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PREFACE

C ell growth and cell division belong to the most basic events in

biology. After induction of mitosis by the maturation promoting

factor in the early 1970, it took more than a decade to identify the
gene products involved: the cyclin-dependent kinases (CDKs) and their regu-
latory subunits, the cyclins. The activity of CDK/cyclin complexes forms
the basic oscillator that promotes transition from one cell cycle phase to the
next and therefore drives the cell cycle. Regulation of the CDK activity turned
out to be rather complex and includes phosphorylation of the activating
threonine by the CDK-activating kinase (CAK). This book aims to extract
and summarize all information about CAK by pointing out commonly ac-
cepted facts and unresolved issues. It will take the reader from yeast to mam-
mals and describe all areas that CAK is thought to be involved in. This book
is designed to serve newcomers to the field as well as specialists; anybody
interested in cell growth, signal transduction, and cancer. I hope it will stimu-
late discussion of the published data and of the unanswered questions to
generate new research directions.

The Chapters of this book have been written by experts in the field. In
Chapter 1, Randy Poon presents an overview of CAK from marine
invertebrates to humans. In these systems, CAK function is carried out by
CDK7/cyclin H, a kinase that is also a subunit of the general transcription
factor ITH (TFIIH) and phosphorylates the C-terminal domain of the large
subunit of RNA polymerase II. The role of the reversible activating
phosphorylation in Cdc28p from Saccharomyces cerevisiae is described by
Kaldis et al in Chapter 2. We review genetic and biochemical data on the
budding yeast CDK-activating kinase, Cak1p, and the PP2C phosphatases,
Ptc2p and Ptc3p, that remove the activating phosphate from Cdc28p. In
Chapter 3, Westerling et al present the model system Schizosaccharomyces
pombe with the two kinases Mcs6/Mcs2 and Cskl. Both Mcs6/Mcs2 (a
CDK7/cyclin H homolog) and Cskl (a Caklp homolog) display CAK
activity. Larochelle and Fisher discuss CDK7 in Drosophila melanogaster in
Chapter 4. Drosophila is the only higher eukaryote where the in vivo function
for CDK7 has been demonstrated. CAKs have also been identified in plants
and in Chapter 5 Masaaki Umeda reviews the different plant CAKs, where
some resemble CDK7 and others are more Cak1p-like. The structural aspect
of CDK activation plays an important role in the understanding of CAKs.
In Chapter 6, Brown and Endicott summarize how activation of CDKs by
CAK affects their structure. TFIIH plays a major role in transcription and
DNA repair. In Chapter 7, Keriel and Egly describe the involvement of CDK7
in transcription and DNA repair as a subunit of TFIIH. Liu and Kipreos
review in Chapter 8 the evolution of CAKs. This is particularly interesting
when we try to understand the similarities and differences of CAKs in various
species.



With all this information about CAK in mind, there are still many
aspects to be investigated. One of the central questions are the physiological
roles of activating phosphorylation, especially since CAK activity and CDK
phosphorylation seem to be constant during the cell cycle. Another major
question is the existence of two CAK systems, appearing either separately or
in combination in different species. For example, CDK7-like kinases, Cak1p-
like kinases, or representatives of both enzymes can be found in mammals,
budding yeast, and fission yeast, respectively. Given the conservation of other
components of cell cycle pathways in diverse species, we will need to find
reasons for the differences in CAK systems. In addition to these questions,
there are also additional functions and substrates of CAKs that we are only
beginning to discover. Investigating CAKs parallel in several species will
continue to be a powerful approach for new findings.

The completion of this book depended on the contribution of the
authors of the Chapters and I would like to thank them for their effort. In
addition, I thank Michele Pagano for encouraging me to edit this book.

Philipp Kaldis
July, 2002



CHAPTER 1

CAK from Marine Invertebrates to Human
Randy Y.C. Poon

Introduction

he eukaryotic cell cycle is driven by an evolutionarily conserved engine consisting of a

series of cyclin-dependent kinase (CDK)-cyclin modules. The orderly events of the cell

cycle depend on the complex interplay of many factors, but the long-held idea that
activation and inhibition of different cyclin-CDK complexes drive different phases of the cell
cycle still remains a good approximation. The activities of CDKs are highly regulated both
positively and negatively, and most of these regulators of the CDKs have been conserved down
to molecular detail during evolution from yeast to human. However, it is interesting that
CDK-activating kinase (CAK), the protein kinase that phosphorylates the conserved activating
threonine residue in the CDKs, seem to have diverged considerably. The composition, functions,
and regulation of CAK in higher eukaryotes are discussed in this review. CAK in yeast and
other organisms are discussed elsewhere in this volume. Since there is no definite proof of the
existence of other CAKs in metazoans at this moment, the complex containing cyclin
H-CDK7-MAT1 will be presumed to be the CAK in metazoans here, although the evidence of
the existence of other CAKs will also be discussed.

Regulation of the Cell Cycle by Cyclin-Dependent Kinases

Cyclins are defined as proteins that are related in sequence to the originally isolated mitotic
A- and B-type cyclins. Cyclin-dependent kinases (CDKs) are defined as protein kinases whose
kinase activities are dependent on binding to a cyclin subunit (see Table 1.1). All CDKs are
related in sequence to the archetypal member CDC2 (with 40%-70% identity in protein
sequence). In mammalian cells, cyclin B-CDC2 is the principal mitotic cyclin-CDK complex
that regulates the G,-M transition. Cyclin A can also associate with CDC2, and is synthesized
and destroyed slightly earlier than cyclin B during G, phase. CDK2 associates with cyclin A
and cyclin E (although it can also associate with cyclin D in fibroblasts), and the respective
complexes are important regulators for S phase and G;-S transition. CDK3 is very similar in
sequence to CDK2, but its precise function is not known. CDK4 and CDKG are partners of
D-type cyclins that function in G phase before cyclin E-CDK2.

It has become apparent that several cyclins and CDKs have non-cell cycle regulatory
functions. For instance, cyclin D was also found to be able to bind and activate the estrogen
receptor. CDKS5, first identified as a partner of cyclin D in fibroblasts, is activated in postmitotic
neurons by binding to a protein called p35, which shares no sequence homology to cyclin.
CDK7, which is a component of CDK-activating kinase (CAK), is also a component of the
basal transcription factor TFIIH and can phosphorylate the carboxy-terminal repeat domain
(CTD) of the large subunit of RNA polymerase II (see later). Other cyclins and CDKs (cyclin

The CDK-Activating Kinase (CAK), edited by Philipp Kaldis.
©2002 Eurekah.com and Kluwer Academic / Plenum Publishers.



2 The CDK-Activating Kinase (CAK)

Table 1.1. The human CDK family

CDK T-loop sequence Cyclin partner Function

CDC2 154-GIPIR-------- VYTHEVVTLW-168 A, B Gy-M

CDK2 153-GVPVR------ TYTHEVVTLW-167 A D E S, Gi-S

CDK3 153-GVPLR------- TYTHEVVTLW-167 E? G;-§?

CDK4 166-SYQM-------- ALTPVVVTLW-179 D Gy

CDK5 152-GIPVR-------- CYSAEVVTLW-166 D, p35, p39 neuronal

CDK6 171-SFQM------—-- ALTSVVVTLW-184 D Gy

CDK7 163-GSPNR------- AYTHQVVTRW-177 H CAKtranscription
CDK8 181-NSPLKP---LADLDPVVVTFW-198 C transcription
CDK9 175-SLAKNSQPNRYTNRVVTLW-193 T transcription

The CDK family, their cyclin partners and the known functions are indicated. Note that the sequences
of the regulatory subunit of CDK5 in neuronal cells, p35 and p39, do not correspond to cyclin. An
alignment of the protein sequences around the activating residue at the T-loop region is shown. The
threonine residues that are phosphorylated by CAK in CDC2, CDK2, CDK4 and CDK6 are underlined.
The corresponding serine/threonine residues in other CDKs, as well as other residues that are
phosphorylated by other protein kinases are also highlighted.

C-CDKS, cyclin T-CDKO9, and cyclin K) also associate with RNA polymerase II and can
phosphorylate CTD.

Regulation of CDKs in Higher Eukaryotic Cells

The activity of CDK is, by definition, dependent on binding to a cyclin subunit. Cyclin
expression is controlled both at the transcriptional and post-translational levels. The
post-translational regulation of cyclins occurs mainly through ubiquitin-mediated degradation,
carried out by mechanisms involving the anaphase-promoting complex (APC) (or the cyclosome)
and the SCF (SKP1-Cullin-F box protein) complexes. Phosphorylation of a threonine residue
(Thr161 in CDC2) on the T-loop activates CDKs, but phosphorylation of a threonine and a
tyrosine residue (Thr14 and Tyr15 in CDC2) close to the catalytic core inhibits the activity of
CDKs. The Thr14 and Tyr15 residues of CDC2 can be phosphorylated by the protein kinases
MYT1 and WEEL respectively, and dephosphorylated by members of the CDC25 phosphatase
family (A, B and C). CDKs can also be inhibited by two families of CDK inhibitors: the p16
family (p16/™VK#, p15INVKIB | 51 8INKIC) and p19™MKP), which is specific for cyclin D-CDK4/6
complexes, and the p21 family (p21</P/WAFI 5o 7KIPL 1 557KIP2) | which can inhibit a broader
spectrum of CDKs. Finally, formation of some active cyclin-CDK complexes may involve
assembly factors and chaperones like MAT1 and CDC37.

The Role of T-loop Phosphorylation in CDK Activation

Phosphorylation of a specific threonine residue in the activation loop of CDKs (Thr161
in CDC2, and Thr160 in CDK?2) is essential for maximal CDK activation. Bacterially expressed
cyclin A can bind to CDK2 and result in a 4x10°-fold activation of the kinase, but
phosphorylation of Thr160 by CAK activates cyclin A-CDK2 a further 80-fold (1). Mutation
of the Thr161/Thr160 in CDC2/CDK2 to a nonphosphorylatable alanine abolished the
maximal activation of the CDK."? These biochemical analyses are in good agreement with the
crystal structures of cyclin A-CDK2 complexes. Monomeric CDK2 has an overall bi-lobed
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structure typical of serine/threonine protein kinases, but there are several deviations that ex-
plain why the activation of CDK2 requires cyclin binding and Thr160 phosphorylation. In
comparison to the structures of other active protein kinases, the ATP in the catalytic core of
monomeric CDK2 is not aligned correctly for phospho-transfer, and the T-loop containing
the Thr160 residue blocks the access of potential substrates to the catalytic site.> Upon binding
to cyclin A, the T-loop is largely moved away from blocking the catalytic site.? Finally, upon
phosphorylation of Thr160 by CAK, the T-loop moves a further -7 A away and the
cyclin A-CDK2 contact is increased.’

The change in cyclin-CDK interaction after Thr161/Thr160 phosphorylation may explain
the observation that while the formation of some cyclin-CDK pairs (cyclin A-CDK2, cyclin
B-CDC2, cyclin D-CDK4, cyclin E-CDK?2) is not affected by CAK phosphorylation, the
formation of cyclin A-CDC2 is stimulated by CAK phosphorylation.® It is interesting that
substituting a serine residue for Thr160 in CDK2 does not affect activation by cyclin A and
CAK (in fact, Ser160 is more efficiently phosphorylated by CAK than Thr160).” However,
dephosphorylation of Ser160 by HeLa cell extract or purified PP2Cb is slower than with Thr160.

Monomeric CDKs are poor substrates for CAK, but binding of the cyclin subunit stimulates
the phosphorylation by CAK.'1913 1 the crystal structure of cyclin A-CDK2, this can be seen
as making the T-loop more accessible for CAK phosphorylation in comparison to monomeric
CDK2.’ Interestingly, a single mutation in cyclin D1 (residue threonine 156 mutated to an
alanine or a glutamic acid) allows cyclin D1 to form a complex with CDK4, but CDK4 cannot
be phosphorylated by CAK.* The requirement of cyclin binding for CAK to phosphorylate
the CDK may explain the cell cycle variation of Thr161/Thr160 phosphorylation."® This could
also be due to the activity of the phosphatase that dephosphorylates the Thr161/Thr160. The
CDK-interacting dual-specificity phosphatase KAP can dephosphorylate CDK2 Thr160.'¢
KAP only dephosphorylates Thr160 in monomeric CDK2 after the destruction of the cyclin A
partner. Type 2C protein phosphatases (PP2Cs) have also been shown to dephosphorylate
yeast Cdc28p and human CDK2 in HeLa cell extracts.!” It was shown that the majority of
CDK2 phosphatase activity in cell-free extracts is Mg**-dependent and not inhibited by the
KAP inhibitor vanadate. The crystal structure of KAP in association with Thr160-phosphorylated
CDK2 may explain these data (David Barford, personal communication). It was found that
KAP is readily inactivated by oxidation because of the formation of a disulphite bond between
the catalytic site Cys residue and a neighbouring Cys residue. One possibility is that KAP
present in cell-free extracts is easily inactivated by oxidation.

Activation of CDKs by Cyclin H-CDK7-MAT1 Complexes

CAK was first defined in Xenopus egg extracts biochemically as an enzyme that can
phosphorylate and activate cyclin-CDC2.'® The catalytic subunit of CAK was identified in
starfish oocytes and Xenopus egg extracts as a protein kinase previously characterized as
MO15.'%121 These early purifications and characterizations of CAK have already suggested
that like the CDKs, activation of MO15 may require phosphorylation and association with a
companion subunit. The regulatory subunit of CAK was later identified as a cyclin (cyclin H)
by protein purification and yeast two-hybrid screening.'** Given that MO15 is a cyclin
H-dependentkinase, it was later renamed CDK7. It was a striking revelation that a cyclin-CDK
pair is involved in the activation of other cyclin-CDK complexes. In contrast to other
cyclin-CDKs, cyclin H-CDK7 binds to an additional subunit called MAT1 (ménage 4 trois).?!%*
MAT1 contains a highly conserved C3HC4 zinc-binding domain, or RING finger, at the
N-terminal region. However, binding of MATT to cyclin H-CDK?7 involves the C-terminus of
MAT1 and does not require the RING finger domain.**»*
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CAK was initially characterized as a CDC2/CDK2-activating kinase, but the
phosphorylation of other CDKs by CAK has also been investigated. Upon binding to D-type
cyclins, CDK4 and CDKG6 can be phosphorylated at the threonine residues on the T loop
(Thr172 and Thr177 respectively) by CAK.#132% Cyclin D can also form a complex with
CDK2, but the cyclin D-CDK2 complexes cannot be phosphorylated by CAK and are not
active.”® The precise function of CDK3 is not known, but it can also be phosphorylated by
CAK in vitro.”” Although CDKS5 contains a serine residue (Ser159) at the equivalent position
of Thr161 in CDC2, CDKS is not phosphorylated or activated by CAK.**?! However, it was
demonstrated that CDKS5 could be phosphorylated and activated by an activity in PC12 cell
lysates, and mutation of Ser159 to alanine abolished this activation.’’ This suggests that CDK5
can be activated by a protein kinase distinct from CAK. In this connection, it was shown that
casein kinase I can phosphorylate and activate CDKS in vitro.?' The protein sequences around
Thr161 or equivalent residues in the CDKs are shown in Table 1.1.

Regulation of the Enzymatic Activity of CAK

Like other CDKs, the activity of CDK7 itself is also regulated by multiple mechanisms.
MATT1 activates cyclin H-CDK7 by acting both as an assembly factor, as well as substituting
for the activating phosphorylation in CDK7.%* MAT1 is not the only example of the involvement
of assembly factors or chaperones in the formation of cyclin-CDK complexes. Mammalian
CDC37 and the heat shock protein HSP90 were found to associate with CDK4, and to a lesser
extent CDKG in vitro and in vivo.?2>% In yeast, the Gy arrest in a CDC37 temperature sensitive
mutant strain is accompanied by a decrease in the complex formation between Cln2p and
Cdc28p,” indicating that Cdc37p may have a role in regulating cyclin-CDK assembly. However,
definite proof that CDC37 is an assembly factor for cyclin D-CDK4 is lacking. Unlike the case
of cyclin H-CDK7-MAT1, no cyclin D is present in the CDK4-CDC37-HSP90 complex.
CDK4-CDC37-HSP90 association is likely to involve the newly synthesized monomeric CDK4
and may assist the proper folding of the CDK4, since inhibition of HSP90 function with
geldanamycin reduces the level of CDK4 and decreases the stability of newly synthesized
CDK4.34 The p21 WA (Jass of CDK inhibitors have also been reported to have a role in
promoting the formation of cyclin D1-CDK4 complexes.>*?

What is interesting about MAT1 is that it promotes the assembly of cyclin H-CDKZ7, as
well as bypassing the requirement for phosphorylation in the activation of CAK.%4 Two residues
on the activating loop region of CDK7 (Ser164 and Thr170 in human CDK7) are
phosphorylated in the cell. Phosphorylation of Ser164 (a CDC2 consensus phosphorylation
site) is dispensable for cyclin H-CDKY7 activity, but phosphorylation of Thr170 (the equivalent
site to Thr161 in CDC2) is required for cyclin H-CDK7 activity.*”?® Although CDK7 is itself
a CDK, the Ser164 and Thr170 residues are not autophosphorylated in CAK. This suggests
the presence of another CAK-activating kinase (CAKAK). Intriguingly, Thr170 in cyclin
H-CDK7 can be phosphorylated by targets of CAK, such as cyclin A-CDK2 and cyclin
B-CDC2, in an autocatalytic loop.?*

Phosphorylation of the activating loop appears to stimulate CDK?7 binding to cyclin H
(unlike the majority of other cyclin-CDK complexes).?*** Both Ser164 and Thr170 can be
phosphorylated by cyclin A-CDK?2 and cyclin B-CDC2 in the absence of cyclin H and MAT1.
Phosphorylation of Ser164 is sufficient for CDK?7 to bind to cyclin H with low affinity, but
high affinity binding requires Thr170 phosphorylation.?” Furthermore, phosphorylation of
both Ser164 and Thr170 together confers significant CAK activity on CDK7 even in the
absence of cyclin H and MAT1.24%? Indeed, active CAK containing heterodimeric cyclin
H-CDK7 without MAT1 can be found in Xenopus oocytes.”® Other studies reveal a more
complex relationship between Ser164 phosphorylation and CDK?7 activity.“’ Phosphorylation
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of Serl64 is increased during mitosis in yeast, and this phosphorylation inhibits the
TFIIH-associated kinase and transcription activities (see below). Taken together, there appears
to be alternative pathways to activate CAK, and there is a complex interplay between the two
phosphorylation sites in CDK7, MAT1 binding, and cyclin H binding on CAK activation.
Finally, MAT1 is also implicated in substrate recognition for CDK7 (see below).

Regulation of CAK in the Cell

Given that phosphorylation of the T-loop threonine is absolutely required for the maximal
activation of CDKs, it is conceivable that variation of CAK activity may contribute to the
timing of CDK activation. Therefore it was somewhat surprising to find that both the level and
activity of CAK remain constant in the cell cycle. The mRNA of CDK7 remains relatively
constant through the cell cycle,41 and CDKY7 is a stable protein with a half-life > 16 hr.%2 The
levels of CDK7 and CAK activity are constant during early embryonic cell cycle®®#? and somatic
cell cycle.?384344 The association of the three components of CAK is also invariant throughout
the cell cycle.* In cells that have exited the cell cycle in states like quiescence or senescence in
fibroblasts, the level of CAK has been reported to be either similar®”*> or reduced.3®4047

Why the requirement of phosphorylation of Thr161 has evolved at all when the CAK
activity is not regulated? One possibility is that although the level and activity of CAK are
constant during the cell cycle, the accessibility for the CDKs may be regulated. CDK?7 is localized
to the nucleus.#3%> The KRKR nuclear localization sequence located at the C-terminal end
of CDK7 is required for nuclear targeting.** Interestingly, nuclear targeting of CDK7 is
necessary to produce active CAK, because CDK7 with a mutated nuclear localization sequence
is unable to generate CAK as long as the nuclear envelope is not broken in Xengpus oocytes.®?
Further investigations show that cyclin H, CAK7, MAT, as well as other components of the
TFIIH are localized to the subnuclear structures known as coiled bodies (or Cajal bodies).%
The nuclear localization of CAK is consistent with the localization of its substrates CDK2,
CDK4, and CDKG6. Indeed, cyclin E-=CDK2 (but not cyclin A) is also found to be localized to
the coiled bodies.*” CDK2 is not enriched in the coiled bodies compartment unless it is
complexed with cyclin E, suggesting that cyclin E may recruit CDK2 to the coiled bodies to be
phosphorylated by CAK. However, the major cyclin-CDK complex for G,-M, cyclin B-CDC2,
is localized to the cy‘coplalsm.50 How CDC2 can be phosphorylated by CAK during the G,
phase represents one of the problems in considering cyclin H-CDK7-MAT as the bona fide
CAK in mammalian cells (see below).

