of Kin28, Ccl1,

and Tfb3 did not yield an active kinase complex except in the presence of Cak1,

suggesting that activating phosphorylation is required even in the presence of Tfb3.

Nevertheless, Tfb3 was required in these experiments for maximal Kin28

phosphorylation and activity. Further studies, preferably with purified components in

vitro, will be required to assess the role of Tfb3 in Kin28 assembly, phosphorylation, and

substrate targeting.
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Our strongest cak1 allele (cakl-23) did not affect the kinase activity, mobility, or

levels of Pho&5 or Srbl(). Similarly, several mutations in CAK1 do not affect the

expression of PHO5, a gene whose expression increases in the absence of PHO85

function (data not shown) (47). These results raise the possibility that Pho&5 and Srb 10

are activated by a different CAK or that their activation does not require phosphorylation.

There is little previous data to shed light on these possibilities. In the case of Pho&5,

mutation of the putative activating site (Ser166) reduces kinase activity and function in

vivo, but phosphorylation at this site has not been demonstrated (41). Similarly, nothing is

known about the phosphorylation of Srbl(); interestingly, its putative human homologue,

Cdk8, does not contain a phosphorylatable residue in the T-loop region (29, 40, 50). It is

therefore possible that phosphorylation is not necessary for the activation of Pho85 or

Srb10. Perhaps non-essential CDKs like these can evolve more easily through the

intermediate steps between phosphorylation dependence and independence; these steps

may be insurmountable in essential CDKs like Kin28 and Cdc28 (5).

Cak1 may also be involved in the activation of kinases other than CDKs.

Overexpression of CAK1 suppresses the spore wall defect of cells with mutations in

SMK1, a gene encoding a member of the MAP kinase family (24). Cells with defects in

CAK1 exhibit a spore wall formation defect that resemble the phenotype of smk1 mutants

(57). Like the closely related CDKs, MAP kinases are activated by phosphorylation of

residues within the activating loop. Smk1 contains a threonine (T207) in a position that

is roughly analogous to the activating site of CDKs (24). Thus the requirement for Cakl

in spore wall formation may reflect a direct role in the activation of Smk1.

In vertebrates and other higher eukaryotes, the Cdk?-Cyclin H-Mat.1 complex

comprises the major CAK activity in cell lysates, and recent evidence suggests that cak7

mutants in Drosophila melanogaster are defective in the activation of the mitosis
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promoting kinase Cdc2 (28). Because of its association with TFIIH, Cdk1 is also thought

to contribute to the control of CTD phosphorylation and transcription. Thus, Cdk2

appears to fulfill dual roles in Cdk activation and transcription in higher eukaryotes,

while its budding yeast homologue Kin28 is involved primarily in transcriptional control.

Our results now demonstrate that yeast Cak1 also plays two roles, both in the direct

activation of Cdc28 and the indirect activation of transcription through Kin28 (Fig. 6).

This scheme raises the possibility that a higher eukaryotic homologue of Cak1 is

responsible for the phosphorylation of Cdk1.
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Table 1. Temperature-sensitive cak1 mutants

Nucleotide Amino acid Structural

Allele Changed Change Elementh

cak1-23 A677C D226A O-helix 4

cak1-34 G1037T G346V O-helix 6

cak1-95 G428A G14.3E O-helix 3

cak1-226 G937–T945 to EKG313-5 to AA Loop L14
GCCGCG

* Nucleotide 1 is defined as the A in the start codon.