Apart from the possibility of regulation by subcellular compartmentation, phosphorylation
of CDKs by CAK can also be regulated by the CDK inhibitors. It has been shown that for a
variety of conditions that lead to cell cycle arrest, the p21 /WAL cJass of CDK inhibitors are
induced and can block the phosphorylation of CDKs by CAK. In macrophages, cAMP blocks
the mitogenic effects of colony-stimulating factor-1 by induction of p27X7 ® p2751 inhibits
the kinase activity of cyclin D-CDK4 either directly, or by blocking the phosphorylation of
CDK4 by CAK without directly affecting the activity of CAK. Similarly, it was demonstrated
that p21 PVWALL o 52751 induced by interferon,”! prostaglandin A2,* contact inhibition,*®
or replicative senescence™® inhibits the phosphorylation of CDKs by CAK. Phosphorylation of
CDKs by CAK is blocked by both the p21“#WAF! (lass and the p16™K™ class of CDK
inhibitors.!*?° The N-terminal minimal CDK binding domain of p27*7! (amino acids 28-81)
is sufficient to inhibit the phosphorylation of cyclin E-CDK2 by CAK.> The blockage of CAK
phosphorylation by p27X7 is not that surprising in view of the relatively large structural
disruption of the N-terminal lobe of CDK2 caused by p27%7" 3¢ Similarly, large conformational
changes of the catalytic cleft and the cyclin-binding site are induced in CDKG6 after binding to
the p16™¥K# family of inhibitors.”*®
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Other Substrates of Mammalian CAK

Substrates other than CDKs can also be phosphorylated by mammalian CAK. These
substrates mainly composed of proteins of the transcription machinery and transcription factors.
The cyclin H-CDK7-MAT1 complex is a component of the basal RNA polymerase 11
transcription factor TFIIH. Cyclin H-CDK?7 can phosphorylate the carboxy-terminal repeat
domain (CTD) of the large subunit of RNA polymerase I, which is important for transcriptional
initiation and nucleotide-excision repair.?"**%3 Indeed, transcription of some promoters in
vitro requires the activity of CDK7.4%4 Association of MAT1 or TFITH with cyclin H-CDK7
switched its substrate preference to favor CTD over CDK2.9%6¢

Apart from cyclin H-CDK?7, other cyclin-CDK complexes are also found to associate
with RNA polymerase II and phosphorylate the CTD. Cyclin C represents a case where
functional complementation does not always reveal a protein’s true character. Despite the fact
that cyclin C was originally cloned by complementation of the yeast Gy cyclins CLNI-3, there
is no indication that cyclin C is involved in G, regulation. Instead, cyclin C-CDKS associates
with the large subunit of RNA polymerase I and can phosphorylate CTD.®”® Another cyclin
C-related cyclin called cyclin T interacts directly with the human immunodeficiency virus type
1 Tat protein.” Cyclin T binds to CDK9 and has CTD kinase and CAK activities.”*”!
Interaction of Tat with cyclin T-CDK9 enhances the binding of Tat and the positive transcription
elongation factor (P-TEFb) to the viral TAR RNA stem-loop structure, which is important to
promote transcription elongation and overcome transcriptional pausing induced by the TAR
element. Autophosphorylation of cyclin T-CDK9 complexes is required for high-affinity binding
of Tat to TAR RNA.”2 Tat also binds to cyclin H-CDK7 and stimulates the phosphorylation of
CTD.”"”? But there are different suggestions as to whether the cyclin H-CDK7 association
with TFIIH is important’* or dispensable’® for Tat function. Another cyclin, cyclin K, also
binds to RNA polymerase IT and associates with both CTD kinase and CAK activities.” It has
been suggested that although several cyclin-CDK complexes can phosphorylate CTD, they
may phosphorylate different residues within CTD.””

Other substrates that have been shown to be phosphorylated by CAK include TFIIE and
TFIIE®% retinoic acid receptor RARa,”® estrogen receptor ERa,,”? octamer binding
transcription factors,%* and the tumor suppressor p53.81%2 Phosphorylation of these transcription
factors by CAK tends to modulate their activities. A single CAK phosphorylation site has been
reported in RARa and ERa, but residues at both the N-terminal®! and C-terminal regions®* of
p53 have been reported to be phosphorylated by CAK. The CAK phosphorylation sites in
different substrates identified so far show little conservation in the primary sequences, suggesting
that CAK has a very loose primary structure requirement.

Evidence of the Existence of Other CAKs in Higher Eukaryotes

Although cyclin H-CDK7-MAT1 accounts for the majority of CAK activity in mamma-
lian cells and Xenopus eggs,83 there are data that pose a serious challenge to the physiological
relevance of this complex in higher eukaryotic cells.

(a) Theactive CDK7-containing complex is in the nucleus, whereas one of its presumed substrate
cyclin B-CDC2 is in the cytoplasm. However, evidence for the constant shuttling of cyclin
B1 between the nucleus and the cytoplasm may obviate this problem.8485

(b) The cyclin H-CDK7-MAT1 complex is a component of TFIIH and can phosphorylate
CTD (see above). Both free and TFIIH-associated cyclin H-CDK7-MAT1 are present in
the cell. The free complex has higher specificity towards CDKs and the TFIIH-complex has
higher specificity towards CTD.6>66:36 This apparently dichotomous function of cyclin
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H-CDK7 in CAK and TFIIH is problematic because the budding yeast version of cyclin
H-CDK7, Ccl1p-Kin28p, has CTD kinase activity but not CAK activity in vitro.87-88

(c) Some cyclins and CDKs, like cyclin T-CDK9 and cyclin K, also contain CAK activity in vitro.

(d) CAK identified from yeast does not resemble the mammalian cyclin H-CDK7-MAT1 com-
plex.8991 The S. cerevisiae CAK is a single subunit 43 kDa protein kinase (called Caklp or
Civlp) that shares limited sequence similarity to the CDK family, and is fully active as a
monomer. CAKT is an essential gene, and is responsible for the phosphorylation of several
CDKs (including Cdc28p and Kin28p, but not Pho85p and Srb10p) but not the CTD in
yeast.??

Since Ccllp-Kin28p and cyclin H-CDK?7 appear to have different substrate specificity in
vitro, and both Cak1p and cyclin H-CDK7 seem to account for the majority of CAK activity
in the respective organism, we are left with the fascinating possibility that CAK and TFIIH
CTD kinase are distinct enzymes in yeast, whereas cyclin H-CDK7 performs both functions
in higher eukaryotes. This idea is supported by experiments done in Xenopus egg extracts, in
which immunodepletion of CDK7 suppressed CAK activity and inhibited entry into M phase.®3
CAK activity was restored by adding back CDK7 and its associated subunits, demonstrating
that a CDK7 complex is necessary and sufficient for activation of cyclin-CDK in Xenopus eggs.
Stronger support comes from the demonstration that CDK7 is essential for the activation of
cyclin A/B-CDC2 complexes and for mitosis in Drosophila.’® However, activation of CDK2
does not appear to be compromised in Drosophila with mutations in CDK7. Whether an
additional Cak1p-like CAK is present in metazoans is still a contentious issue. It does not help
to clear up the issue when a CAK unlike either CDK7 or Cak1p has been identified in Arabidopsis
thaliana.”* Moreover, both a cyclin H-CDK7-like pair (Mcs2-Mcs6) and an unrelated kinase
Csk1 have been identified to have CAK activity in S. pombe.” Interestingly, Csk1 can also
function as a CAKAK for Mcs2-McsG in vivo.”® In Xenopus egg extracts and mammalian cell
extracts, CAK activity was seen as a single peak over several purification steps.'”!! But in
subsequent characterizations of CAK activities in HeLa cells using CDK-affinity chromatography,
a second CAK activity was detected that runs on gel filtration at 30-40 kDa.”” This second
CAK activity cross-reacts with antibodies against the yeast Cak1p but not CDK?7, and resembles
Caklp rather than CDK7 in terms of substrate specificity and sensitivity to an ATP analog.
This protein that cross-reacts with the antibodies against yeast Caklp is apparently
down-regulated in TGFf-treated HepG2 cells.”®

Conclusion

The cyclin H-CDK7-MAT1 complex is the best-characterized candidate for CAK in higher
eukaryotic cells, which is entirely unlike the CAK in budding yeast. CAK phosphorylates the
threonine residue on the T-loop in CDC2, CDK2, CDK3, CDK4, and CDKG6 in mammalian
cells. Unlike typical CDKs, activation of CDK7 involves complex interplay between
phosphorylation of two residues on the T-loop and association with the assembly factor MAT1.
The activity of CAK is not regulated in the mammalian cell cycle, but phosphorylation of
CDKs by CAK may be regulated by subcellular localization, cyclins, and the CDK inhibitors.
Cyclin H-CDK7-MAT1 is also a component of the basal RNA polymerase II transcription
factor TFIIH, and can phosphorylate the CTD of the large subunit of RNA polymerase IT and
several transcription factors. Whether cyclin H-CDK7-MAT 1 is the bona fide CAK in metazoans
is still a contentious issue.
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in Budding Yeast
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and Aiyang Cheng

Introduction
he eukaryotic cell division cycle is controlled via the sequential activation and inactiva-
I tion of cyclin-dependent protein kinases (CDKs). In the budding yeast Saccharomyces
cerevisiae, Cdc28p is the only CDK involved in regulating the cell cycle, while in higher
eukaryotes, multiple CDKs (CDC2 [CDK1], CDK2, CDK4, and CDKG6) control cell cycle
progression. CDK substrates are assumed to be key players in most major cell cycle events. To
ensure the proper timing and coordination of cell cycle events, intracellular and extracellular
signals modulate CDK activities through a variety of mechanisms, including association with
regulatory subunits (cyclins, inhibitors, and assembly factors), subcellular localization,
transcriptional regulation, selective proteolysis, and reversible protein phosphorylation.'”

Binding of cyclins to CDKs is required for kinase activity. Cyclins also likely contribute to
the substrate speciﬁcity8’9 and to the subcellular localization of CDKs.!% !4 Furthermore, cyclin
binding leads to multiple phosphorylations on the CDK in Xenzpu: egg extracts.'>1® Cyclins
are synthesized, and degraded periodically during the cell cycle."*!”!® The synthesis of cyclins
is mostly controlled at the level of transcription'® and they are degraded by ubiquitin-mediated
proteolysis. Cyclins are recognized by the ubiquitin-protein ligases APC (anaphase-promoting
complex) or SCF (Skp1p-Cdc53p/cullin-F-box protein), polyubiquitinated, and destroyed by
the 26S proteasome.”*! In the budding yeast, nine cyclins form complexes with Cdc28p:
three G1 cyclins (Clnlp to Cln3p) and six B-type cyclins (Clb1p to Clb6p). In the G1 phase,
Cln1-3p regulate cell cycle events such as “Start” (equivalent of restriction point in mammalian
cells),?>% the repression of pheromone-induced transcription, and meiosis in diploid cells.?*2°
B-type cyclins are expressed in three successive waves from Start to mitosis and regulate most
events during the cell cycle (reviewed in 26).

In budding yeast, there are two Cdc28p inhibitors (CKls): Farlp and Siclp. Farlp, which
is required for pheromone-induced cell cycle arrest,”’ inhibits the kinase activities of Cln1p-
Cdc28p, Cln2p-Cdc28p, and Cln3p-Cdc28p,*>*#*? but it is incapable of reducing ClbSp or
Clb2p associated Cdc28p activities.”” In contrast to Farlp, Siclp is a specific inhibitor of B-
type cyclin-Cdc28p complexes.’*?! Siclp has two functions: in G1, it prevents premature S-
phase entry before bud initiation and spindle pole body (SPD) duplication.>' At the end of
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mitosis, it promotes mitotic exit by inhibiting Clb-Cdc28p activity.***? It should be noted
that there is no apparent sequence homology between yeast CKls and their mammalian coun-
terparts. Mammalian CKIs are classified in two groups: the CIP/KIP family consisting of p21<IP"/
WAFL 34:36 157 7KIP137-39 and p57KIP2 4041 \which inhibit all CDKs; and the INK4 family includ-
ing p15MNKib 42 11 GINKAa 45 1 gINKdc 44 50 p19INKAd 4546 that are specific CDK4/CDKG
inhibitors.

In addition to binding of protein subunits, CDKs are regulated by protein phosphorylation
(for review see 7). There are two inhibitory and one activating phosphorylation sites. The
inhibitory phosphorylations (which occur on Thr-14 and Tyr-15 in human CDC2) are carried
out by the WEE1-like protein kinases (Swelp in budding yeast), and removed by the CDC25
phosphatase family (Mihlp in budding yeast) (for reviews see 3, 7). In higher eukaryotes,
inhibitory phosphorylation regulates timing of entry into M phase.?” In Saccharomyces cerevisiae,
the inhibitory phosphorylation of Cdc28p on Tyr-19 by Swelp does not play a significant role
during a normal cell cycle or after DNA damage*®* but is required for a morphologic checkpoint
that monitors the coordination of the budding and nuclear division cycles.”® Activating
phosphorylation occurs within the so-called T-loop””! on a conserved threonine residue corre-
sponding to Thr-169 in Cdc28p and Thr-161 in human CDC2. The inhibitory
phosphorylations are dominant over the activating phosphorylation. Full activation of CDKs,
which is necessary for normal cell cycle progression, requires binding of a cyclin, removal of
inhibitory phosphorylations, and the presence of an activating phosphorylation. The latter is
required for CDK activities in vitro and in vivo'®3>®7 and is catalyzed by the CDK-activating
kinase (CAK).”® In higher eukaryotes, CAK was identified as the CDK7/cyclin H/MAT1 com-
plex (see Chapter 1). In this review, we will focus on the regulation of Cdc28p and other yeast
CDKs by Caklp, the budding yeast Saccharomyces cerevisiae CAK and by the protein phos-
phatase 2C (PP2C).

Historical View of Caklp Identification

After CAK activity was detected in cell extracts, it was purified from Xenopus and starfish
egg extracts and later from human and mouse cell extracts (see Chapter 1). However, determi-
nation of the physiological role of CAK is difficult in mammalian cells due to technical limita-
tions. Therefore, it was of great interest to identify CAK in a genetically tractable system like
the budding yeast. Three groups, including our own, succeeded in isolating the protein respon-
sible for CAK in budding yeast by biochemical methods. An assumption that we and others
made in these studies, was that the CAK activity in budding yeast extracts would be able to
activate recombinant human CDK2/cyclin complexes. It is worth noting that none of the
groups identifying Caklp used Cdc28p as substrate since it is difficult to express, it tends to
aggregate, and displays erratic low activity. Human CDK2 was the preferred assay substrate in
these studies since it can be easily expressed and purified. Furthermore, CDK2 has been shown
to complement Cdc28p mutations’ indicating that it can be a Cak1p substrate in vivo. In the
CAK activity assays, inactive CDK2/cyclin complexes were incubated with yeast cell extracts,
thereby CDK2 could be activated and its ability to phosphorylate histone H1 was assayed.
Otherwise the assay was similar to one described earlier for studying CAK from frog and hu-
man extracts.>®

In mammals, CDK7 was isolated as an enzyme with CAK activity (see Chapter 1) and
was later shown to be a subunit of TFIIH (see Chapter 7). The closest homolog to CDK7 in
the budding yeast is Kin28p. Kin28p was originally cloned as a Cdc28p-like gene® that has a
cyclin-like regulatory subunit, Ccl1p.®! The only function known for Kin28p was that it af-
fected the transcription of some genes.®*® The correlation to CDK7 became almost perfect
when Kin28p was shown to be a subunit of yeast TFITH.% Surprisingly, Kin28p does not
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display any CAK activity nor does it affect the phosphorylation state of Cdc28p.5%%* Because
of the discrepancy between CDK7 and Kin28p it was worthwhile to purify the protein respon-
sible for CAK activity in budding yeast.

Purification of the CDK2 activating activity led to the identification of a 43 kDa protein
which was named Cak1p®>** or Civlp.”” The successful purification of Caklp depended on
several critical factors including the activity assay and the ability to prepare large amounts of
biochemically active yeast lysates. The source of budding yeast was another major concern in
these studies. One group grew large amounts of yeast in a fermenter and lysed them by me-
chanical disruption [“bead beating”].”® Our group used freeze dried yeast (Sigma #YCS-2)
because these lysates displayed robust CAK activity. In addition, we lysed the yeast by grinding
them under liquid nitrogen which allows the preparation of large amounts of lysate.”* In the
end, both groups purified the same protein confirming the suitability of both approaches.”>>*

Thuret et al*” used a different biochemical approach involving the isolation of Cdc28p
from yeast extracts. They realized that the addition of cyclin A readily activated Cdc28p and
hypothesized that CAK was part of the purified Cdc28p complex. After gel filtration of Cdc28p
complexes, they found a CAK activity peak at 45 kDa and identified it as Caklp (also called
Civlp) using a candidate-gene approach. They also found Cakl1p in Cdc28p immunoprecipi-
tates. Nevertheless, it is curious that such a Cak1p/Cdc28p complex of 80 kDa or more has
never been observed after gel filtration®>>*” and Cdc28p does not interact with Caklp in a
two-hybrid screen.®

Four different genetic screens yielded the CAKT gene, which was called at the time CAKY 00
PDL3,%” MCA28°%8 or MEBI® [see below]. The first screen involved the protein phosphatase
Sit4p that is required for progression from G1 to S phase.”®’" In the strain background used in
these studies, absence of Sit4p causes a slow growth phenotype. CAKI (formerly known as
PDL3) was identified as being synthetically lethal with siz4 mutations.”” The relation between
CAKI and SIT4 is unclear and might be indirect. The second screen used a yeast haploid-lethal
mutant collection that was examined microscopically to identify mutants arrested with a mor-
phology similar to that caused by mutation in CDC4, CDC34, or CDC53, genes that are
subunits of the SCF complex.®” One mutant was found to be identical to CAKI. Again the
relation between CAK1 and CDC4, 34, 53 is not obvious, except that all these genes regulate
the activity of Cdc28p through degradation of cyclins and inhibitors. In the third screen, CAKI
was isolated as a dosage suppressor of the sporulation defect of a smkI-2 conditional strain.*®
SMK1 is a MAP kinase involved in spore wall morphogenesis during meiosis in yeast. The
functions of CAKI in meiosis and its activity in the Smk1 pathway are discussed in further
detail below, see "Caklp and its role in meiotic development." In the fourth screen, Caklp
(formerly named MCA28) was identified as a dosage-dependent suppressor of kin28-ts muta-
tions.*>*® Kin28p is a subunit of transcription factor ITH where it phosphorylates the C-terminal
domain (CTD) of the large subunit of RNA polymerase 11 [for more details on Kin28p see
section on Substrates and Biochemistry of Cak1p].

Interestingly, none of the genetic screens revealed the function of CAK7 in Cdc28p activa-
tion. The reason for this might be that CAK1 is involved in all phases of the cell cycle and
therefore genetically interacts with many gene products leading to a complex mutant pheno-
type from which it is difficult to infer Cak1’s function. A reverse approach like biochemical
purification which followed function to sequence proved most successful in identifying Cak1p
and its roles in the yeast cell cycle.

Although CDK?7 homologs have been identified in many species from fission yeast to
humans, only a few potential Caklp-like enzymes have been identified. Cskl of S. pombe,
Cak1Act of Arabidopsis thaliana, and Caklp of Candida albicans have each been shown to res-
cue a cakl mutant in S. cerevisiae.”*’* CaklAt is closer in primary amino acid sequence to
CDK?7 whereas the Csk1 sequence resembles that of Caklp. Studies in fission yeast indicate
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that Csk1 indeed acts as a monomer and can phosphorylate the CAK Mcs6 in vivo and cdc2 in
vitro suggesting that is has CAKAK (CAK activating kinase) as well as CAK activity.”*”> Nev-
ertheless, in vivo Csk1 only activates Mcs6 but not cdc2 [for details see Chapter 3] 7% Whereas
CDKZ7 possesses both CAK and CTD kinase activities, neither Csk1 nor Cak1At, have been
found to phosphorylate the CTD.”*74 We have indications that Cak1At, Csk1, and C. albicans
Cak1p expressed and purified in the insect cell system are functional as a monomer and prefer
to phosphorylate monomeric CDKs (authors’ unpublished observations). Cyclin subunits have
not been described for any of these enzymes. Thus these proteins appear to follow the pattern
of budding yeast Cakl1p rather than the heterotrimeric CDK7 metazoan model.

Substrates and Biochemistry of Caklp

Cak1p belongs to the family of serine/threonine protein kinases and is a distant member
of the CDK superfamily.”>>*>” Caklp activates CDKs in vitro by phosphorylation of the
conserved CDK domain known as the T-loop [also called activation segment].77 Caklp acti-
vates the yeast cell cycle CDK Cdc28p°>4%7 as well as its functional homologs Xenopus Cdc2,”®
human CDK3 (P. K. unpublished data) and human CDK2.>>>*%7 Cak1p also phosphorylates
CDKG6 in its monomeric as well as cyclin D1-, D2-, or D3- bound forms.”” The metazoan
CAK CDK7/cyclin H phosphorylates CDC2, CDK2, CDK3, CDK4, and the CDK6/cyclin D3
complex but not CDK6/cyclin D1/2 complexes,77 a distinction in substrate utilization that
opens the possibility for the existence of CDK activating kinases tailored for specific CDK.
Cak1p does not phosphorylate all CDKs. In the same activity assays that determined its activ-
ity on CDKG for example, no kinase activity was observed with CDK4.”” The Ky (CDK2) of
Cakl1p increases by a factor of 4 when the activating T-loop threonine is mutated to a serine
[T160S].”? Such an effect was not observed for CDK7, once again underlining the difference
in the biochemistry of the two CAKs.”® It is interesting to note that phosphorylation of CDK2
by CAK does not serve to stabilize ATP in the ATPase reaction but increases the catalytic
efficiency by 100,000-fold and the turnover rate by 1,000-fold.*°

An important finding of in vitro activity assays was that Caklp demonstrates a substrate
preference for monomeric CDK rather than the cyclin-bound form.”” This is in contrast to the
mode of action of CDK7, which preferentially phosphorylates CDK/cyclin complexes.””%!
The functional implications of this selectivity on the Cdc28p activation pathway will be dis-
cussed later in this review. It is important to note the mechanistic significance of the diverged
substrate specificity between Caklp and CDK7. Both CAKs can phosphorylate CDK2 yet
binding of cyclin oppositely influences their activity, suggesting that each might recognize
CDK2 in a slightly different conformation (given that cyclin binding induces conformational
changes in CDK structure).

In vivo, Caklp’s primary substrate is the major cell cycle CDK Cdc28p. In fact,
phosphorylation of Cdc28p at Thr169 (the CDK T-loop site of activating phosphorylation) is
the only essential function of Caklp for normal budding yeast growth.”*>*>" A strain that
carries a mutant version of Cdc28-43244p mimicking constitutive phosphorylation (T169E)
and harboring several additional mutations in the same gene, bypasses the requirement for
activating phosphorylation and is viable independently of Cak1p.** Furthermore, this mutant
Cdc28-43244p is capable of supporting cell cycle progression, showing that regulated revers-
ible phosphorylation at position Thr-169 is not essential under the conditions tested. Although
viable, the strain has growth defects in the absence of Caklp perhaps because of failure to
phosphorylate other, as yet unknown, nonessential substrates of Cak1p.#* Conspicuous in its
absence from a list of Cak1p substrates is the C-terminal domain (CTD) of RNA polymerase
IT’s large subunit. CDK7 is a subunit of the transcription factor TFIIH complex and phospho-
rylates the CTD.%838¢ Phosphorylation of the CTD by TFIIH is thought to mediate the
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transition from transcription initiation to elongation. Cak1p was neither found in the TFIIH
complex nor does it exhibit CTD kinase activity.”>>*>7

Such activity however is found in CDK7’s closest S. cerevisiae relative, the cyclin-depen-
dent kinase Kin28p®? which is part of the yeast TFITH complex.®* Cak1p may yet maintain a
connection to transcription as it was found to phosphorylate Kin28p at the conserved threo-
nine (Thr-162) and stimulate its CTD kinase activity in vitro. Kin28p remains unphosphorylated
when Caklp is inactivated in vivo indicating that it is a physiological Caklp substrate.%”%
This phosphorylation event, however, is not essential as a T162A mutant of Kin28p is viable.?®
In the absence of Thr-162 phosphorylation, Kin28p can be activated instead through binding
to the assembly factor Thf3p/Rig2p.®*°

Biochemical Characterization of Caklp

Cak1p is unconventional in that its primary amino acid sequence deviates in subdomains
shared by the protein kinase superfamily. For example, budding yeast Caklp entirely lacks a
canonical “glycine loop” (GxGxxG) in the nucleotide-binding fold. Typically, this motif is
instrumental in anchoring the nucleotide substrate and its mutation in PKA leads to reduced
catalytic activity.”! Cak1p however maintains reasonable affinity for ATP [Ky(ATP) = 4.8 uM,
ATPase rate = 0.13 min™!, compared to 17 uM and 0.66 min™ for wild-type PKA].%* It can also
bind GTP (though with a Ky over 200-fold higher than for ATP) as well as ADP and
AMPPNP?? Introduction of a glycine motif by mutagenesis did not significantly affect the
enzyme’s catalytic rate suggesting that other subdomains in Caklp may be atypical.”* Caklp
has substitutions in highly conserved kinase core residues, and although it contains the “invari-
ant lysine” essential for activity in most protein kinases, this residue is dispensable for Caklp
activity.” In other kinases, the invariant lysine is involved in nucleotide alignment and seems
to function in catalysis as its mutation has little effect on nucleotide binding but completely
inhibits catalysis.”® Mutations of the Caklp Lys-31 surprisingly reduced ATP binding but left
catalytic activity largely unaffected. These mutants were able to complement a cak1 deletion in
vivo suggesting that this residue is not required for activity.*¢”%2 Additionally, Cak1p is
insensitive to 5 fluorosulfonylbenzoyladenosine [FSBA]””>?? which through covalent modifi-
cation of the invariant lysine leads to loss of activity in nearly all kinases, including CDK7.%¢
Thus a combination of kinetic and mutagenic analysis demonstrate that Cak1p’s unusual ATP
binding pocket is efficiently functional. It remains to be resolved what structural adaptations
provide the alternative route by which the molecule compensates for the lack of canonical
protein kinase features. In an effort to further understand Caklp biochemistry, Enke et al’*
examined the parameters of CDK2 phosphorylation by Cak1p. It was concluded that catalysis
is the rate limiting step in CDK2 phosphorylation which likely proceeds through a rapid-
equilibrium, random pathway (where nucleotide and protein substrate binding are indepen-
dent in the formation of the ternary complex). Despite sequence similarity to the CDK family,
Cak1p is not cyclin dependent. Purified Cak1p is active as a monomer in vitro and is not found
associated with a cyclin or any other protein in vivo as it elutes in a single peak corresponding
to its molecular weight when yeast extracts are subjected to Cgel fileration.>>*57% Further-
more, CDKs bound to mammalian CDK inhibitors (CKI; p21¢P!, p27KIP1 557KIP2 151 gINKda)
and p18™¥4) were phosphorylated by Cak1p but not by human CDK7.”” Crystallographic
evidence”® suggest that CKIs inhibit CDKs by binding to the substrate, by inducing
conformational changes, and potentially sterically hindering enzyme-substrate interaction.
Caklp’s insensitivity to CKIs suggests that Caklp approaches substrates in a manner that is
structurally distinct from that of CDK?7 or that it recognizes CDKs in a different conformation.
However, we should keep in mind that also CAKs might induce a conformational change when
they bind to their CDK substrate.
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Regulation and Localization of Caklp

Regulation of CDKs plays an important role in their function. Since the binding of cyclins
and the activating phosphorylation are general requirements for most of the CDKs including
CDK7-type CAK, it was thought that budding yeast Caklp might also be regulated by a
similar mechanism. Surprisingly, Cak1p is active without a cyclin partner and does not require
post-translational modification for its full kinase activity.* Furthermore, Cak1p in crude yeast
extract elutes as a monomer from a gel filtration column. Mutation of potential phosphorylation
sites in Cak1p has no effect on its activity in vivo or in vitro.”? In addition, isoelectric focusing
of Caklp reveals no modified species, suggesting that the majority of Caklp is not
phosphorylated.”” The activity and protein level of Caklp remain constant during vegetative
cell growth.’>%” In contrast, CAKI mRNA®® and protein levels’® fluctuate dramatically during
meiosis (discussed in section on Caklp and its Roles in Meiotic Development). Although
Caklp protein levels and activity are constant, we cannot exclude that Cdc28p can only be
activated at a specific time. In this model, both Caklp and Cdc28p are present at all times but
Cdc28p can only be phosphorylated by Caklp at a specific time. That way Caklp would
regulate Cdc28p directly. Nevertheless, we have no indication that such a model is valid since
Cdc28p is fully phosphorylated at all times [see section on The Activation Pathway of Cdc28p].”
We cannot exclude though that only a small percentage of Cdc28p is phosphorylated at spe-
cific times or that this modification is only short lived. In both cases, it would be virtually
impossible to detect such effects.

Whereas CDK?7 is localized to the nucleus, budding yeast Caklp is found in both the
cytoplasm and the nucleus by immunofluorescence staining and is mostly found in the
cytoplasmic fraction by subcellular fractionation,”® which correlates with the localization of its
major substrate, Cdc28p.”® Furthermore, the protein levels and localization of Cak1p are con-
stant throughout the cell cycle,52’67 which is also consistent with the invariable phosphorylation
state of Cdc28p.”” It is unclear whether the activating phosphorylation of Cdc28p plays any
regulatory role during the cell cycle in yeast.

Caklp and its Roles in Meiotic Development

Sporulation is the program in which diploid (MATa/MATa) yeast cells give rise to haploid
spores in response to nutrient limitation (reviewed in 99). Following induction, a single round
of DNA replication is followed by an elongated prophase when synapsis and genetic
recombination take place. Once recombination has been completed, two rounds of chromosome
segregation occur without an intervening S-phase. Homologs separate during the unique MI
division, while sister chromatids separate during the mitosis-like MII division. Spore wall
assembly follows the meiotic divisions. Caklp is required for multiple processes during
sporulation. Some Caklp requirements during sporulation appear to be Cdc28p-dependent
while others appear to be Cdc28p-independent. In order to review the roles of Cak1p in meiotic
development it is first necessary to consider Cdc28p’s role in sporulation and how the regulation of
Cdc28p may differ between mitosis and meiosis.

The role of Cdc28p in meiosis was first addressed by Shuster and Byers who reported that
a cdc28-4 diploid strain shifted to its restrictive temperature following meiotic induction
completed chromosomal DNA replication and spindle pole body duplication and arrested
prior to the nuclear divisions in pachytene [the last stage of MI prophase before cells become
committed to chromosome segregation].'”® CDC28 is required for both DNA synthesis and
spindle pole body duplication during mitosis. In seeming contradiction to the CDC28
temperature shift studies, premeiotic DNA replication does require the CLB5 and CLB6 B-type
cyclins 101102 Token together, these results suggest that there is a low threshold of Cdc28p
catalytic activity required to complete premeiotic DNA synthesis which is provided by the
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residual activity of the ¢dc28-4 allele. Another possibility that cannot be ruled out is that there
is an as yet to be identified CDK, that complexes with Clb5p and Clb6p and promotes DNA
replication in meiosis. Premeiotic and mitotic DNA replication also differ in how CDK inhibitors
are regulated. In mitosis, S-phase requires targeting of the Siclp CDK inhibitor for destruction
by Cdc28p/Clnlp and Cdc28p/Cln2p complexes.*"19*1% In contrast, the Clns are not
required for sporulation, and the destruction of Siclp requires the sporulation-specific Ime2p
protein kinase.'”! Ime2p is not the CLB5/6 kinase that is required for DNA replication however,
since a strain lacking Sic1p can complete DNA replication in the absence of Ime2p.'”" These
results show that at least some mitotic Cdc28p functions can be performed by sporulation
specific protein kinases during sporulation.

In contrast to premeiotic DNA synthesis, there is clear evidence that Cdc28p is required
for the meiotic divisions. cdc28-4 diploids sporulated at the restrictive temperature arrest in
pachytene (just prior to chromosome segregation).!® In addition there is good genetic evi-
dence demonstrating a requirement for B-type cyclins in MI and I1.'%” However, the cyclins
appear to have specialized meiotic requirements. CLBI appears to be the major Clb that con-
trols exit from pachytene and entry into meiosis I, CLBI,CLB3, and CLB4 appear to play
partially redundant roles in promoting meiosis II, and CLB2, while required for mitosis, does
not appear to play any role in meiosis.'?”

The transition from pachytene into meiosis I represents a major point of regulatory con-
trol in sporulation and there is good evidence that much of this regulation is achieved by
controlling Cdc28p activities. For example, signals that control the exit from pachytene and
entry into meiosis I include the completion of genetic recombination, which is monitored by a
pathway termed the pachytene checkpoint (also referred to as the recombination checkpoint).
If recombination has not been completed, this checkpoint pathway blocks the program in
pachytene (for review see 108). SWE!, which encodes the kinase that phosphorylates the in-
hibitory tyrosine in the ATP binding pocket of Cdc28p is required for the pachytene checkpoint
and Swelp is activated in cells that have undergone checkpoint-mediated arrest.'”” An
overlapping control mechanism that regulates Cdc28p activity is the transcriptional program
of sporulation.''®!"! This transcriptional cascade involves the induction of several hundred
promoters that can be divided into “early”, “middle” and “late” temporal classes. Early genes
are expressed when premeiotic DNA synthesis, synaptonemal complex formation, and recom-
bination are occurring. Middle genes are expressed as cells exit pachytene, enter the nuclear
divisions and begin to form spores. Late genes are expressed as spore formation is being com-
pleted. Thus, the key events of sporulation are tightly coupled to and controlled by this geneti-
cally programmed transcriptional cascade. The CLBI, CLB3-CLBG6 genes are transcriptionally
induced as middle genes. The sporulation-specific Ndt80 transcription factor is required for
this induction.!'>!1% Ndt80 is negatively regulated by the pachytene checkpoint.!'>14 In
checkpoint-arrested cells, middle gene induction and the wave of CLB transcription does not
occur as Ndt80 is inhibited. It is likely that the negative regulation of CLB transcriptional
induction during meiosis plays a role in preventing the nuclear divisions in checkpoint arrested
cells.

Mutants in cakl show a variety of meiotic defects. Temperature shift experiments show
that CAKT is required for the meiotic nuclear divisions®® (EW unpublished data). These results
are similar to those seen with conditional CDC28 mutants,'’ and are consistent with the
notion that Cak1p activates Cdc28p during meiosis. These results imply that the pool of acti-
vated Cdc28p present in prophase is insufficient to drive the nuclear divisions and raise the
possibility that Caklp can be rate limiting for the nuclear divisions in wild-type cells. Experi-
ments to monitor the phosphorylation state of Cdc28p during meiotic development have not
been reported but might help to clarify this issue.
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MI and MII in yeast are rapidly followed by spore formation. This morphogenetic pro-
gram initiates as a thickening of the outer plaque of the centrosome (referred to as the spindle
pole body in yeast). Vesicular fusion mediated through a sporulation-specific arm of the secre-
tory pathway, is involved in the outgrowth of the prospore membrane,''® which surrounds the
haploid meiotic products. Subsequently, spores-pecific components are assembled from within
and around the double-layered prospore membrane to generate the spore wall (reviewed in 99).

SMK1 encodes a sporulation-specific MAP kinase homolog that is a central regulator of
spore morphogenesis.!'® k1 null mutants complete meiosis I and I but are defective in
assembling spore walls. Moreover, different smkl hypomorphs block the program at distinct
steps in the morphogenic pathway.''” CAKI in high copy number suppresses the spore
morphogenesis defects of weakened sm/1 mutants.®® Furthermore a cak strain that is able to
complete meiosis I and II but that is specifically defective for spore morphogenesis has been
isolated. In addition, CAK1 is transcriptionally induced when meiosis and spore morphogenesis
are occurring. These results indicate that Cak1p is required not only for the nuclear divisions (a
Cdc28p-dependent function) but also plays a role in activating the SMK1 spore morphogenesis
pathway. More recently it has been shown that Cak1p and Smk1p interact using a two-hybrid
system in mitotic cells.®” However, it has not been determined whether this interaction is direct
or whether the Caklp and Smk1p are tethered by another protein.

The expression of Caklp protein has been examined and shown to change dramatically
during sporulation.95 During the early phase of sporulation, when DNA replication is occur-
ring, Cak1p levels are comparable to the levels seen in mitotic cells. Subsequently Cak1p levels
fall to near background during late prophase (around pachytene). These data suggest that the
level of Cakl1p protein during sporulation is regulated not only at the transcriptional level but
also by a developmentally regulated proteolysis pathway. Subsequently Cak1p levels increase as
middle genes are transcriptionally induced, and as cells exit pachytene and enter the meiotic
divisions. Since Caklp is required for Cdc28p activity and Cdc28p is rate limiting for exit
from pachytene this might suggest that the regulation of Cak1p levels could play a role in the
pachytene checkpoint. However, expression of Caklp using a high level promoter that gener-
ates constitutive CAK7 mRNA and protein levels does not cause bypass of the pachytene
checkpoint (EW unpublished data).

Additional insight into the role of Caklp in sporulation comes from the analysis of ge-
netic backgrounds in which the mitotic role of CAK1 has been made dispensable.®* These
studies made use of CDC28-43244, a multiply mutant form of Cdc28p, which lacks a
phosphorylatable residue at position 169 (Thr-169 is the in vivo phosphorylation target of
Cak1p) and additional substitutions that presumably hyperactivate the kinase. CDC28-43244
mutant cells grow in the complete absence of CAK1. While homozygous CDC28-43244 CAK1
diploids sporulate, a CDC28-43244 cakI-A homozygous diploid is sporulation-defective (EW
unpublished data). Since the Cdc28-43244 mutant protein lacks the threonine that is phos-
phorylated by Cak1p, these results imply that Caklp functions in sporulation by phosphory-
lating a target other than Cdc28p. Biochemical studies indicate that Smk1p is inactive during
sporulation of the CDC28-43244 cakI-A background suggesting that Cak1p activates a com-
ponent of the SMK1 MAPK pathway (M. Shaber and EW unpublished data). Kin28p, the
other known mitotic target of Cak1p, does not appear to function in activating Smk1p since a
kin28 mutant lacking the residue normally phosphorylated by Cak1p in vegetative cells sporulates
normally (J. Kimmelman, and M. Solomon personal communication).