* Based on an alignment of Cak1 and human Cdk2 (7, 10).
* Previously described (22,47).
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TABLE 2. Phenotypes of cak1 mutants

Percentage of Total Populationa

Small Large Elongated
Strain Unbudded” Buddede Budded d Buds

Log phase at 25°C

wild type 49 23 28 O
cak1-23 47 30 22 <1
cak1-34 40 36 23 <1
cak1-95 41 35 23 <1

cdc28-4 43 30 27 O
kin28-3 51 22 26 <1
calc28-4 kin28-3 42 34 23 <1

3 hr. at 37°C

wild type 48 26 25 <1
cak1-23 36 18 4 41
cak1-34 43 13 3 40
cak1-95 70 3 5 14
cdc28-4 82 <1 18 <1
kin28-3 46 26 26 <1
calc28-4 kin28-3 62 7 2 19

Release from G1 at 37°Ce

cak1-23 52 7 <1 42
cak1-34 33 <1 <1 67
cak1-95 65 <1 <1 34
calc28-4 97 3 <1

-

kin28-3 15 8 73
-

a n >300 cells.
* Includes cells with mating projections.
& Bud size 350% the size of the mother cell.
d Bud size >50% the size of the mother cell.
* Mid-log phase cells were treated with alpha factor at 25°C until -90% of the cells were
. in G1, shifted to 37°C for 30 minutes, and then released from the arrest at 37°COT 5 nouTS.
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Table 3. Synthetic interactions between cak1, calc28, and kin28 mutantsa

cak1-23 (35°C) cakl-34 (35°C) cak1-95 (35°C) calc28-4 (35°C)
cdc28-4 (35°C) 23°C 23°C 30°C

-

kin28-3 (35°C) lethal lethal lethal 33°C

*The maximum permissive temperature of the single mutations are shown in parenthesis.
The maximum permissive temperature of the double mutants are indicated at the
intersections. "lethal" indicates that the strain did not grow at any temperature tested.
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Figure legends

FIG. 1. Growth rates and morphologies of temperature sensitive cak1, cdc28, and kin28

mutants. (A) Isogenic strains carrying the indicated mutations were grown to mid-log

phase at 25°C and switched to 37°C at time zero. At the indicated times, cells were

counted with a hemocytometer. (B) The indicated strains were grown for 3 hr. at 37°C

and analyzed by Nomarski microscopy.

FIG. 2. Cdc28 and Kin28 are phosphorylated in vivo. HA-epitope-tagged Cdc28, Kin28,

and Pho85, under the control of their own promoters, were immunoprecipitated from cell

lysates with the 12CA5 antibody and treated with phosphatase buffer alone (lanes 1, 4, 7),

M-phosphatase (lanes 2,5, 8), or A-phosphatase in the presence of phosphatase inhibitors

(lanes 3, 6,9). Immunoprecipitates were then subjected to immunoblotting with 12CA5.

FIG. 3. Mutation of T162 abolishes Kin28 phosphorylation, activity, and function. (A)

Alignment of activating loop regions in Cdc28, Kin28, and Kin28A. The activating

phosphorylation site in Cdc28 is indicated by an asterisk. (B) HA epitope-tagged wild

type Kin28 (WT) or Kin28A (A) were expressed under the control of the GAL1-10

promoter in wild type or kin28-3 cells at 25°C. Anti-HA immunoprecipitates were

prepared from cell lysates, and subjected to immunoblotting to detect Kin28 protein (top).

Kin28-associated CTD kinase activity was measured in parallel immunoprecipitates

(bottom). Lane C is a control immunoprecipitation from cells lacking epitope-tagged

Kin28. The asterisk indicates a background band phosphorylated in CTD kinase assays in

the absence of Kin28. (C) Growth of wild type or kin28-3 strains containing KIN28 (wt)

or kin28A (A) under the control of the GAL1-10 promoter at 25°C (top) or 37°C (bottom)

on plates containing dextrose (DEX) or galactose (GAL).
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FIG. 4. Phosphorylation and activity of yeast CDKs in cak1 mutants. The indicated

mutant strains were grown to mid log phase at 25°C and shifted to 37°C for 3 hr.

Epitope-tagged Cdc28 (A), Kin28 (B, C), PhoS5 (D), or Srbl() (E) were

immunoprecipitated from cell lysates and analyzed by immunoblotting with anti-HA

antibodies (top panels) or kinase activity toward the indicated substrate (bottom panels).

FIG. 5. Cak1-dependent activation of Kin28 in insect cells. Sf9 cells were infected with

recombinant baculoviruses encoding the indicated combinations of Kin28, Ccl1, Tfb3,

and Cak1. Kin28 was immunoprecipitated from cell lysates 2 days after infection, and

analyzed by western blot (top) and CTD kinase activity (bottom). All cells in this

experiment were also co-infected with a virus encoding Cdc27 (17), which is required for

Cak1 expression in yeast cells and increases Cak1 expression in insect cells (A.F.,

unpublished results).

FIG. 6. Regulatory pathways governing the activities of Kin28 and Cdc28 in S. cerevisiae

(left), and homologous pathways in higher eukaryotes (right).
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Chapter 5

Conclusions, Speculations, Visions of the Future
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A PCL pickle

Identification of Pho&5 as the CDK partner of the G1 cyclin, Pcl1, suggests that

budding yeast, like higher eukaryotes, uses multiple CDK systems to regulate cell cycle

progression. The roles of Cdc28 and Pho&5 are clearly not equivalent. Overexpression of

Pho85 cannot complement cac28 mutations, nor vice versa.” Cdc28 is absolutely
required for progression through the cell division cycle, whereas Pho85 is not" though it
is required for passage through G1 only in the absence of CLNI and CLN2. *' Pho85
was originally identified as a negative regulator of phosphatase (PHO5) gene expression.”
The participation of Pho85 in both phosphate metabolism and cell cycle progression

provides an example of how the same CDK may be directed to distinct biological functions

by association with different cyclin subunits.

The identification of cell cycle-regulated Pho85 cyclins is just the beginning: the

precise nature of the cellular role of Pcl1-Pho&5 must be examined. Pcl1, Cln1, or Cln2

overexpression can suppress loss of Swiá function, suggesting some functional overlap.”

However, given the intrinsic substrate preference differences between Pho85 (S/T-P-X-

I/L) and Cdc28-related kinases (S/T-P-X-K/R), and that isoleucine and leucine

substitutions at position 4 are not tolerated by Cdc28-related kinases at all, it seems unlikely

that the two will share substrates." " " PCl1, Cln1, and Cln2 may rescue swia mutants

by different mechanisms. The conditional lethality of swi-4 mutants can also be suppressed

by growth on 1M sorbitol”, which indicates that it is the result of cell lysis. Interestingly,

Pcl1 or PCl2 overexpression (or 1M sorbitol but not overexpression of any of the CLN

genes or PHO85 can also suppress the lysis caused by the functional loss of SLT2/MPK1,

a MAP kinase involved in cell integrity during polarized cell growth.**** Furthermore,

slt2/mpk! mutations have been identified as enhancers of the division defects of cdc28

mutants, suggesting that decreased cell integrity is lethal when passage through the cell
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division cycle is compromised.* Taken together, these data suggest a model in which the

essential funtion of PCl1 and Pcl2 is to coordinate increased cell integrity with the cell cycle.

In this scheme, Pcl1 overexpression rescues swia mutants by increasing cell integrity long

enough to allow passage through START whereas Cln1 or Cln2 overexpression pushes the

cells through START before they become too fragile. Slow passage through START

makes cln1A cln2A cells large and fragile”, and the decrease in cell integrity caused by the
additional loss of PCLs would be lethal.” "

Studies of the cell division cycle have traditionally focused on the replication and

segregation of the eukaryotic genome, but other cell division processes such as cytokinesis,

organelle segregation, and polarized cell growth may also be under the control of the cell

cycle-regulated cyclins and CDKs”. Specifically, it will be useful to identify the proteins

that are phosphorylated by Pcl-Pho&5 complexes in vivo. Once these substrates are

identified, the functional consequences of phosphorylation can be studied and the reasons

why it is advantageous for these substrates to be phosphorylated in a cell cycle-dependent

manner can be examined.