In summary, Caklp is highly regulated and plays multiple roles during sporulation. First
it appears to be required for exit from pachytene and completion of the meiosis I and II divi-
sions. This observation is consistent with the central role of Cdc28p in nuclear division. In
addition, Caklp appears to activate the SMKI pathway by a Cdc28p-independent mecha-
nism. This later sporulation-specific function has led to the suggestion that Cak1p plays a role
in coordinating meiosis with the spore differentiation pathway.*®
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Removal of the Activating Phosphorylation from Cdc28p

Compared to our knowledge of CAK, much less is known about the protein phosphatases
that reverse the activating phosphorylation in CDKs. Previous studies in S. pombe and in Xeno-
pus egg extracts raised the possibility that the dephosphorylation of this residue may be re-
quired for exit from mitosis,'"*!''? and implicated type 2A and type 1 protein phosphatases in
the dephosphorylation of Cdc2.!"1?° More recently, a dual specificity phosphatase, KAP (also
called Cdil, Cip2),**'?122 was shown to preferentially dephosphorylate monomeric CDK2
in vitro.'?? This result is consistent with the observation that Xenopus Cdc2 is dephosphory-
lated only after cyclin degradation.'"” However, there is no obvious KAP homolog in budding
yeast. Using Thr-169 phosphorylated Cdc28p as substrate, we biochemically identified the
Cdc28p phosphatase as belonging to the type 2C family of Ser/Thr protein phosphatases (PP2C):
this activity required Mg?* and was insensitive to PP1/PP2A and dual-specificity/tyrosine phos-
phatase inhibitors such as microcystin-LR, vanadate, and tungstate.124 Two yeast PP2Cs, Ptc2p
and Ptc3p, display Cdc28p phosphatase activity in vitro and in vivo, and account for ~90% of
Cdc28p phosphatase activity in yeast extracts. Overproduction of Ptc2p or Ptc3p reduces the
level of Thr-169 phosphorylation in Cdc28p in vivo and results in synthetic lethality in
temperaturesensitive cak! strains at the permissive temperature. Furthermore, the dual disrup-
tion of PTC2 and PTC3 suppresses the growth defect of a cakl mutant at semi-permissive
temperature. Since the phosphorylation of Cdc28p is the only essential function of Cak1p,®*
Ptc2p and Ptc3p are likely to be the physiological Cdc28p phosphatases in budding yeast. Like
KAP, Pec2p and Pte3p prefer monomeric CDKs rather than cyclin-bound CDKs as substrates.
PP2C-like activities are also responsible for >99% of CDK2 phosphatase activity in HeLa cell
extracts.'>4 We recently demonstrated that these CDK2 phosphatase activities belong to PP2Ca
and PP2CP2, the closest homologs of yeast Ptc2p and Ptc3p.'? Therefore, the ability of PP2Cs
to reverse the activating phosphorylation of CDKs is evolutionarily conserved.

The balance between activating phosphorylation and dephosphorylation of CDKs ap-
pears to vary greatly between species. For example, studies from S. pombe and Xenopus show
that the activating phosphorylation of Cdc2 is removed rapidly either during or at the end of
mitosis.''®"” In budding yeast, however, Cdc28p remains phosphorylated at Thr-169 through-
out the cell cycle.>*”?” This difference is likely due to the different substrate specificities of the
respective CAKs and to the relative activities of CAK and PP2C in the different species: (i)
budding yeast Caklp can phosphorylate monomeric CDKs and Cdc28p molecules that are
dephosphorylated after cyclin degradation.”” (ii) CDK phosphatase activity in HeLa cell ex-
tracts is much higher than in budding yeast extracts. In budding yeast, dephosphorylation of
Cdc28p by Ptc2p and Ptc3p happens less frequently than phosphorylation by Caklp as indi-
cated by the fact that most monomeric Cdc28p molecules are phosphorylated. Using a phospho-
specific antibody, we estimated that phosphorylation of Cdc28p by Caklp is about 9-fold
more frequent than dephosphorylation by Ptc2p and Ptc3p combined.” In contrast, PP2C-
like activities in HeLa cell extract are about 10-fold higher than those in yeast extract'* but no
comparison has been done of yeast and human CAK activities. Therefore, Cak1p plays a domi-
nant role in determining the phosphorylation of monomeric Cdc28p in budding yeast whereas
PP2Cs might play the dominant role in human cells.

The identification of the CDK phosphatases also raised two questions. First, does the
removal of the activating phosphorylation have any regulatory role during the cell cycle? Sec-
ond, how are these PP2Cs regulated? In budding yeast, a regulatory role for the removal of the
activating phosphorylation from Cdc28p during the normal cell cycle has not been detected.
Three independent lines of experiments do not currently support such a role:

1. dual deletion of PTC2 and PTC3 has no apparent phenotype,'24
2. the activating phosphorylation of Cdc28p is constant during the cell cycle, and



22 The CDK-Activating Kinase (CAK)

3. the Cdc28-43244p mutant, which mimics a permanent “phosphorylated” form of Cdc28p
(T169E with several additional mutations), supports cell growth.8?

However, it is unclear whether the same scenario occurs in higher eukaryotes. Studies in S. pombe
and Xenopus egg extracts raised the possibility that dephosphorylation at the site of the activat-
ing phosphorylation may be required for exit from mitosis.''®!"? Considering that CAK activ-
ity does not vary in cycling Xenopus egg extracts,'® it will be interesting to determine if the
higher eukaryotic cdk phosphatase activity is regulated during the cell cycle. Previous studies
showed that PP2Co: might be phosphorylated at its C-terminus'?® and PP2Cf mRNA levels
and activity are up-regulated during the 1 alpha,25-dehydroxyvitamin D3-induced monocytic
differentiation of leukemic HL-60 cells.'”” Further studies will be necessary to determine whether
the extent of activating phosphorylation of CDKs is modulated by the activity of PP2Cs. Like
Ptc2p and Ptc3p in budding yeast, human PP2Ca and f isoforms contain potential sites for
N-terminal myristoylation. It will be interesting to determine whether the CDK phosphatase
is myristoylated in vivo and how the myristoylation regulates PP2C and its localization.

The Activation Pathway of Cdc28p

Because CDKs are regulated by several mechanisms, including cyclin binding, activating
phosphorylation by CAKs, inhibitory phosphorylation by WEE1-like kinases, and association
with inhibitory proteins, there are many possible pathways that can produce the active form of
the CDK. For the budding yeast CDK, Cdc28p, the combinatorial problem is simplified some-
what because inhibitory phosphorylation does not play a major role in Cdc28p regulation
during normal mitoses. &% Phosphorylation of the inhibitory site, Tyr-19, is required instead
for a checkpoint that monitors the coordination of the budding and nuclear division cycles.'%1%°
It is not known whether Tyr-19 phosphorylation in response to the checkpoint signal is
dependent on prior cyclin binding or activating phosphorylation of Cdc28p; however, in other
organisms, inhibitory phosphorylation occurs only after cyclin binding,.

The physiological role of the Cdc28p inhibitors, Farlp and Siclp, is to down-regulate the
active Cdc28p kinase,*”?!?%13! suggesting that they are late players in the activation pathway,
associating with the CAK-phosphorylated, cyclin-bound Cdc28p complex. Both inhibitors
have indeed been shown through biochemical experiments to bind and inhibit Cdc28p/cyclin
complexes.?”?!

The best studied aspects of the Cdc28p activation pathway concern the relative order of
cyclin binding and activating phosphorylation on Thr-169 by Caklp. Experiments using a
variety of methods to resolve Thr-169 phosphorylated from unphosphorylated Cdc28p, have
concluded that essentially all of the Cdc28p in the cell is phosphorylated on Thr-169 through-
out the cell cycle.¥”””"'32 Cdc28p is found in three forms in the cell:

1. as a monomer [inactive],

2. as heterodimer with cyclins [active], and

3. as heterotrimer with cyclins and inhibitors [inactive].
Other potential forms would be a heterodimer with inhibitors [inactive] and a high molecular
form in complex with chaperones like Cdc37p [inactive]. Interestingly, there is a 10-fold excess
of Cdc28p over cyclin molecules in any given phase of the cell cycle. The monomeric pool of
Cdc28p, which comprises 80-90% of the total, is as highly phosphorylated as the pool of active
Cdc28p/cyclin complexes,””!%* a surprising observation because monomeric CDKs in higher
eukaryotes are not phosphorylated.'®!3* Cak1p phosphorylates monomeric CDKs much more
efficiently than CDK/cyclin complexes, and both Clb and Cln cyclins associate more strongly
with prephosphorylated Cdc28p than with the unphosphorylated form.””” Taken together,
these results suggest that the pool of phosphorylated monomer seen in vivo is likely to repre-
sent Cak1p phosphorylated monomers, and that Cdc28p is activated by subsequent binding of
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cyclin to phosphorylated Cdc28p. Under the conditions investigated, dephosphorylation of
Thr-169 has not been shown to be a significant mechanism of Cdc28p regulation.52°7:124 The
Thr-169 phosphatases, Ptc2p and Ptc3p, act primarily on monomeric Cdc28p'?4 and since
there is a large pool of phosphorylated Cdc28p monomers a limiting effect can be observed
only when Caklp function is compromised [see also section on Removal of the Activating
Phosphorylation from Cdc28p].!%

Studies on the interplay of Cdc28p regulatory mechanisms indicate that Cdc28p mono-
mers are phosphorylated on Thr-169 by Cak1p soon after their synthesis. As cyclins accumu-
late, they bind to and activate the phosphorylated monomers. Cdc28p activity is switched off
either through the destruction of the cyclin subunit or by binding of inhibitors to the active
complex. Cdc28p activity can be further modulated through inhibitory phosphorylation, prob-
ably of the Thr-169 phosphorylated, cyclin-bound form, in response to the budding checkpoint
signal, or through dephosphorylation of Cdc28p monomers by the Thr-169 phosphatases.

Although the fundamental mechanisms of Cdc28p regulation are conserved in other eu-
karyotes, certain aspects of the CDK activation pathway appears not to be. CDC2 and CDK2
in mammals are phosphorylated by CAK only after binding to cyclin.!®”78134135 Budding
yeast Caklp and the CDK7/cyclin H family of CAKs that phosphorylate CDC2 and CDK2
have divergent biochemical properties that suit them to their respective activation pathways.
For example, Cak1p prefers to phosphorylate monomeric CDKs whereas CDK7/cyclin H CAKs
prefer to phosphorylate CDK/cyclin complexes.””8! Also, Caklp is found primarily in the
cytoplasm,” colocalizing with the large pool of monomeric Cdc28p,” whereas CDK7/cyclin H
is found in the nucleus where it can phosphorylate CDKs which are directed to the nucleus
upon cyclin binding, 136138

One possible explanation for the opposite order of activation and for the evolution of
divergent CAKs, at least for the mitosis promoting factor [MPF], CDC2, could stem from the
relative importance of inhibitory phosphorylation in CDK regulation in budding yeast versus
other eukaryotes. While inhibitory phosphorylation of Cdc28p is dispensable during normal
cell cycles, it is critically important for the correct timing of mitosis in other organisms (for
review, see 7, 139). Removal of the inhibitory phosphorylations from CDC2 is the final step
necessary for mitotic entry in Xenopus."> Because inhibitory phosphorylation cannot occur
until after cyclin binding," one way to ensure that CDC2 is not prematurely activated is for
activating phosphorylation to also depend on prior cyclin binding, and ideally, on prior
phosphorylation of the inhibitory sites.

A second possible explanation for the unusual Cdc28p activation pathway may be differ-
ences in the behavior of the nuclear membrane during mitosis. In mammalian cells, CDKs are
known to shuttle in and out of the nucleus and nuclear envelope breakdown occurs at the
beginning of mitosis (reviewed in 4, 140, 141). Budding yeast, like other fungi carry out a
closed mitosis in which the nuclear envelope does not break down. However, CAK-phosphory-
lated CDK/cyclin complexes are found both in the nucleus and the cytoplasm. To achieve this,
without mixing their cytoplasmic and nuclear contents, budding yeast must either have CAK
activity in both compartments, or as appears to be the case, phosphorylate their CDKs as
monomers in the cytoplasm before they enter the nucleus. Intriguingly, S. pombe, which also
has a closed mitosis, appears to have two CAKs—a CDK7/cyclin H-type CAK (Mcs6/Mcs2)
and a Cak1p-type CAK (Csk1), although the physiological roles of these two enzymes have not
yet been resolved.”>7>76:142

Future experiments aimed at understanding why different CDK activation pathways de-
veloped and continue to persist will give us insight into the complex and subtle variety of
strategies of growth regulation used by eukaryotes. Results from such studies might explain the

difference between CDK7-like and Cak1p-like CAKs.
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CHAPTER 3

CDK-Activation in Fission Yeast

Schizosaccharomyces pombe: Specificity
Mediated by Distinct CAK Kinases

Thomas Westerling, Damien Hermand and Tomi P. Mikeld

Introduction

ctivation of cyclin dependent kinases (CDKs) by phosphorylation of the conserved
AT—loop is a regulatory step of cell cycle progression that was discovered just a decade

ago. A wealth of data regarding this activation and of potential CDK activating kinases
(CAKs) has accumulated. Despite this several crucial unresolved issues remain, including the
unambiguous identification of the in vivo CAK kinase(s) in mammalian species. Here we focus
on recent advances in this field in fission yeast Schizosaccharomyces pombe and discuss the impli-
cations of these results in a broader context.

Characteristics of the Fission Yeast Cell Cycle

The cell cycle of the fission yeast S. pombe is apparently significantly less complicated than
that in higher organisms and also different from the other common yeast model organism,
budding yeast Saccharomyces cerevisiae. In S. pombe one major CDK, namely Cdc2, is the
kinase driving the cell cycle.! Furthermore the Cdc13 B-type cyclin normally associated with
Cdc2 at mitosis can apparently drive the entire S. pombe cell cycle in a strain deleted for other
reported B-type cyclins.” The minimal requirement of the Cdc13 cyclin leads to a model where
the level of CDK activity rather than the specificity of the CDK-cyclin complexes is critical for
cell cycle progression.! This might reflect a primitive cell cycle of a hypothetical ancestor eu-
karyote where replication and mitosis might have been concomitant due to a small genome
size.? Increase of the DNA content leads to a separation of S-phase and mitosis dependent on
the level of Cdc2 kinase activity, S-phase being initiated with a lower level than mitosis.' Keep-
ing these differences in mind might give us clues to the reason why various organisms differ in
fundamental aspects of CDK regulation such as CDK activation by phosphorylation.

The minimal requirement of the Cdc13 cyclin may also in part reflect the exotic life cycle
of S. pombe. Although S. pombe goes through a diploid life cycle, it spends most of its time in
haploid form not only in the laboratory but also in nature, e.g., in grapes and molasses.®
Perhaps due to this habit S. pombe spends most (ca. 70%) if its division cycle in G2” as opposed
to other model organisms that are predominantly G1 dwellers spending most of their time in
the cell cycle in preparation of passing START.® A potential advantage of the G2 dominated
cell cycle of the haploid S. pombe is the increased time spent with a 2C (G2) DNA content that
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is less prone to deleterious DNA alterations. Another consequence of this cell cycle distribution
that is important to bear in mind when interpreting cell cycle experiments in S. pombe is the
fact that at the time of visible daughter cell division (through septation) cells have already
passed G1 in exponential cultures. This is because the size requirement of initiating S-phase is
already achieved by the time mitosis is completed.”!!

In spite of these differences S. pombe has a typical eukaryote cell cycle with ordered
progression through G1, S, G2 and M-phases in contrast to S. cerevisiae that does not appear to
have a clear temporal separation of S-phase and M-phase events.'? In addition, despite the
apparent totipotency of Cdc2-Cdc13 in mutant S. pombe strains, other cyclins besides Cdc13
are important in normal G1-S regulation, although they are non-essential. Thus CigZ13 is the
major partner of Cdc2 in the G1 phase and regulates G1-S transition.'* Also Cigl and Pucl
cyclins contribute to G1 progression.!> The recently characterized non-essential Rem1 cyclin
may be more involved in meiotic events (José Ayté and Paul Nurse, personal communication).

Regulation of S. pombe Cdc2

The S. pombe mode of growth through bipolar apical extension and the resulting
pen-shaped morphology'® became the basis of classic genetic screens for genes involved in cell
division cycle control. S. pombe cells unable to pass the G2/M checkpoint continue growth in
the absence of division and thus increase cell length. On the other hand, if a mutation ablates
the cell size checkpoint at G2/M the result is premature commitment to division with a cell size
that is less than wild type. By employing these mutant phenotypes, a number of cell division
cycle (cdc)’ and weel'"? mutants were isolated. The mutants include various components
crucial for metabolic events involved in proliferation and a series of molecules associated with
direct control of cell cycle progression (for review see reference 20). Characterization of genetic
interactions of the isolated mutants established the epistatic relationships between the genes.
This is particularly true for weel,'®'??! cdc25** and cdc2'®!” that were isolated using the
mutants of these screens. From early genetic experiments it became apparent that weel and
¢dc25 represent opposing forces regulating cdc2 as the weel-50 phenotype is suppressed when
combined to cdc25-22." Also overexpression of wild-type cdc25 in a weel-50 background
causes cells to undergo a lethal premature mitosis, a phenomenon called mitotic catastrophe.?

This convincing genetic data linking weel, cdc25, and cdc2 was corroborated by
biochemical studies leading to the identification of an inhibitory phosphorylation (Tyr-15) on
Cdc2 mediated by the Weel kinase?® and dephosphorylated by Cdc25.2 During these studies
a second phosphorylation site was identified on Cdc2 and mapped to Thr-167.% It was shown
that phosphorylation of this site was critical for Cdc2 activity and stabilized cyclin binding.”
However, as the critical regulatory steps in S. pombe cell cycle progression appear to be cyclin
binding and dephosphorylation of Cdc2 by Cdc25 (reviewed in reference 20), the regulatory
role of the activating phosphorylation on Thr-167 has remained a puzzle. Yet alanine substitution
of Cdc2 Thr-167 is lethal for S. pombe and an overexpressed Cdc2 alanine substitution mutant
acts in a dominant negative fashion when overexpressed, strongly suggesting that the
phosphorylation is essential for Cdc2 function.?

Mcs6-Mcs2-Pmh1 is a CDK-Activating Kinase Related to Metazoan
CDK7-Cyclin H-MAT1

Thus the concept that CDKs require a phosphorylation in their T-loop for full activity and
indeed that such a phosphorylation on Cdc2 is essential was formalized in S. pombe. Despite this,
the first CDK-activating kinase (CAK) was identified from marine invertebrates and mammalian
species as a trimeric complex consisting of the catalytic CDK7 (or MO15) kinase, cyclin H and
MAT capable of activating Cdc2 in vitro (reviewed by Poon in Chapter 1 of this book).
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In retrospect however it has become evident that prior to any knowledge of CAK kinases,
genetic analysis of regulators of mitosis in S. pombe had revealed two loci termed Mes2 and
Mes6¥ subsequently identified as key players in Cdc2 activation.

Mes2 and Mes6 were first identified as mutant alleles (Mes2-75 and Mes6-13) capable of
suppressing a mitotic catastrophe resulting from a hyperactive Cdc2 in the cde2-3w weel-50
double mutant strain. Thus Mecs2 and Mes6 together with four other mitotic catastrophe sup-
pressor (mcs) loci were expected to encode positive regulators or substrates of Cdc2.?” Although
most s loci have been identified by now, only Mcs2 and Mes6 displayed allele-specific inter-
actions with cdc2 suggesting direct interactions between the encoded proteins.?” Subsequently
Molz and Beach identified Mes2 as an essential C-type cyclin,®® and later MesG (originally
termed crkl or mop1) was found to encode a CDK associating with Mcs2.2930

Indeed Mcs2 and Mcs6 are the structural homologues of CDK7 and cyclin H respec-
tively.?>** The similarity of the S. pombe and metazoan complexes include the presence of a
homologue of mammalian MAT1%'3 in S. pombe. Thus we recently identified an open read-
ing frame with extensive similarity to MAT1 in sequences released from the S. pombe genome
sequencing project. The predicted protein consists of 318 amino acids and is encoded by a split
gene with five introns designated pmh1 (for pombe MAT1 homologue; GenBank accession
no. AF191500). A multiple sequence alignment with MAT1 from M. musculus** X. laevis,
and Tb3p* (also called Rig2p®° from S. cerevisiae (see Fig. 3.1) reveals a strong conservation in
the N-terminal part including the RING finger domain. The C-terminus of MAT1 is important
for association and activity of the CDK7-cyclin H-MAT1 complex.” Interestingly the
C-terminus of Pmh1 is more conserved with the metazoan MAT'1 than with S. cerevisiae Tb3p,
which could reflect differences in the functions of the S. cerevisiae Kin28p-Ccl1p-Ttb3p com-
plex compared to S. pombe Mcs6-Mcs2-Pmh1 or metazoan CDK7-cyclin H-MAT 1 (see below).