Why CAK? Why this CAK?

Previous studies of CDK regulation suggest that fundamental mechanisms of cell

cycle control have been highly conserved during evolution. However, these studies and

others have demonstrated that although CDK activating phosphorylation is conserved, the

kinase that catalyzes the phosphorylation is not." In higher eukaryotes, CAK activity

resides in a Cyclin H-Cdk?-Mat.1 heterotrimer, whereas in S. cerevisiae, it resides in a

monomeric kinase only distantly related to CDKs.3.4.6-8, 12, 13.20 * 27 In Appendix A,

we examined the evolutionary history of CAK activity by classification of the major CAK

activity from many different eukaryotes as either vertebrate-like (high molecular weight) or
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yeast-like (low molecular weight). However, the molecular weight of CAK does not

correlate with the known phylogeny of these organisms in any simple way.

Interestingly, Cak1 and Cdk? share one important feature, invariant activity over

the course of the cell division cycle.***** This lack of regulation is not entirely

surprising because CAK activity is required for Cyclin-Cdk complexes controlling different

phases of the cell cycle. In addition, because of its association with TFIIH, Cdk1 is also

thought to contribute to the control of CTD phosphorylation and transcription. Thus, Cdk2

appears to fulfill dual roles in Cdk activation and transcription in higher eukaryotes,

whereas its budding yeast homologue Kin28 is involved primarily in transcriptional

control. However, the studies in Chapter 4 suggest that Cak1 also plays an indirect

activation of transcription through Kin28. Since CAK activity is required for multiple,

unrelated processes, invariant activity may simply be the most parsimonious solution to

reconcile their different regulatory needs and responses.

If CAK activity is essentially invariant over the course of the cell division cycle and

if CDKs can be designed which are free from the need for CAK*, why keep it? The

requirement for activation by CAK could be an artifact of ancestral kinases and may simply

reflect the difficulty in evolving away from its use.” Alternatively, we may simply be

looking for regulation in the wrong places. CAK activity may permit cell growth and

division but not actually control their execution. If this is the case, regulation of CAK

activity may occur outside of the cell division cycle proper, and future studies should focus

on its role in post-mitotic differentiation or exit from quiescence.

Obviously, any hypothetical history of CAK would be very speculative, but let's

consider the following scenarios. Since CAK activity itself is not regulated, in theory any

constitutive kinase that can phosphorylate the activating site can work. Based on size,
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monomeric nature, and potential role as an Smk1 activator", Cak1 may have begun life in

the distant past as a MAP kinase kinase which subsequently acquired the ability to

phosphorylate the closely-related CDKs. Once the ancestral Cak1 aquired CAK activity,

the selective pressure for Kin28 to remain CAK would be substantially reduced, and Kin28

may have eventually lost the ability to phosphorylate CDKs while maintaining the

transcriptional function that Cak1 could not complement. Alternatively, the ancestral CAK

in other eukaryotes may have been a Cak1 homologue that was lost once the ancestral Cdk?

acquired CAK activity. These speculations cannot be easily confirmed, but they do suggest

some interesting experimental directions. The first is the search for Cak1 homologues from

other organisms such as those identified in Appendix A. Once families of Cdk? and Cak1

homologues are identified, the evolutionary history of the CAK schism may be revealed by

examining their biochemical activities and functional roles. Second, a strong prediction of

this model is that Kin28 could "relearn" CAK activity by artificial molecular evolution. A

screen for alleles of Kin28 which can suppress cak1 mutants would be complicated by the

fact that Kin28 activity is also apparently dependent on Cak1 function. Nevertheless, if

Kin28 aquired CAK activity more easily than control kinases (like Pho85), it would

suggest that Kin28 may once have had that function.
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Appendix A

The History of CAK
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Activating loop phosphorylation is a regulatory motif common to many kinases”.
Full activation of Cyclin-Dependent Kinases (CDKs) requires both the binding of

positive regulatory subunits (cyclins) and phosphorylation at a highly conserved site on

the T-loop by the CDK-Activating Kinase (CAK)°. The major CAK from vertebrates is a
250 kD heterotrimer complex made up of Cyclin H, CDK7, and MAT1*. In contrast, the

major CAK from Saccharomyces cerevisiae is an unrelated 42 kD monomeric kinase

(CAK1)”.