The Mcs6 CAK is Activated by the CAK-Activating Kinase

(CAKAK) Cskl1

The metazoan CDK7-cyclin H dimer can be activated by either association with MAT1
or by phosphorylation of the T-loop threonine (Thr-170 in human CDK7).* The identity of
the kinase activating this site in metazoans in vivo remains unresolved, but both CDK2 and
CDC2 can phosphorylate the site in vitro.* S. pombe Mcs6 can also be activated by association
with Pmh1 (our unpublished results), but like CDK?7 it also contains a T-loop phosphorylation
site which in the case of Mcs6 is a serine instead of a threonine (Ser-165). First hints regarding
the identity of the “CAK-activating kinase” or CAKAK phosphorylating this site were again
provided by genetics. During the multicopy suppressor screen to identify Mes2, Molz and
Beach?® identified a second locus capable of rescuing a weak Mes2 allele (Mcs2-75) that provided
a scorable phenotype when combined with cdc2-3w cdc25-22 alleles. The new locus was termed
Cskl1 (for cyclin suppressing kinase), and it encoded a nonessential atypical kinase. Although
Cskl is not essential, disruption of the gene results in a mild phenotype
characterized by a delay of cell cycle re-entry from stationary phase together with abnormalities
in the cell wall.*® Csk1 is genetically linked not only to Mes2 but also to Mes6 as demonstrated
by the temperature-sensitive synthetic lethality caused by deletion of Csk1 in combination with
the Mes6-13 allele.”® Based on these links it was not a surprise that Csk1 was found to phosphory-
late Mcs6 on the T-loop activation site (Ser-165) both in vitro and in vivo.”® Thus Csk1 constitutes
the in vivo CAK of Mcs6, and has therefore also been referred to as a CAK-activating kinase or
CAKAK. Interestingly, as Csk1 is nonessential, the results demonstrate that phosphorylation of
the T-loop of Mcs6 is not required for viability®® as has been observed for the corresponding
site in S. cerevisiae Kin28p.>

The presence of a CAK-activating kinase (CAKAK) adds one additional level of regulation of
CDK activity. Indeed through manipulation of Csk1 activity in S. pombe one can reciprocally
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Fig. 3.1. Pmh1 is a MAT1 homologue of S. pombe. Multiple sequence alignment of M. musculus MAT 1
(MmMAT1),34S. pombe Pmh1 (Sp Pmh1; Accession no. AF191500) and S. cerevisiae Tfb3p (Sc Tfb3),3>3
aligned using Clustal X*? followed by minor manual alignment of gap-flanking sequences. The N-terminal
RING finger (black lines) and the C-terminal CDK7-cyclin H binding domain of metazoan MAT1 (grey
lines) are according to Busso et al.”

increase or decrease Mcs6 levels and activity in response to either overexpression or deletion of
Csk1. This suggests the presence of a mechanism to closely monitor and regulate the activity
and levels of the Mcs6-Mcs2-Pmhl1 complex.3 8 This is also reflected in the regulation of Mcs2
levels in a Mcs6 kinase activity-dependent manner (our unpublished results).

Functions of Mcs6-Mcs2-Pmh1 Kinase Complex

Due to the similarities between Mcs6-Mcs2-Pmh1 and CDK7-cyclin H-MAT1%° as well
the ability of Mcs6-Mcs2-Pmh1 to phosphorylate CDKs** and the C-Terminal Domain
(CTD) of the large subunit of RNA polymerase I17%° Mcs6-Mcs2-Pmh1 has been implicated
in both cell cycle control and in transcription regulation. The proposed transcriptional func-
tion has not been addressed in S. pombe, although it appears quite likely that the identified
CTD kinase activity of S. pombe TFITH! will represent Mcs6 as homologues to TFITH sub-
units can be readily identified in the S. pombe genome.*>* If indeed Mcs6-Mcs2-Pmh1 would
regulate transcription through CTD phosphorylation, this is likely to represent an essential
function of this kinase, and some of the phenotypes described for mutants of Mcs2, Mes6, and
Cskl may partly reflect this aspect. Of special interest in this regard is the Cs41 disruptant
phenotype (mimicked by replacement of Mes6 with the alanine substitution mutant (ser-165)
of Mes6), which would be consistent with a transcriptional defect.* This might suggest that a
CTD phosphorylation function of Mcs6 is more sensitive to Mcs6 T-loop phosphorylation
than a CAK function.

The role of the Mcs6-Mcs2-Pmh1 complex as a regulator of cell cycle progression on the
other hand has been more thoroughly characterized, and there is now compelling evidence
indicating that this complex is the CAK of Cdc2 in vivo. The initial identification of both
Mes2 and Mes6 as allele-specific interactors of cde2 suggested that these genes were direct upstream
(or downstream) regulators of cdc2.28 Here it is interesting to point out that the alleles identi-
fied in the thorough screen described above were specifically selected for their ability to sup-
press a superactive Cdc2. Thus Mcs6-13 and Mes2-75 might be selectively defective in their cell
cycle function but not in transcription regulation. The single mutation in the Mcs6-13 allele
(Leu-238 to Arg-238) corresponds to a residue present in subdomain 10 of CDKs and con-
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served in CDK7 but not in Kin28p.* However, the functional consequence of this mutation is
difficult to predict, whereas the mutation(s) in Mes2-75 have not been characterized.

In addition to the genetic interactions with ¢4c2, the terminal phenotype in cells from
germinating Mes6 null spores appears to arrest as septated cells with condensed chromatin
consistent with a mirotic arrest.” Indeed this phenotype is very similar for the one reported for
Mes2 deletion.”®

The genetic arguments presented above strongly suggest that Mcs6 is the direct activator
of Cdc2 in S. pombe and indeed it can activate both Cdc2-Cdc13 and Cdc2-Cig2 complexes in
vitro.*> However, Csk1 was found to activate the same complexes. These studies suggested that
either kinase could phosphorylate Cdc2 Thr-167 in vitro, although this was not directly ad-
dressed. Furthermore, both overexpressed Mcs6-Mcs2, and Csk1 rescued a S. cerevisiae strain
with a temperature-sensitive mutation of the single CAK kinase Cak1p of S. cerevisiae.t

The results from heterologous or in vitro systems thus suggested that Csk1 might activate
Cdc2 in addition to Mcs6 also in S. pombe cells. This did not appear likely since the Cskl
disruption is viable and with normal Cdc2 activity,?®3®% but the possibility of redundancy
remained. Although the previously described strain combining mutations of both Cskl and
Mcs6 (CsklA Mes6-13) did demonstrate reduced Cdc2 activity45 this could have been mediated
by either or both kinases. To address this issue we recently generated a S. pombe strain in which
we attempted to combine the effects of both mutations into a single Mcs6 allele. We combined
the single mutation identified in Mes6-13 (Leu-238 to Arg-238) with the mutation of the
Mcs6 T-loop activation site (Ser-165 to Ala-165) blocking Csk1-mediated activation of Mcs6.
S. pombe cells with this double mutant allele (Mes6-SALR) displayed a temperature-sensitive
arrest that was suppressed by cde2. 4 Importantly, the Mcs6-SALR strain was not rescued by
overexpression of Cskl, although e.g., S. cerevisiae Caklp and human CDK7 did rescue the
phenotype. These results strongly suggest that Mcs6 is required and sufficient for CAK activa-
tion of Cdc2 in vivo.

Summary and Conclusions

In summary, S. pombe has two CAK kinases: Csk1 activating Mcs6 (and thus also a CAKAK)
and Mcs6 activating Cdc2. Csk1 is a single subunit kinase distantly related to S. cerevisiae
Caklp - indeed these two atypical kinases form a branch of their own in a phylogenetic com-
parison of CAK kinases. Yet the action of these kinases is distinct as Cak1p also activates the
Cdc2 homologue Cdc28p in S. cerevisiae. In this respect S. pombe cell cycle CDK activation by
CAKs appears to be more closely related to metazoans, as in both flies?” and mice (our unpub-
lished results) the CDK7-associated CAK activity appears to be required for cell cycle progression.

The identification of two CAKs with distinct substrate specificities in a single species is
also interesting regarding the activation of the various CDK-cyclin complexes in S. pombe.
Thus the S. pombe genome contains four potential C-type cyclin genes, two of which are
uncharacterized but are homologous to S. cerevisiae Ctk2p and Stb11p (our unpublished results).
The Pch1 C-type cyclin is essential and has been cloned as a yeast two-hybrid partner of Cdc2*®
but the function of this cyclin and its associated kinase activity remains unsolved. In addition,
several potential CDK-encoding genes can be identified in the S. pombe genome. Beside the
Cdc2 and Mcs6 CDKs, Prkl1 (homologue of S. cerevisiae Srb10p) has been reported®” and
putative sequence homologues belonging to Pho85p, CDK9, Ctk1p and PITSLRE clades have
been identified,*® some of these contain a potential T-loop activation site (our unpublished
results). How the various S. pombe cyclin-CDK complexes are activated by CAKs remains an
open question.

The specificity of CDK activation by CAKs in S. pombe is also interesting regarding stud-
ies on CAKs in metazoans. In addition to the prototype CDK7-type CAK, CAK activity has
been described associated with cyclin K*° or following affinity-purification of Hela extracts
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Metazoa

Fig. 3.2. Comparison of CDK-activating kinases in S. pombe and metazoa. Schematic presentation of the
CDK-activation cascade in S. pombe, where the single subunit Csk1 activates Mcs6 which in turn activates
Cdc2. The alternative activation of Mcs6 through association with Pmh1 is not shown. Mcs6 is also likely
to be involved in phosphorylation of the C-terminal domain (CTD) of the large subunit of RNA polymerase
I1. The CDKY7 kinase complex has been demonstrated to be involved in Cdc2 activation and transcription
regulation in flies?” >4 and necessary for cell cycle progression and CTD phosphorylation in mice (our
unpublished results). The kinase responsible for CDK?7 activation in vivo remains unresolved although both
CDK2 and CDC2 can phosphorylate the site in vitro.**

with GST-CDK2.5! The latter strategy revealed a kinase of ca. 30-40 kDa that cross-reacted
with Caklp antisera, and is likely to be identical to a CAK kinase characterized as being
downregulated following TGFR treatment.’” If indeed multiple in vivo CAK kinases are iden-
tified also in metazoan species, it will be interesting to study whether one of these might repre-
sent a CDK7-activating kinase similar to Csk1 (see Fig. 3.2).
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CHAPTER 4

Drosophila CDK7:
A Paradigm for CAK in Metazoans

Stéphane Larochelle and Robert P. Fisher

Introduction

ver the last decade, Drosophila melanogaster has emerged as a powerful model for the
O study of cell cycle regulation during development. As is the case in vertebrates, and in

contrast to the situation in yeast, the Drosophila cell cycle is controlled by multiple
cyclin-dependent kinase (CDK) catalytic subunits. To be activated, each catalytic subunit must
bind a cyclin partner and undergo phosphorylation on the T-loop by a CDK-activating kinase
(CAK). Two types of CAK activity have been identified so far: the monomeric CAKs of bud-
ding and fission yeast (Caklp and Cskl, respectively), and the trimeric, cyclin-containing
complexes, exemplified by CDK7/cyclin H/MAT, found in both vertebrate and invertebrate,
metazoan species as well as in fission yeast. Drosophila is thus far the only multicellular organ-
ism in which a genetic analysis of CDK7 function has been conducted. CDK?7 is required in
vivo for the activation of CDKs and progression through the cell cycle, and for transcription, as
part of the general transcription factor IIH (TFIIH). The results of genetic and biochemical
studies of CAK activity in Drosophila will be discussed and compared with data from other
model systems. From such a comparison, it becomes evident that: 1) the biochemical pathways
leading to CDK activation through T-loop phosphorylation have diverged significantly in their
details between unicellular and multicellular eukaryotes; and 2) there is a conserved connec-
tion between CDK activation and RNA pol I phosphorylation, which is perhaps common to
all eukaryotes. The Drosophila system, by virtue of its powerful genetics and fundamental con-
servation with higher eukaryotes, offers perhaps the best opportunity to decipher what this
connection means for the coordination of gene expression with cell division in multicellular
organisms.

The CDKs of Drosophila

Most of the major cell cycle regulatory molecules present in mammalian cells are also
found in Drosophila. In contrast to yeast, in which a single CDK regulates cell cycle progression
through its association with different cyclins, progression through the Drosophila cell cycle
requires the activation of multiple CDKs. The major CDKs that promote cell cycle progression
in Drosophila are: CDK1 (also known as CDC2), which forms complexes with cyclins A, B and
B3, and is active during mitosis; and CDK2, which binds cyclin E exclusively and functions
during the G1/S transition and throughout S phase. Drosophila CDK4 is not absolutely re-
quired for progression through the cell cycle, but rather seems to be involved in coordinating
cell growth and division."* Although the conservation of CDKs and cyclins between Droso-
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phila and vertebrates appears to be the rule, Drosophila CDK2 interacts in vivo only with cyclin
E,® whereas vertebrate CDK2 interacts with both cyclins A and E. The recently completed
sequencing of the Drosophila genome has also yielded a number of CDK-like molecules for
which no functional information is yet available (Table 4.1). Of the 13 CDK or CDK-like
genes, mutant phenotypes have been described only for cde2, cdk2, cdk7 and cdk4."** In fact,
most of the requirements inferred for CDK1 and CDK2 during development have been pro-
vided by the analyses of their associated cyclins.>$!4

The Cell Cycles of Drosophila

One reason why Drosophila is an attractive model for the study of cell cycle regulation is
that different types of cell cycles can be analyzed in the intact organism. During development,
there is a transition from the rapid embryonic cell cycle consisting only of successive S and M
phases, to the somatic cycles, which contain gap phases (G1 and G2). Some tissues, moreover,
undergo endoreplicative cycles in which S phases follow one another in the absence of mitosis
to give rise to polyploid nuclei.'>” An exhaustive description of the different types of cell
cycles that operate during Drosophila development is beyond the scope of this article. However,
we will outline some aspects that are helpful in the interpretation of ¢4k mutant phenotypes
and the defects that should result from the loss of T-loop phosphorylation on specific CDKs.

Embryogenesis

Upon fertilization, the embryo begins a series of cycles that are entirely dependent on
maternal mRNAs and proteins previously stockpiled in the egg. The large amount of accumu-
lated cell cycle regulators and the absence of growth allow for very rapid embryonic cell cycles
consisting of consecutive, synchronous S and M phases that are not separated by any discern-
ible gap phases. The absence of individual cells in the early syncytial embryo obviates the need
for cytokinesis and allows for a near-perfect synchrony of nuclear division cycles 1-13. Inter-
phase gradually becomes longer after the tenth mitosis until a G2 phase is finally inserted in
cycle 14."®1 The transition from maternal to zygotic control of cell division (MZT) occurs
after the 13th mitosis, when embryonic transcription is required for the first time.?%?!

A remarkably thorough analysis of known cell cycle regulators during embryogenesis re-
vealed that different molecular mechanisms govern the cell cycle program during different
phases of embryonic development.”? Although the typical somatic cell cycle is always accom-
panied by a fluctuation in CDK1 activity—driven by cycles of cyclin synthesis and degradation
in concert with tyrosine phosphorylation and dephosphorylation—no such fluctuation can be
detected during the first seven embryonic cell cycles.”* Instead, only a small part of the avail-
able pool of cyclin B protein is degraded at each mitosis, while T-loop (Thr-161) phosphorylation
of CDKI1 appears to be constitutive and Tyr-15 is kept dephosphorylated by String during
these cycles.”* A larger fraction of total cyclin B is degraded in each successive cycle as only
cyclin B associated with (the exponentially increasing number of) mitotic spindles is degraded
at each anaphase.”® As a result, CDK1/cyclin B activity is transiently and locally reduced to
allow nuclei to return to interphase despite high levels of CDKI activity in the rest of the
cytoplasm.?>%

During cycles 8-13, there is still no detectable inhibitory (Tyr-15) phosphorylation on
CDKI1.%* Beginning in interphase 9, however, there is an apparent reduction in the level of
activating (T-loop) phosphorylation. The fluctuation gradually increases so that by the inter-
phase of cycle 13, the Thr-161-phosphorylated form is undetectable.* In addition, oscillation
of the total cyclin level can be detected starting in cycle 10. Partly as a result of the depletion of
maternally provided cyclin mRNAs, the time required to complete cycles 10 to 13 is length-
ened. The activity of CDK1 during cycles 8-13 correlates with the fluctuations in cyclin
degradation and T161 phosphorylation. This suggests that cyclin synthesis and degradation
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Table 4.1. Drosophila CDKs and their cyclins

CDK Cyclin Function T-loop
Phosphorylation?

CDC2 (CDK1)* A, B, B3 Go/M, M Yes
CDK2 (CDC2¢)* El, EII? Gi/S, S Yes
CDK4* D Gy Yes
CDK5 p35° Neural development Putative
CDK7* H Transcription (TFIIH) Yes

Cell cycle (CAK) all phases

CDK8 C Transcription No

CDK9 T Transcription (pTEFb) Putative
Cdkrk ? ? Putative
PFTAIRE/Eip63E ? Transcription Putative
PITSLRE ? ? Putative
CG6800 ? ? Putative
ACO017581 ? ? Putative
ACO018104 ? ! Putative

*CDK genes for which mutant phenotypes have been described
2Cyclin El and Ell are splice variants of the same gene
b p35 is not related to cyclin proteins as define by sequence homology

are major contributors to the regulation of these cycles.”* It is also possible that the fluctuation
in T-loop phosphorylation plays a direct, rate-limiting role in regulating these cycles, although
this hypothesis has never been tested. It has likewise not been determined whether the exit
from mitosis depends on T-loop dephosphorylation, or solely upon cyclin degradation. Whereas
some studies in other systems suggest that the dephosphorylation of the T-loop of CDK1 may
be required at some point during the cell cycle,?**> more recent data support the opposite
conclusion in budding yeast.?® Interestingly, in a Drosophila synchronized embryo, both the
activity and level of T-loop phosphorylation of the CDK2/cyclin E complexes remain high
during G2 and M phase. Thus downregulation of CDK2/cyclin E is not required to proceed
through mitosis during the early embryonic cell cycles.'

During the post-blastoderm cycles that follow the MZT, dephosphorylation of the inhibi-
tory Tyr-15 of CDKI1 appears to limit entry into mitosis. The embryo cellularizes during cycle
14 and from that point, mitosis is no longer synchronous throughout the organism. Discrete
mitotic domains or “pockets” of dividing cells now cycle independently.'” After the MZT,
string (the homolog of Cdc25, the CDKI-activating phosphatase) mRNA is transcribed in
pulses, and the String protein level fluctuates, peaking at mitosis and disappearing during in-
terphase. Although the developmentally regulated expression of string is central to the estab-
lishment of patterned cell proliferation during cycles 14-16,% other factors such as cyclins and
CDK inhibitors also play important regulatory roles in the control of late embryonic cell divi-
sion.»?83% The role of Tyr-15 dephosphorylation in regulating these cycles is mainly inferred
from the pattern of string expression.”*” The phosphorylation state of bulk CDK1 at this
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mitotic
cycles 1-7 8-13
M M

CDK1
P-Tyr15 Absent Absent * G2/M * S
P-Thri61 constitutive Am +s 277
CDK2
P-Thr-163 constitutive: constitutive constitutive
CDK7
P-Thr170 constitutive constitutive ?7?

Fig. 4.1. CDK phosphorylation during the embryonic cell cycles. Inhibitory Tyr-15 on CDKI is absent
until the MZT, whereas the activating T-loop phosphorylation on Thr-161 fluctuates starting at cycle 8,
with peaks at mitosis. The T-loop of CDK2 remains phosphorylated throughout the cell cycle through
cycle 16.13 Phosphorylation of CDK?7 on its T-loop at Thr-170 appears constitutive at least until cycle 14.%?
Diagram adapted from (22, 89).

stage is uninformative, because only a few cells are in mitosis at any one time, and so the
potential role of T-loop phosphorylation of CDKI in regulating these cycles remains elusive.

Mitotic Proliferation and Endoreplication During Larval Development

and Oogenesis

After embryogenesis, the animal goes through three larval stages. The bulk of growth
during larval development is due to endoreplication, by which polytene cells become larger
without increasing in number. Small pockets of mitotically active tissues are present, including
imaginal discs, neural cells and a few other tissue types that will later give rise to most of the
adult structures.

Because most of the mRNAs required for mitotic proliferation are deposited in large
amounts in the egg, their requirement is often masked until late in larval development. The
terminal phenotype caused by mutations in many genes specifically required for mitotic prolif-
eration is an outwardly normal looking larva (because larval growth occurs mainly by expan-
sion of tissues undergoing endoreplication) with mitotic tissues that are reduced in size or
absent altogether.’! A good example is cdk1. Strong, loss-of-function ¢kl mutants die at the
larval/pupal transition, with rudimentary imaginal discs and brains.* Although the polytene
cells of the salivary gland appear normal, the imaginal cells found at the neck of this organ are



Drosophila CDK7: A Paradigm for CAK in Metazoans 43

less numerous than in wild-type larva.? The analysis of cdk! mutants clearly demonstrated a
requirement for CDK1 function in mitosis, but not in S phalse.4’32 Further studies with a
temperature sensitive allele of cZk! also revealed a requirement for CDK1 activity in prevent-
ing DNA rereplication before the completion of mitosis in dividing tissues of the larva.>® Simi-
larly, a requirement for the activity of cyclin A, and by extension, CDKI1, to prevent ectopic
endoreplication had been observed in late embryonic cell cycles."?

The Drosophila ovary offers several advantages for the study of metazoan cell cycle regula-
tion. First, it is dispensable for viability, and general disruption of cell proliferation can be
observed in an otherwise healthy organism, because only the ovarian tissue appears to require
continuous mitotic proliferation in the adult. Second, the ovary contains easily distinguishable
types of cells undergoing meiosis, mitosis or a modified cell cycle (so-called endo-cycles) result-
ing in polyploidization through repeated S-phases without intervening mitotic division.'” Thus,
in the adult ovary, several types of cell cycle are easily accessible for study. The phenotypic
analysis of mutant ovaries was particularly useful in demonstrating a requirement for CDK7
activity during mitotic proliferation.

A Brief History of CAK

Since the initial observation that CDK1 requires T-loop phosphorylation for its biological
function,?® there has been intense interest in identifying the kinase(s) responsible for this
activating phosphorylation.?>3® Efforts to purify CAK from starfish and frog oocytes resulted
in the enrichment of MO15, a protein kinase related to CDKs,%% which had been previously
identified in Xeropus.** MO15 was later renamed CDK7 upon the identification of its activating
partner, cyclin H.4%#2 A third subunit, MAT1 (“ménage a trois”), was subsequently identified
as a core CAK component.®*** In the wake of those discoveries, the budding yeast protein
Kin28p, which is ~45% identical to CDK7, seemed a likely candidate to be the budding yeast
CAK. Actual experiments, however, soon proved otherwise. Not only did Kin28p fail to work
asa CAK in vitro, but its inactivation by mutation in vivo did not cause loss of CDK1 (Cdc28p)
T-loop phosphorylation.®® The loss of viability in 4728 mutants was instead caused by a vir-
tual shutdown of transcription by RNA pol IL.% This prompted a new search for CAK in
budding yeast by classical purification methods similar to those that had yielded the CDK7
complex in metazoans.’’ %4144 Thege investigations led to the identification of Caklp (also
known as Civ1p), a rather unusual, single-subunit kinase only very distantly related to CDKs.*
# Caklp possessed CAK activity in vitro, and its inactivation in vivo resulted in the loss of
CDKI1 T-loop phosphorylation, thereby satisfying the criteria for a physiologic CAK in budding
yeast.

Those criteria have now also been met in the fission yeast, Schizosaccharomyces pombe,
albeit with a twist that has yet to be fully explained. Fission yeast contains two CAKs: a trimeric
complex containing Mcs6, the ortholog of CDK7;°%%% and a monomeric kinase, Csk1, which
is related to Cak1p.’3° Both enzymes can activate CDK1 (Cdc2) in vitro,”* and it required
mutations in both Mes6 and CskI to block CDK1 activation and cause a cell cycle arrest in
vivo.* Because Csk1 activates Mcs6 as well as CDK1 in vitro,>>™ it may contribute to CDK1
activation only indirectly, as an upstream activator of Mcs6, as has recently been suggested.”’
Further experiments to dissect the functions of Mcs6, which, like its orthologs in other species,
functions in transcription as well as in cell cycle control, will be required to determine whether
it is the only CDKl-activating kinase in fission yeast. It is clear, nonetheless, that Mcs6, like
CDKY7 and unlike Kin28p, activates CDKs in vivo.

The Requirement for CAK(s) in Drosophila

The importance of CDK7 activity in vivo was first established and explained in Droso-
phila.® Although its requirement has not been directly tested in vivo by mutation of the rel-
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Fig. 4.2. CAK activities in Drosophila and yeast. The biochemical pathways leading to CDK activation
through T-loop phosphorylation have diverged significantly in their details between unicellular and mul-
ticellular eukaryotes. Drosophila CDK7 acts both as a CAK® and CTD kinase as part of TFITH,®® whereas
the budding yeast S. cerevisiae uses distinct enzymes for those two functions, Kin28p is the kinase subunit
of TFITH, and CAK activity is provided by the monomeric enzyme, Cak1p.%% The fission yeast S. pombe
has a Cak1p homolog (Csk1) which may also be acting as a CAK for CDK1,> although Mcs6 (the CDK7
homolog) has CAK activity in this organism as well.>>*”** Cak1p and Csk1 act as upstream activators of
Kin28p and Mcs6, respectively.’>>>'192 Although the nature of the activity responsible for the T-loop
phosphorylation of CDK7 in Drosophila (a CAKAK) remains to be determined, such an enzyme could play
a key role in regulating the activity of CDK7 towards the CTD of RNA polymerase I1.”* Although it has
not yet been demonstrated, it is likely that CDK?7 is also responsible for the activation of CDK2 as well as
that of CDK1 in Drosophila.

evant phosphorylation sites, T-loop phosphorylation on CDK1 and CDK2 can be monitored
by the characteristic increase it causes in electrophoretic mobility.>'*?? CDK1 and CDK2 in
asynchronous Drosophila embryos exist predominantly in their unphosphorylated, monomeric
forms. In contrast, most cyclin-E bound CDK2 is phosphorylated on its T-loop (at Thr-163)
and all of cyclin-A bound CDKI1 is phosphorylated within the T-loop (at Thr-161). In these
two cases, therefore, either T-loop phosphorylation favors stable interaction with cyclins or,
alternatively, cyclin-binding favors T-loop phosphorylation. Cyclin B appears to bind equally
well to both phosphorylated and unphosphorylated CDK1.® Any impairment of CAK func-
tion in Drosophila should therefore cause detectable changes in the distribution of CDKs 1 and
2 between different phospho-isoforms, and possibly between cyclin-bound and unbound frac-
tions, as well as cell cycle defects.

Drosophila CDK7, a CAK in Vivo

The Drosophila cdk7 gene encodes a protein that is ~70% identical to mammalian CDK7.
Like its mammalian counterpart, Drosophila CDK7 has CAK activity iz vitro, suggesting that
they are functional homologs.® The analysis of a c#£7 null mutation revealed that a complete
lack of CDK? activity is lethal at the larval/pupal transition.® The imaginal tissues of cdk7""
larvae—the mitotically active progenitors of most adult structures—are substantially smaller
or altogether absent, whereas the surrounding polytene tissues appear to be normal.® Late
larval stage lethality is characteristic of mutations in genes with a large maternal contribution
of mRNA, which can provide essential function late into development despite the absence of
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zygotic transcription. The lack of proliferation of the imaginal tissues, moreover, suggested a
role for CDK7 in mitotic proliferation. Several mutations in other Drosophila genes thought to
be required for mitosis show a similar cell proliferation phenotype.’! Most significantly, an
amorphic allele of the ¢dc2 (cdkl) gene—the product of which is a target for activation by
CAK—has a similar phenotype.* The phenotype observed in the edk7"" mutation is therefore
consistent with its proposed function as CAK.

Because of its predicted role in transcription, however, impairment of CDK7 function
could also block the cell cycle by preventing the transcription of a cell cycle gene, rather than by
directly preventing T-loop phosphorylation. The two roles of CDK7 were definitively distin-
guished by analyzing a conditional (temperature-sensitive) allele of ¢4k7 in the mitotically
active adult ovary. The most striking phenotype of the cdk7” mutant transferred to the restric-
tive temperature was progressive depletion of both the germ cells and the somatically-derived
follicle cells of the ovary,” strongly suggesting a cell proliferation defect. The identical pheno-
type was observed with two different, conditional alleles of c4c2.%%? Given the ability of CDK7
to activate CDK1 in vitro, and their identical phenotypes when inactivated,®*? the specific
mitotic defect caused by the cdk7”/%% allele is likely to be a direct consequence of CAK failure.

It is, on the other hand, unlikely that the phenotypes observed in the cdk7"%% mutant
resulted from a general transcription defect, for two reasons. First, DNA replication in the
germ cells continued for days after the complete arrest of cell division.® Because the repeated S
phases of the endoreplicating nuclei depend on the periodic transcriptional induction of cyclin
E,%! it seems this particular transcription program, at least, has not been altered in the cdk777%%
mutant. Second, any global reduction in RNA pol II transcription would be expected to shorten
life span, whereas the viability of the adult cdk 77149 animals is not compromised at high tem-
perature. In contrast, rapid temperature-sensitive lethality does occur in adult flies with the
more severely defective allele, cdl7S16#AITI704 93 Thic difference argues that the P140S muta-
tion spares the essential transcription function of CDK7, even at high temperatures.

Biochemical analyses of CDK-cyclin complex formation and activity in the cdk7"%%
embryos essentially confirmed a deficiency of CDK1-activating kinase in vivo. Cyclin B-bound
CDK1 isolated from cdk7* embryos that were collected at the restrictive temperature is
hypophosphorylated on its T-loop and exhibits low kinase activity. Full activity can be restored
to the CDK1/cyclin B complex by treatment with recombinant CDK7-cyclin H,° indicating
that the only impediment to kinase activation is the reduction in T-loop phosphorylation. In
contrast to the CDK1/cyclin B and CDK2/cyclin A complexes, the mammalian CDK1/cyclin
A complex cannot form in the absence of T-loop phosphorylation.*® The same appears to hold
true in Drosophila, because only the T-loop-phosphorylated form of CDKI can be found in
cyclin A immunoprecipitates from wild type embryos.® Consistent with this model, inactiva-
tion of cdk7 results in the failure of cyclin A to bind CDK1.° Finally, all measurable CAK
activity in an embryonic extract can be immunodepleted with a CDK7-specific antibody, indi-
cating that CDK7 is the major, if not the only CAK activity present in Drosophila embryos.® In
a similar manner, all CAK activity can be depleted from mammalian and Xenopus oocyte ex-
tracts with antibodies against CDK7.5%%° Therefore, if there is another CAK in these extracts,
it is either present in vanishingly small quantities undetectable by conventional methods, or
inactive under standard assay conditions in vitro.

The cdk 7% allele was designed by analogy with known, temperature-sensitive mutant
forms of both yeast and Drosophila protein kinases.*%> The CDK7"% protein, however, is
not itself temperature-sensitive in vitro. The likely explanation for the temperature-sensitive
phenotype, therefore, is the slow depletion of CDK7"14% protein over a period of days at the
restrictive-temperature.® The slow kinetics of CDK7 protein disappearance may mean that
only protein synthesized at the restrictive temperature is quickly degraded, while the CDK7
protein previously synthesized at the permissive temperature remains functional until it is turned
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over normally.® Such temperaturesensitive folding (#5) mutants, which are active at high tem-
perature when synthesized at low temperature,”*** tend to be stabilized by association with
other subunits within a complex. Because CDK?7 is part of (at least) two distinct multi-subunit
complexes, the CDK7"1% protein may be stabilized following its incorporation into either
free CAK or TFIIH complexes. The selective loss of CDKI1 activation without a general
transcription defect in the ck7”'%%S mutant might therefore reflect a slower rate of CDK7
turnover in the TFIIH complex relative to the free CAK complex.

If CDK?7 is responsible for rephosphorylating the T-loop of CDKI1 after embryonic inter-
phase 9, one would predict that its rapid inactivation caused by the expression of a dominant
negative form of CDK?7 in the early syncytial blastoderm would lead to a cell cycle arrest.®> The
requirement for the CAK function could, in theory, be observed independent of transcription,
which is not required during cycles 1-13. When such a manipulation was attempted, however,
no effect was observed either on cell cycle progression or on CDK1 T-loop phosphorylation.®®
It is unfortunately difficult to draw conclusions from the negative results obtained by this
approach. Neither of the cdk7 alleles introduced in these studies actually corresponds to the
“classical” dominant-negative CDK mutation—an Asp-to-Asn mutation in the “DFG” motif
of subdomain VII—that abrogates catalytic activity without affecting cyclin-binding.°® The
maternally contributed CDK7/cyclin H/MAT'1 complex is very abundant in the early embryo,
and once formed, is probably quite resistant to subunit exchange, even with versions of the
kinase that could be predicted to bind efficiently to cyclin H and MAT1. Indeed, the measured
reduction in CDK7-associated CAK activity ranged from 50% to 75% upon overexpression of
either CDK7P137R (Asp-to-Arg in subdomain VIb®) or CDK7"7%" (Thr-to-Ala in the T-
loop) mutant proteins.65 Because the expression of the mutant transgenes was localized to the
posterior pole, it was argued that inhibition of CDK7 activity in that region might be greater.®>
However, CDK7 activity can be reduced to less than 4% of wild type levels with no detectable
phenotypic consequence.”® Moreover, although developmental defects were reported in ani-
mals overexpressing CDK7717%4,%5 expression of the same variant at near wild-type levels in an
otherwise cdk7"" background results in phenotypically wild-type animals at all stages of
development, and supports CAK activity in extracts that is comparable to that of wild-type
CDK7.” At this point, therefore, the role of CDK7 in regulating embryonic cycles 9-13 remains
uncertain, because untested.

Drosophila CDK7 in Transcription

It became apparent that CDK7 and its orthologs, Kin28p and Mcs6, have an important
role in transcription when CDK?7 was identified as the kinase subunit of the general transcription
factor ITH (TFITH).®*7° A mutation in the budding yeast KIN28 gene globally impairs
transcription by RNA pol 1197172 In association with TFIIH, CDK7 phosphorylates the
carboxyl-terminal domain (CTD) of RNA polymerase II (RNA Pol II) to facilitate promoter
clearance.”? Although some of the previously described developmental defects in Drosophila
loss-of-function mutations are likely to reflect compromised transcription functions, they were
not characterized at the molecular level.® More recently, effects of interfering with CDK7 func-
tion at various times during Drosophila development were analyzed by expressing different
mutant forms of CDK7% and observing dramatic derangements of wing and eye development
perhaps consistent with the suspected role of CDK7 in transcription.®® As noted above, how-
ever, those phenotypes probably reflect to a significant degree the overexpression of mutant
CDKY7 proteins, rather than simple, quantitative impairment of CDK7 function.

We have recently characterized an allele of Drosophila cdk7 that causes temperaturesensitive
lethality at all stages of development, and death to adult flies shifted to 29°C after 48-72
hours.”? Because cell division is not required in adult flies, this almost certainly reflects the
general requirement for TFITH-associated CDK7 activity in transcription by RNA pol II. Analy-
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sis of a more subtle mutation gives some insight into the mechanism by which transcription,
and perhaps viability, is impaired when CDK?7 function is compromised. The CDK7T7%A
mutant protein cannot be phosphorylated at its own activating threonine residue, and as a
result is kinetically impaired in its ability to phosphorylate the CTD, with activity ~25-fold
lower than that of the wild-type enzyme.93 Interestingly, CAK activity is not affected by the
mutation.”® Within the context of a preinitiation complex, TFIIH-associated CDK7 phospho-
rylates the CTD in opposition to CTD phosphatases.”* Thus T-loop phosphorylation of CDK7
provides a kinetic mechanism whereby the balance between kinase and phosphatase activity
can be “switched” to modulate the CTD phosphorylation state in response to environmental
and developmental signals. In third instar larvae subjected to a brief heat shock, for example,
the CTD of RNA pol II becomes transiently hyperphosphorylated; the increased rate of CTD
modification is blunted or abrogated in the e#%7"/%* mutant.”

Regulation of CDK?7 Activity

How is the activity of CDK7 itself regulated, if at all? All attempts to uncover fluctuations
in the level of CAK activity during the cell cycle have failed.”>”® It remains possible that CDK7
activity is regulated in a manner that is not reflected by measurements of total, extractable
CDK?7. It has been reported that the substrate specificity of CDK7 changes depending on the
presence or absence of MATT1,”” and that MAT1 seems to be required for the efficient
phosphorylation of a number of substrates in vitro.”>8% There is little evidence, however, that
large amounts of MAT 1-free, dimeric CDK7/cyclin H exist in mammalian cells and it is thus
doubtful that the association with MAT'1 serves as a regulatory mechanism in vivo. Like other
CDKs, CDKY is phosphorylated within its T-loop on a conserved threonine residue, Thr-
170.44758182 15 addition, a serine residue (Ser-164) within the T-loop is the target of
phosphorylation in vivo and in vitro.*$1:82 Although neither phosphorylation is required for
viability in Drosophila under normal laboratory conditions, the complete absence of
phosphorylation on the T-loop of CDK7 results in lethality at temperatures above 24°C.”
Moreover, as described above, the phosphorylation of Thr-170 uniquely stimulates the CTD
kinase activity of the CDK7/cyclin H/MAT1 complex without appreciably affecting CAK
activity, and could therefore be involved in regulating the rate of transcription by RNA pol 11.%°
Whether there are regulatory modalities specific to the CAK function of the CDK7 complex
remains to be tested.

Evolutionary Considerations

Most of the enzymes involved in regulating cell cycle progression are conserved from yeast
to humans. Structural orthologs are often, although not always, functional homologs. When
there is divergence of the two, it is often attributable to the expansion of gene families in rough
proportion to an organism’s complexity. For example, a single CDK drives cell cycle progres-
sion in yeast, whereas vertebrates rely on several distinct CDKs. Hence, the surprise when it
was shown that two functions requiring two different enzymes in budding yeast are both car-
ried out in vivo by metazoan CDK?7. Clearly, however, molecular complexity does not always
correlate in obvious ways with organismal complexity: budding yeast CDK1, for example,
associates with a larger variety of cyclins than does its mammalian counterpart.®?

In spite of considerable evidence that CDK7 is a true CAK in vivo, skepticism about this
point continues to pervade the CAK literature.’>®%4 One result often cited to support the
existence of additional or alternative CAKs in metazoans is the failure to observe loss of CDK2
T-loop phosphorylation when CDK?7 is inactivated in Drosophila. Tt has never been demon-
strated, however, that the T-loop phosphorylation of CDK2 fluctuates during the cell cycle,'
perhaps indicating that the T-loop of CDK2 is not normally dephosphorylated between rounds
of activation by cyclin E. It also remains possible that, even if CDK2 T-loop phosphorylation
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normally fluctuates, the arrest caused by the ck7”/#® allele occurs prior to the point at which

CDK2 dephosphorylation normally occurs.® Finally, failure to activate CDK1 was observed
with a single allele of ¢4k, which is unlikely to cause a complete loss of function (see above),
and thus might be able to provide CAK activity in vivo sufficient to maintain T-loop
phosphorylation of CDK2.

Are there Other CAKs in Drosophilat

It was anticipated that the availability of complete genome sequences would finally reveal
the elusive CAKT homologs of such metazoans as Drosophila and C. elegans,®® but this was not
the case. Similarly, no obvious CAKT homolog could be identified within the human genome.®’
This suggests that, even if another protein kinase capable of acting as a CAK does exist in
higher eukaryotes, it shares little sequence homology with yeast CAKs. This would not be a
complete surprise; Caklp and Cskl share only 20-25% identity, but appear to be orthologs,
based on both cross-complementation studies””**® and phylogenetic analyses.’® Similarly the
C. albicans Cak1p homolog shares the same low homology with its S. cerevisiae counterpart.5
It therefore remains possible that a Drosophila kinase similar to Caklp or Cskl exists but
cannot be clearly identified on the basis of sequence homology alone. What such an enzyme
might be doing in vivo is another question. A potentially satisfying, but not necessarily likely
possibility is a specialized function in activating CDK2 (see above). Another intriguing possi-
bility, with perhaps a precedent in the fission yeast system,53 5557 would be a Cakl p/Csk1-like
enzyme specific for CDK7. Finally, in the context of a multicellular organism, there is the
possibility that a metazoan Cak1p has evolved to perform a tissue-specific CAK function.