In order to trace the evolutionary history of CAK activity, we classified the major

CAK activity from many different eukaryotes as either vertebrate-like (big) or yeast-like

(small) by determining the molecular weight of the major CAK activity by gel filtration

chromatography (Figure 1). Schizosaccharomyces pombe, Saccharomyces cerevisiae,

Saccharomyces castellii, Kluveromyces lactis, Candida albicans, Tetrahymena

thermophila, and Chlamydomonas rehardtii were grown to mid-log phase in the

appropriate media. Caenorhabditis elegans larva and adults and Drosophila

melanogaster embryos were harvested whole washed extensively and frozen.

Conversely, cell lines derived from Spodoptera frugiperda (Sf9), Mus musculus (3T3),

and Homo sapiens (Hela) were used in place of whole organisms. In each case, the

frozen organisms were resuspended in Lysis Buffer (25 mM HEPES-NaOH pH 7.5, 250

mM NaCl, 0.2% Triton X-100, 5 mM 3-glycerophosphate, 5 mM NaF, 10% glycerol, 1

mM EDTA, 1 mM DTT, 1 plg/ml leupeptin, 1 pig■ ml pepstatin A, 0.1 Trypsin Inhibitor

Units/ml aprotinin, 1 mM PMSF) and lysates prepared by mechanical disruption in a

bead mill (Biospec) and centrifugation at 100,000g. The lysates were applied to a

Superose 12 gel filtration column (Pharmacia) and the CAK activity of each fraction

assayed as described previously". A significant caveat of this method is that it does not

formally prove the identity of the enzyme which actually phosphorylates the CDKs of the

organisms in question. However, in the two cases (S. cerevisiae and D. melanogaster)
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where the identity of the CAK enzyme has been established in vivo, our data are in good

agreement (Figure 1)***7.

In the fungi and tetrahymena, the major peak of CAK actwity is in the 40-50 kD

range, whereas in the higher eukaryotes and green algae, the major peak of activity is in

the range of 200-500 kD (Figure 1). We were unable to get any CAK activity from some

eukaryotes:Ustilago maydis (Basidomycota), Allomyces macrogynus (Chyträiomycota),

Rhizopus stolonifer (Zygomycota), or Dictyostelium discoideum (cellular slime mold).

Among the eukaryotes in which we detected CAK activity, its molecular weight does not

correlate with the known phylogeny of these organisms in any simple way (Figure 2).

For instance, fungi (small CAK) and higher eukaryotes (large CAK) are more closely

related to each other than either is to tetrahymena (small CAK) which is more closely

related to the first two than any is to chlamydomonas (large CAK). Clearly, a larger

sample base will be required to sort out this interesting evolutionay question.

We are very grateful to John Taylor, Barbara Waaland, Joe Chou, Paul

DiGregorio, Deborah Berthold, Tracy Boswell, Kathleen Liu, Brian Harmon, Nira

Pollack, Jim Wilhelm, and Flora Banuett who generously contributed organisms to our

bead mill.
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Figure Legends

Figure 1 - Lysates from the indicated eukaryotes were sized by gel filtration

chromatography and assayed for CAK activity. The positions of molecular size standards

are shown above and the fraction numbers below.

Figure 2 - Phylogenetic tree of the organisms tested based on data from the National

Center for Biotechnology Taxonomy database (NIH). Organisms with a small CAK are

highlighted in red, while those with a large CAK are highlighted in green.
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