Conclusions

The Drosophila system has provided the best evidence to date that CDK7 is a bona fide,
physiologic CAK in metazoans. Furthermore, Drosophila may serve as a model system to ex-
plore other aspects of CAK function and regulation that have yet to be elucidated. For ex-
ample, other kinases capable of activating CDKs, perhaps similar to one recently identified in
HeLa cells,®® may be identified in Drosophila. The division of labor between such an enzyme
and CDK7 could be analyzed at different stages of development, with the powerful genetic
tools available in Drosophila.

Dissecting the requirements for T-loop phosphorylation of CDKs by CAK will be equally
interesting. In particular, little is known about whether this modification plays an important
role in regulating cell division during development. Thus far, the only Drosophila cell cycles in
which T-loop phosphorylation of a CDK is known to fluctuate are the early embryonic cell
cycles.? It remains to be tested thoroughly whether T-loop phosphorylation of CDK1 actually
limits the rate of entry into mitoses 9-13. The rapid nuclear cycles of the early embryo cannot
be taken as a general representation of the somatic cell cycle. Regulation at one developmental
stage would, however, prompt a renewed search for other contexts in which T-loop
phosphorylation is an actual, rather than merely a potential, regulator of cell cycle progression.

Finally, given the dual function of CDK7 in promoting cell cycle progression as well as
transcription by RNA pol II, Drosophila will be a useful model to study what may be the most
critical question to emerge from studies of CAKs in all eukaryotes: how those two functions are
coordinated during development. Although different organisms have different strategies for
phosphorylating the T-loops of CDKs, all species maintain a close connection between this
event and phosphorylation of the CTD of the RNA pol II large subunit. The notion that
CAK/TFIIH-associated kinase represents a critical intersection of multiple metabolic
pathways,®”®® integrating and coordinating signals important for cell proliferation, gene ex-
pression and genomic integrity, remains to be explored systematically. The Drosophila system
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has the right combination of features—powerful genetics, sophisticated cell and developmental
biology, and essential conservation with vertebrate systems—to promote such future explorations.
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CHAPTER 5

CDK-Activating Kinases in Higher Plants
Masaaki Umeda

Introduction

ecent development in plant molecular genetics has facilitated our understanding of
Rhow plants accomplish their body plans in response to various environmental signals.

Plants have a unique feature of making almost all organs after embryogenesis, and
morphogenesis usually takes place at a specific tissue, called meristems. Several genes that control
meristem activities have been characterized by using Arabidopsis genetics,' but the mechanisms
by which such factors cross-talk with cell cycle regulators to balance cell division against cell
differentiation in the meristems remain to be elucidated. To determine these mechanisms,
studies have first characterized various genes involved in cell cycle regulation in many plant
species, such as Alfalfa, Antirrhinum, Arabidopsis, rice and tobacco.”” Recent reports showed
that reverse-genetic approaches with transgenic plants are useful for dissection of the signaling
cascade involved in the control of cell division machinery.®®

Here I review CDKs and CDXK-activating kinases (CAKs) in plants, and focus on the

unique features of rice and Arabidopsis CAKs. Since CAK is an upstream kinase which activates
almost all CDKs, up- or down-regulation of the kinase activity should critically influence total
CDK activity in each cell of the meristems. Therefore, 1 shall also discuss how CAK may
perceive internal and/or external signals and function in the maintenance of meristem activities.

Plant CDKs and Cyclins

As in animals, plants also express several types of CDK, and multiple genes for CDKs
have been found in Ambidapsis,9’10 alfalfa, 13 rice, 1410 soybealn,17 maize,'® and Antirrbinum.'>*°
This suggests that the division of plant cells is controlled by specific CDK/cyclin pairs, rather
than by a single major CDK as in the case of yeast. However, to date, only little information is
available on the active CDK/cyclin complexes in plants.

Plant CDKs can be classified into five groups (A- to E-type) based on amino acid se-
quence similarities.”! A consensus has recently emerged indicating that every A-type CDK has
the conserved PSTAIRE sequence, and shows a constitutive expression throughout the cell
cycle, indicating that they function by interacting with different cyclins in each phase of the
cell cycle. In contrast, B-type CDKs are distinct from other CDKs because their transcripts
accumulate at a particular phase of the cell cycle, namely during the G2-to-M phase or during
the S-to-M phase.15 202223 Therefore, these CDKs would be activated by interacting with
mitotic cyclins. C-type CDKs are similar to the CHED kinase and CDK9 of human, while
E-type CDKs are unique to plants and their function remains unknown. D-type CDKs are
CDK-activating kinases (CAKs) that will be discussed later.

The CDK-Activating Kinase (CAK), edited by Philipp Kaldis.
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A- and B-type cyclins are mitotic cyclins required for progression from the G2 to M
phase. Many cDNAs encoding mitotic cyclins have been isolated from various plant species.?*
Based on the amino acid similarity, A- and B-type cyclins have been further classified into small
groups, namely CycA1-A3 and CycB1-B2.# The growing list of plant mitotic cyclins suggests
that the progression from the G2 to M phase is controlled by A- and B-type CDKs in associa-
tion with several types of cyclins. We have recently shown that transcripts of a rice CycB2
(CycB2;2) starts to accumulate from the G2 phase, but the expression level is reduced during
progression of the anaphase.?> CycB2;2 specifically binds to one of the B-type CDKs in vitro
(M. Umeda & H. Uchimiya, unpublished results), suggesting that CycB2 may play an impor-
tant role in the control of mitotic events in plant cells.

D-type cyclins are G1 cyclins that show cell cycle-independent expression. Plant D-type
cyclins are classified into three groups (D1-D3), among which genes encoding CycD3 have
been widely identified.? Transcripts of Arabidopsis CycD2 and CycD3 were induced by the
addition of sucrose, and the CycD3 expression was enhanced by phytohormone (cytokinin)
application.’®?” Such induction is similar to animal counterparts whose transcription is also
induced by the presence of mitogens. In contrast, the transcripts of two tobacco cyclins (CycD2;1
and CycD3;1) accumulate during mitosis, which is unusual for D-type cyclins.28 In Arabidopsis
and tobacco, A-type CDKs are known to interact with CycD.>* Considering that Arabidopsis
has no counterpart of human CDK4 or CDKG, it is likely that CycD may function in the G1
phase by binding to A-type CDKs in plants.

Vertebrate-Type CAKs in Plants

Primary Structures

The rice cDNA named R2 was first isolated by Hata'* as a novel Cdc2/Cdc28-related
kinase. Since cDNAs for the subunits of CDK-activating kinase (CAK) have been identified in
animals, it is now clear that R2 encodes a homolog of CDK7/ p4OM015. CAKSs of starfish,
Xenopus and mammals form a heterotrimeric complex composed of a catalytic kinase subunit
CDK7/p40MO15,30’32 a regulatory cyclin H subunit,>®>3% and an assembly factor, MAT1.3638
A related CAK complex in Schizosaccharomyces pombe consists of Crk1/Mop1/Mcs6 catalytic
and Mcs2 regulatory subunit.**% Rice R2 is closely related to CDK7/p40™©" in animal and
fission yeast with 55% and 50% homology, respectively, at the amino acid level (Fig. 5.1).
Recently, we isolated two Arabidopsis homologs, named cak2At and cak3At, and found that
they also showed high homology to vertebrate-type CAKs (Fig. 5.1).

The most striking feature of plant homologs is that they have an extended carboxy-terminal
region of 60-70 amino acids. There exists a significant similarity in this region among rice and
Arabidopsis proteins (Fig. 5.1), suggesting a possible role specific to plants. Overexpression of
R2 or cak2At in fission yeast wild-type cells was associated with growth inhibition (M. Umeda
& H. Uchimiya, unpublished results).*! In contrast, overexpression of CDK7/p40MO1 of
Xenopus did not repress cell growth, rather partially overcame the temperature sensitivity of a
crk1/mop 1/Mes6-deficient mutant.”® Since deletion of the carboxy-terminal region of R2 re-
sulted in normal growth of wild-type cells, it is likely that the extended carboxy-terminal re-
gion is inhibitory on yeast cell growth.

Functional Similarity to Vertebrate-Type CAKs

Cyclin H homologs from poplar and rice plants show approximately 40% amino acid
similarity to human cyclin H and fission yeast Mcs2.%? Yeast two-hybrid and in vitro pull-down
assay have demonstrated that rice cyclin H specifically binds to R2 but not to other rice CDKs.*?
Interestingly, R2 protein binds not only to cyclin H but also to cyclin C,** whereas human
cyclin C interacts with CDK8% but not with CDK7/p40M©" in the yeast two-hybrid sys-
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Fig. 5.1. Similarity of amino acid of CDK7/p40™°" family proteins. Amino acid sequences were aligned
to yield the highest similarity to each other. Amino acids identical among more than three sequences are
shown in white letters. Human (Hs) and Drosophila (Dro) CDK7, Sch. pombe (Sp) Mcs6, rice R2, and
Arabidopsis (Ara) Cak2At and Cak3At, are included. The nucleotide sequence data of cak2Ar and cak3Ar
willappearin the DDBJ/EMBL/GenBank nucleotide sequence databases under the Accession Nos. AB047274
and AB047275, respectively.
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tem?>. Therefore, R2 may interact with both cyclin H and cyclin C to exert a diverse function
in cell division and transcription as discussed below.

Overexpression of R2 suppresses the temperature sensitivity of the civl-4 mutation in
budding yeast.*! Civlp/Caklp is a CAK which displays less than 25% sequence identity to
members of the CDK family (Fig. 5.2), and is active as a monomer.**¢ It phosphorylates
Cdc28p but not the carboxy-terminal domain (CTD) of the largest subunit of RNA polymerase
11, which is another substrate of vertebrate and fission yeast CAKs. 7% Therefore, it is remark-
able that R2 is capable of overcoming the mutation in civl/cakl. By itself, human CDK7
cannot complement the civi/cakl-deficient mutant, but coexpression of human CDK7 and
cyclin H allows slow growth of the ¢/vI-4 strain at the restrictive temperature (C. Miled, C.
Mann and G. Faye, personal communication). In fact, coexpression of rice cyclin H with R2
enhances the suppression activity in budding yeast civl/cakl mutant.*?

Immunoprecipitates of rice proteins with anti-R2 antibody phosphorylate human CDK2
at threonine 160 within the T-loop in vitro.*! They also phosphorylate CTD of Arabidopsis.*!
Recombinant R2 protein fused to GST exhibits low kinase activities on both substrates, how-
ever, association with cyclin H, significantly elevates the kinase activity.? These results indicate
that R2 is homologous to vertebrate-type CAKs in terms of enzyme activity. In rice plants,
three CDKs have been identified; Cdc2Os1 and Cdc2Os2, which are A-type CDKs,'> and
Cdc20s3, which is a B-type CDK.'®* In vitro kinase assay showed that R2 phosphorylated
the specific threonine residue within the T-loop of Cdc20s1 but not Cdc20s2 or Cdc20s3.4!
Therefore, Cdc20s2 and Cdc2Os3 may require their own cyclin partners before they can serve
as substrates for R2, as in the case of human CDC2/cyclin B.3350

CAK Protein Complexes

When rice proteins are fractionated by gel-filtration chromatography, R2 is found mainly
in two protein complexes with molecular masses of approximately 70 kDa and 190 kDa, re-
spectively.*! However, CDK- and CTD-kinase activities immunoprecipitated with anti-R2
antibody were recovered in a protein complex of approximately 105 kDa.#! Therefore, R2
seems to form at least three distinct protein complexes, among which a minor complex of 105
kDa is active in terms of kinase activity. Considering that the carboxy-terminal region of R2
might have an inhibitory effect on the growth of yeast cells, it is likely that a protein that
interacts with the carboxy-terminal region is present in the 190 kDa complex and might have
an inhibitory effect on the activity of R2. Such protein has not been proposed for vertebrate-type
CAKs since the maximum CAK activity in size-fractionated proteins of Xenopus was detected
in the peak fraction of p40MO15 31

CTD-kinase activities of Arabidopsis were separated from total protein extract into the
flow-through fraction by DEAE-Sepharose and precipitated by p13**“!-agarose.”’ At least two
protein complexes of 180 kDa and 850 kDa are responsible for CTD-kinase activities (M.
Umeda, L. Baké, C. Koncz, unpublished result). Since the amino acid sequences of Cak2At
and Cak3At are similar to those of vertebrate-type CAKs, it is likely that Cak2At and/or Cak3At
together with a cyclin H homolog are present in such protein complexes and exhibit not only
CTD-kinase but also CDK-activating kinase activities.

The Distinct CAK of Arabidopsis

Unique Features of Arabidopsis CaklAt

The Arabidopsis cDNA, named cak1At, suppresses the civ1-4 mutation in budding yeast.”!
In contrast to rice R2, overexpression of caklAt suppresses the temperature sensitivity of crk1/
mop1/MesG mutation in fission yeast.’! A predicted protein of Cak1At shows a close similarity
to CDK7/ p40M015, but the homology is restricted to the conserved kinase domains (Fig. 5.2).
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Fig. 5.2. Phylogenetic tree obtained by amino acid sequence comparison of CAK proteins and budding yeast
Kin28.

A unique feature is that the Cak1At protein carries an extra stretch of 112 amino acids between
the kinase active site and phosphoregulatory site. Although it formed a protein complex of
approximately 180 kDa in Arabidopsis, rice cyclin H could not interact with Cak1At in yeast
two-hybrid assay (M. Umeda, H. Uchimiya, unpublished result). These results suggest that
Cak1At may have a distinct function from vertebrate-type CAKs.

Cak1At phosphorylates the specific threonine within the T-loop of human CDK2, which
is then activated in terms of histone H1-kinase activity.”! The tobacco CDK/cyclin D complex
is also activated when incubated with recombinant CaklAt expressed in insect cells (H.
Nakagami, M. Sekine, personal communication). However, no CTD-kinase activity associated
with Cak1At has been observed, and Cak1At was biochemically separated from CTD-kinase
activities of Arabidopsis protein extract.’’ These data indicate that Cak1At has a CDK-activating
kinase activity, but no CTD-kinase activity. Such enzymatic characteristics is similar to that of
budding yeast Civlp/Cak1p, although no significant similarity has been found between Cak1At
and Civlp/Caklp.

Since Cak1At could interact with Cak2At in yeast two-hybrid assay and in vitro pull-down
assay (M. Umeda, H. Uchimiya, unpublished result), it is probable that a functional relation-
ship exists between these different types of CAKs. In fission yeast, Csk1 has been isolated as an
efficient suppressor of the Mes2-75 allele.’* Recent reports showed that Csk1 kinase is an in
vivo activating kinase of the Mcs6-Mcs2 CAK>? and also activates Cdc2 in complexes with
either Cdc13 or Cig2 cyclins.>® Preliminary data from our laboratory suggest that cakIAr is
able to complement Mcs2 mutant as well as Csk1/Mes6 double-mutant of fission yeast (M.
Umeda and H. Uchimiya, unpublished results), an indication that Cak1At might function as a
CAK-activating kinase (CAKAK) as well as a CAK in Arabidopsis. In budding yeast, Civlp/
Caklp is required for activating phosphorylation of Kin28p as well as that of Cdc28p.”>°
Kin28p of budding yeast is the closest structural relative of CDK7/p40M©" (Fig. 5.2), and it
associates with TFIIH and readily phosphorylates the CTD of RNA polymerase II, while no
CAK activity has been demonstrated.”’® Since cak At overexpression strongly suppresses the
civl/cakl mutation in budding yeast,’ it is likely that Cak1At may phosphorylate and



60 The CDK-Activating Kinase (CAK)

activate a CTD-kinase, possibly Cak2At and/or Cak3At, in Arabidopsis. We are currently
verifying this model.

Cak 1At Regulates Differentiation of Root Stem Cells in Arabidopsis

Recently, we overexpressed sense or antisense gene for cakIAt in Arabidopsis.> When
p345d523At, an A-type CDK of Arabidopsis, was recovered from the protein extract a few days
after germination, its histone H1-kinase activity was reduced in parallel with the sense or antisense
gene expression. We found that a higher Cak1At activity in the sense plants increased the
phosphorylated form of p34°<%At which resulted in a reduction of CDK activities by yet
unknown mechanisms. After 14-24 hr of transgene expression, initial cells in the root meristem
were differentiated without cessation of cell division. These results suggest that a moderate
expression of cak1At is required for the maintenance of the pluripotent state of root initial cells
as well as for keeping sufficient level of CDK activity in the meristem. In contrast, when caklAs
was overexpressed at later developmental stage, no reduction in CDK activity was observed
(M. Umeda, H. Uchimiya, unpublished results), suggesting that Cak1At may not be crucial
for controlling CDK activities but rather be involved in determination of stem cell fate in
meristems.

Regulation of CAK Activities in Plants

Transcriptional Control of Genes for Plant CAKs

In rice plants, R2 and cyclin H are expressed in almost all tissues, but are highly expressed
in actively-dividing cells.** Transcripts of cyclin H are abundant in the meristematic region of
the growing rice internode, but are found also at lower levels in elongating and in differentiated
cells in deepwater rice.*? This is in contrast to mitotic cyclin genes whose expression is re-
stricted to dividing cells.® This supports the notion that cyclin H is involved not only in cell
division but also in transcription as discussed above.

In partially synchronized suspension cells from rice, R2 mRNA level is elevated in G1 and
S phase,” and a close correlation has been observed between changes in the S phase population
and changes in cyclin H expression.*> Moreover, the kinetic pattern of cyclin H expression is
similar to the population of S-phase cells in the intercalary meristem of deepwater rice after
submergence.*? On the other hand, induction of R2 and cyclin H mRNA in the S phase was
not as clear as those of B-type CDK or mitotic cyclins, based on in situ hybridization patterns
of mRNAs with root sections.?>? Therefore, CAK activity is required throughout the cell
cycle, but a higher activity is probably involved in S phase progression of rice cells.

Hormonal Regulation of CAK Activities

In deepwater rice, gibberellin, a phytohormone, promotes histone H1-kinase activity in
the intercalary meristem and induces rapid growth of internodes.*® Expression analysis showed
that gibberellin enhanced transcript levels of A- and B-type CDKs, mitotic cyclins (CycB2),
and R2.5%%0 This suggests that a signal triggered by gibberellin might be transmitted to a
transcription factor that regulates coordinate expression of genes for CDKs, cyclins and CAK.

Transgenic tobacco plants expressing R2 and cyclin H of rice showed abnormal morphol-
ogy of leaf, flower and pollen, and partial loss of apical dominance (M. Yamaguchi, M. Umeda,
H. Uchimiya, unpublished results). Leaf explants of transgenic lines produced calli on a me-
dium containing auxin but no cytokinin. Since both phytohormones are required for initiation
of cell division in this system, cells expressing R2 and cyclin H might start cell division inde-
pendent of a trigger with cytokinin. This preliminary result suggests that CAK activity may be
regulated downstream of cytokinin signaling pathway. A similar result has been reported for
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Arabidopsis CycD3; constitutive expression of CycD3 in transgenic plants allowed induction
and maintenance of cell division in the absence of exogenous cytokinin.’! Gene expression of
GyeD3 was up-regulated with cytokinin,®® thus transcriptional control of CyeD3 would be
another target of cytokinin action. These results indicate that cytokinin may play a crucial role
in activation of cell division by controlling CDK activities through CAK and D-type cyclin.

Summary and Conclusions

Rice R2 is closely related to CAKs of vertebrate and fission yeast. R2 binds to cyclin H and is
activated in terms of CDK- and CTD-kinase activities. R2 forms at least three protein complexes
in vivo, namely 70, 105 and 190 kDa complexes, among which the 105 kDa complex has both
CDK- and CTD-kinase activities. Anabidopsis counterparts have been recently identified as Cak2At
and Cak3At that are highly homologous to each other. We are currently testing their enzymatic
activities to see whether they are functional homologs of vertebrate-type CAKs.

Arabidopsis Cak1At is a distinct type of CAK, compared with other organisms. The amino
acid similarity is restricted to several kinase domains, and Cak1At has CDK-kinase activity but
no CTD-kinase activity. Since cyclin H does not interact with Cakl1Ay, it is interesting to
identify the regulatory subunit that forms the active complex of 180 kDa with CaklAt. Our
genetic data with yeast mutants suggest that CaklAt may control not only CDKs but also
Cak2At and Cak3At. This conclusion is surprising because no close relative of CaklAt has
been identified in other organisms, and an upstream kinase that regulates CAK activities has
been reported only in fission yeast. An interesting question is how the CDK-phosphorylation
cascade is controlled by external and internal signals in plants. Cak1At may be also involved in
determination of stem cell fate in meristems. Therefore, it is intriguing to see whether there
exits any link between genes that regulate meristem function and CAK-mediated
CDK-phosphorylation cascade in Arabidopsis.

Plant hormones such as auxin and cytokinin are essential for activation of cell division.
However, only a limited evidence has been presented regarding the mechanisms by which
phytohormones control the cell cycle machinery. CAK may be one of the targets that receive
internal signals triggered by cytokinin. Then, the question is how CAK is regulated by cytoki-
nin signal; for example, at transcriptional level or by protein phosphorylation? To answer these
questions, transgenic techniques and Arabidopsis mutants with defects in CAK genes should be
useful for dissecting the signaling cascade. Studies employing such biological tools should enhance
our understanding of the regulatory mechanisms underlying the totipotency of plant cells.
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CHAPTER 6

Structural Aspects of CDK Activation
Nick R. Brown and Jane A. Endicott

Introduction

equential activation of members of the cyclin-dependent kinase (CDK) family orders the
S events required for DNA replication and cell division. Both the CDK and cyclin families

have multiple members that selectively bind to preferred partners to generate complexes
that drive cell cycle progression. CDK/cyclin assemblies are regulated by multiple mechanisms
that include phosphorylation and association with additional regulatory proteins. A number of
the structural principles underlying CDK regulation have been elucidated following the
determination of a series of CDK and cyclin structures using X-ray crystallography and NMR methods.

CDK Activation

The Structure of Monomeric CDK2

CDK2 encodes little more than the protein kinase catalytic core which is composed of
multiple conserved subdomains found in all protein kinases."* Monomeric, unphosphorylated
CDK2 (CDK?2) adopts the characteristic protein kinase fold that was first observed following
the determination of the structure of cAMP-dependent protein kinase (PKA),? (Fig. 6.1a).
CDK?2 has a largely B sheet N-terminal domain that contains one helix, the C helix, connected
via a flexible hinge to a mostly o helical C-terminal domain. The ATP binding site is found at
the interface between the two lobes.

A comparison of the structure of CDK2 with that of PKA, a constitutively active protein
kinase, shows that the disposition of two key structural elements largely explains monomeric
CDK2s inactivity." These elements are the C-helix that contains the PSTAIRE motif (single
letter amino acid code, residues 45-51), and the activation segment (residues 145-172 between
and including the conserved DFG and APE motifs),> (Fig. 6.1A). The CDK2 C-helix is dis-
placed out from the main body of the protein and as a result, the stabilising interaction be-
tween Glu51 (the E of the PSTAIRE sequence) and Lys33 is lost. This salt bridge is important
for correct alignment of the ATP triphosphate moiety for catalysis, although the inactive mono-
mer can bind ATP.! The fold of the CDK?2 activation segment both buries the side-chain of
Thr160 (the site of activating phosphorylation) away from solvent and precludes substrate
binding. It extends round from the back of the ATP binding site to occlude the turn of the
conserved glycine-loop that links B1 to B2 from solvent before heading back in an extended
conformation into the C-terminal lobe.

The CDK-Activating Kinase (CAK), edited by Philipp Kaldis.
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Fig. 6.1. CDK activation. The structures of monomeric CDK2 (PDB code 1hck) (A) and T160pCDK2/cyclin A in complex with a peptide substrate (PDB code 1qmz) (B)
were superposed using the CDK2 C-terminal lobe. The CDK2 and cyclin folds are drawn in ribbon representation and colored in gold and in green respectively. The CDK2
glycine loop (residues 11 to 16) is highlighted in pink, the C-helix (residues 45-55) in red and the activation loop (residues 145-172) in cyan. AMP-PNP is drawn in ball
and stick representation with carbon atoms in green, nitrogens in blue and oxygen atoms coloured red. The phospho-Thr160 side chain is shown. The figure highlights the
large structural rearrangements within CDK2, particularly of the C-helix and of the activation loop that accompany cyclin binding and phosphorylation of Thr160.
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CDK2 Activation by Cyclin Binding

The unphosphorylated CDK2/cyclin A (T160CDK2/cyclin A) structure revealed that
when cyclin A binds to CDK2, the latter undergoes substantial structural change to create the
ATP triphosphate recognition site.* The C-helix, which makes numerous contacts with cyclin
A, is displaced back into the cleft (Fig. 6.1B). To accommodate this movement a short helix
(0L12) located at the N-terminal end of the activation segment melts to form a B-strand, 9
(Fig. 6.1). Residues at the start of B9 that include Asp145, Phel46 and Gly147 (the “DFG”
motif) shift so that Asp145 can coordinate to the ATP-associated magnesium ion. The rest of
the activation loop moves out of the active site to adopt an extended conformation along the
base of the catalytic cleft, with the consequent exposure of the side-chain hydroxyl group of
Thr160 to solvent. The overall outcome of CDK2 association with cyclin A is that catalytically
important residues necessary for productive MgATP binding and phosphotransfer are
appropriately reoriented and the blockade of the active site by the activation segment is re-
lieved. These changes result in an enzyme that exhibits circa 0.2% activity of the fully activated
complex.? The exposure of Thr160 to solvent has been used as a structural explanation for the
observation that cyclin binding promotes Thr160 phosphorylation.

A C-terminal fragment of cyclin A was the target of crystallisation trials for structure
determination of both monomeric cyclin A> and a CDK2/cyclin A complex.? There are no
changes in the structure of this fragment on CDK2 binding suggesting that it acts as a rigid
template complementary to the active structure of the flexible CDK2 enzyme. The cyclin A
structure showed that the cyclin box fold, predicted from sequence analysis to be a protein
domain,® is a five a-helical bundle. Unexpectedly, given the lack of any sequence similarity, the
cyclin A structure also revealed that the cyclin A sequence C-terminal to the cyclin box sequence
also adopts a cyclin box fold. The cyclin box fold has since been shown to be a conserved
structural element within a number of proteins involved in both cell cycle and transcription
control (reviewed in refs. 7 and 8).

The structure of CDK2 in complex with a viral M-type cyclin has since shown that the
essential elements of CDK activation promoted by cyclin binding are conserved.” In agreement
with results reported earlier for T1I60CDK2/cyclin A, the unphosphorylated CDK2/cyclin M
complex shows partial histone H1 kinase activity which can be increased (in this case) circa 50-
fold by phosphorylation of CDK2 on Thr160. CDK2 and cyclin M do not have the same
relative disposition as CDK2 and cyclin A and, as a result, structurally equivalent cyclin residues
make different interactions with CDK2. Presumably this altered interface reflects a slightly
different optimal packing arrangement as the flexible CDK2 responds to an alternative template.

The major difference between the two cyclin-bound CDK2 structures is in the activation
loop region. Whereas when bound to cyclin A, residues in the CDK2 activation loop following
Pro155 adopt a loop structure thrown out towards the solvent, when bound to cyclin M they
form a B-strand that forms part of a 3-stranded sheet directly below the C-helix.” The two
cyclin-bound CDK2 structures continue to differ for the rest of the activation loop sequence.
The activation loop B-sheet structure does not extend to Thr160 which appears to be still
solvent-exposed and in a loop structure accessible for phosphorylation by CAK. Notably an
overlay of the CDK2/cyclin M and T160pCDK2/cyclinA/peptide substrate structures shows
that the cyclin M-bound CDK2 activation loop structure adopts a conformation that would
clash with a substrate bound to fully active CDK2. As previously observed in the CDK2/cyclin
A structure, the adoption by the activation loop of an appropriate structure for substrate
recognition has been proposed to require phosphorylation of Thr160.”
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CDK2 Activation by Phosphorylation

For full catalytic activity CDKs require phosphorylation on a conserved threonine residue
(Thr160 in CDK?2) that lies within the activation loop. Two forms of CDK-activating kinase
(CAK) activity have been discovered. In metazoans it exists as a trimeric complex of CDK7/
cyclin H (homologous to Mcs6/Mcs2 in S. pombe) and MAT1, whereas in the budding yeast,
the conservation of structure and function is lost and a monomeric kinase (termed Caklp or
Civlp) provides the activity.'®'? To prepare phosphorylated CDK2/cyclin A complexes for
structural studies, both forms of CAK activity have been used. Initially this work involved in
vitro phosphorylation of CDK/cyclin complexes using either CDK7/cyclin H prepared from
recombinant baculoviral-infected insect cells'® or Cak1p/Civlp prepared from E. coli cells.'
Coexpression of CDK2 and Caklp/Civlp in E. coli cells has been reported'® and this
development has led to a reliable large-scale supply of phosphorylated CDK2 for structural
studies.

The Structure of Monomeric Phosphorylated CDK2

Monomeric CDK2 phosphorylated on Thr160 (T160pCDK2), and T160CDK2/cyclin
A both exhibit histone H1 kinase activity corresponding to approximately 0.2% of that observed
with the fully activated phosphorylated binary complex (T160pCDK2/cyclin A).'* The
structures of T160pCDK2, in the presence and absence of ATD, are similar (rms difference in
comparable Cat positions of 0.5 A) to those of unmodified CDK2 with and without the added
ligand.'*! The major difference between the four structures occurs in the region of the activation
segment. This loop adopts a single conformation in the TIGOCDK2/ATP complex structure,'
but is more disordered in the absence of bound ATP! Phosphorylation of Thr160 in the presence
or absence of bound ATP further enhances the structural disorder of this part of the molecule
with effects extending to atoms that are 13 A from the site of phosphorylation. The Thr160
hydroxyl oxygen in the T160CDK2 structure is 3.4 A from a carboxyl oxygen of Glu12 in the
glycine-rich ATP binding loop, strongly suggesting that a rearrangement of this region must
take place on Thr160 phosphorylation. The structural disorder of the activation loop has
been proposed to explain T160pCDK2’s low level of kinase activity: At any time a small
percentage of the protein may be in a conformation which is compatible with substrate
recognition and catalysis. '

The Structure of CDK2 Phosphorylated on Thr160 in Complex with Cyclin A
Further structural rearrangements, centred within the activation segment accompany
phosphorylation of Thr160 as the CDK2/cyclin A structure converges towards (but remains
distinct from) that of active PKA'? (Fig. 6.2). Considering that phosphorylation of Thr160
leads to an increase of activity of 2 to 3 orders of magnitude, the structural differences are
subtle. The phospho-threonine residue acts as an organising centre and a major outcome of the
realigned phosphorylated CDK2/cyclin A activation loop structure is the formation of the
protein-substrate recognition site. The catalytic and ATP binding residues show little detectable
change. The Thr160 phospho group binds neatly into a positively charged pocket formed from
Arg50 from the C helix, Arg126 the residue that precedes the catalytic base, and Arg150 at the
start of the activation segment. Arg50 and Argl50 also hydrogen bond to the main chain
carbonyl oxygens of cyclin A residues Phe267 and Glu268. There are no hydrogen bonds
between the phospho-threonine and cyclin A but there are several van der Waals interactions
that result in shielding of the phosphothreonine residue by cyclin A from solvent.'® This result
was perhaps not unexpected in the light of earlier studies which had shown that phosphorylation
of Thr160 (or of the equivalent residue in CDK1) was of varying importance in determining
the stability of CDK-cyclin association.'® More recently, fluorescence!” and surface plasmon
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Fig. 6.2. Structural changes in the CDK2 activation loop accompany Thr160 phosphorylation and substrate
peptide binding. The structures of TI60CDK2/cyclin A (PDB code 1fin) and T160pCDK2/cyclin A in
complex with a peptide substrate (PDB code 1qmz) were superposed. The activation loops of the two
proteins (residues 145-172) are drawn in worm representation and for clarity, only the side chains of residues
158-162 are included. The T160CDK2/cyclin A structure is colored green and T160pCDK2/cyclin A in
complex with a peptide substrate is shown in magenta. Glu162 in the TI6G0CDK2/cyclin A structure
occupies an equivalent position to the phosphorylated Thr160 residue in the fully-activated structure
(magenta).

resonance experiments (N.R.B. unpublished results) with purified proteins have indicated that
there is no significant difference between the affinity of CDK2 for cyclin A and T160pCDK2
for cyclin A. Within the wider protein kinase superfamily, this residue is found to be essential
for the structural integtity of the protein kinase fold. Either a phosphorylated serine or threonine
or a glutamate residue is conserved at this position in the protein kinase family.>'®

The in vivo pathway of assembly of the fully activated T160pCDK2/cyclin A complex has
not been determined, but alternatives have been proposed.'” T160pCDK2 may represent an
intermediate on this pathway, and as such could be biologically relevant. The conformation of
the activation loop in the T160CDK2/cyclin A structure is dependent in part upon the position
of Glul62. Glul62 interacts with the conserved cluster of arginine residues that ultimately
forms the binding pocket for phosphorylated-Thr160. CDKs 4 and 6 are also phosphorylated
by CDK7/cyclin H.?® However, both proteins have a valine residue at the position equivalent
to Glul62 and do not have an alternative negatively charged amino acid in their activation
loop sequences. CDK/cyclin complexes rather than monomeric CDKs have been shown to be
the preferred substrates for CDK7/cyclin H in vitro (ref. 20 and N.R.B. unpublished results).
These results suggest that either the activation loop sequence may remain flexible subsequent
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to cyclin binding or that it can adopt alternative conformations in different CDK/cyclin
complexes all of which present the threonine hydroxyl as a CDK7/cyclin H substrate.

CDK2 Activation by Dephosphorylation

The activity of certain CDXKs is inhibited by the phosphorylation of residues in the con-
served glycine-rich motif (residues 11 to 16 in CDK2) that forms part of the ATP-binding site
clef (Fig. 6.1). With the exception of CDK?7, the sequences of CDKs1-8 all contain a tyrosine
residue equivalent to CDK2 Tyr15.2! CDKs 1, 2, 4 and 6 are phosphorylated on this tyrosine
invivo and CDXKs 1 and 2 are also phosphorylated on Thr14 (reviewed in ref. 21). Thr14 is not
conserved in CDK4 or CDK6 (where it is an alanine), or in CDK7 (where it is replaced by a
glutamine). The extent of CDK phosphorylation is regulated by the opposing activities of
CDC25 phosphatases and WEE1 kinases. In S. pombe cells, WEE1 under certain circum-
stances can also phosphorylate Thr14 but in higher eukaryotes Thr14 is phosphorylated by
MYT1, a membrane-associated kinase.

In higher eukaryotes the cell cycle can arrest in response to DNA damage during G1,
during S-phase and prior to entry into mitosis [(at the G1, S and G2/M checkpoints respec-
tively), (reviewed in refs. 22, 23, 24)]. These checkpoints act to ensure that ultimately sister
chromatid separation during mitosis will only occur with complete fidelity. If the accuracy of
this process is decreased, then the daughter cells may accrue mutations that could lead to loss of
cell cycle control and uncontrolled cellular proliferation. One cellular response to ultraviolet or
ionising radiation is activation of ATM kinase that in turn activates Chk1l and Chk2-depen-
dent pathways that, dependent on cell cycle stage, ultimately regulate members of the CDC25
family (reviewed in refs. 24 and 25).

The structures of the catalytic domains of Cdc25A%° and Cdc25B?” revealed that though
their shared fold is not similar to that of the protein tyrosine phosphatase family, mechanisti-
cally they are identical. These phosphatases all share a conserved catalytic CysXsArg(Ser/Thr)
motif and the dephosphorylation reaction proceeds in a two-step mechanism via a cysteinyl-
phosphate enzyme intermediate (reviewed in ref. 28). Unlike other dual-specificity phosphatases
which in general show little substrate preference, Cdc25s only dephosphorylate CDKs within
the active site. The structure of a Cdc25A substrate, CDK2/cyclin A phosphorylated on Tyr15
and Thr160 has revealed that the phosphotyrosine is exposed to solvent on a flexible loop (J.
Tucker, J.A.E., unpublished results). The active site of Cdc25 is very shallow and so it has been
suggested that to account for its specificity an extensive part of its surface may be involved in
CDK recognition. A precedent for this mechanism has been set by the determination of the
structure of CDK2 phosphorylated on Thr160 in complex with kinase-associated phosphatase
(KAP).% Like Cdc25, KAP is highly selective in its substrate and only dephosphorylates mo-
nomeric CDK2 phosphorylated on Thr160. The complex structure shows that the phosphory-
lated Thr160 residue is at the tip of an exposed loop and that there are few interactions with
KAP in this part of the structure. The major protein interface is an extensive one between the
KAP C-terminal helix and the CDK2 C-terminal lobe and overlaps in part with the CDK2
CKS binding site.

The flexibility and accessibility of the regions surrounding the Tyr15 and Thr160 resi-
dues, both before and after phosphorylation, may have important implications for their recog-
nition by the kinases (WEE1 and CAKs respectively) and phosphatases (Cdc25 and KAP re-
spectively) that modify CDKs at these two sites. The structural conservation of the catalytic
sites in active kinase conformations suggests that the protein substrate needs to be able to adopt
an approximately extended conformation for recognition.
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Fig. 6.3. The binding of the consensus substrate peptide to CDK2. The structure of a phosphorylated
CDK2/cyclin AJAMPPNP/ Mg*/peptide complex (PDB code 1qmz) in the vicinity of the catalytic site is
shown. The CDK2/cyclin A molecular surface is colored according to the color scheme employed in Figure
6.1: CDK?2 in gold, cyclin A in green, and residues from the glycine loop, C-helix and activation loop
coloured pink, red and cyan respectively. ATP and the substrate peptide are drawn in ball and stick
representation with the carbon atoms in the ATP molecule coloured green and those of the substrate peptide
coloured yellow. The CDK2 binding pockets for the substrate amino acid side-chains of histidine (P-2),
proline (P+1) and lysine (P+3) are clearly seen.

Structural Insights into CDK Substrate Selection

The Structure of a T160pCDK2/cyclin A/Substrate Peptide Complex

CDKs 1, 2, 4 and 6 phosphorylate the consensus sequence S/T*-P-X-K/R, where S/T*
represents the phosphorylated residue and X represents any amino acid. The structure of a
T160pCDK2/cyclin AJAMP-PNP/substrate peptide complex provided the first picture of the
CDK?2 active site with all the essential residues oriented for phospho-transfer.'> The substrate
peptide (HHASPRK) binds in an extended conformation across the kinase surface primarily
contacting the activation segment (Fig. 6.3).

The substrate residues N-terminal to the phosphorylatable serine residue (i.e., P-1 to P-3)
have few contacts with CDK2. The phosphorylatable serine of the substrate (P0) hydrogen
bonds to Asp127 (the catalytic base) and to Lys129 and in this orientation its lone pair of
electrons are directed in-line to the By-bridging oxygen of AMP-PNP through the y-phosphorus
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atom. The catalytic base is thought to assist ionisation of the serine hydroxyl prior to its
nucleophilic attack on the phosphorus atom of the y—phosphate. Lys129 is proposed to assist
catalysis by stabilising the negative charge in the transition state. A single magnesium ion is
seen in the structure that chelates the a- and y—phosphates.

The cavity into which the substrate P+1 proline neatly fits is particularly conspicuous
because its creation requires Val164 in the activation segment to adopt an unusual backbone
conformation. Val164’s main chain carbonyl group points away from the substrate to hydrogen
bond with the side chain of Arg169 and its main chain amide interacts with the carbonyl group
of Arg126. This valine conformation is only achieved once Thr160 is phosphorylated. In the
T160CDK2/cyclin A structure the proline pocket is blocked by the main chain oxygen of
Val163.4 The side chain of Arg169 excludes a large residue at P+1 and the binding of any other
residue at this site is disfavoured because of an uncompensated hydrogen bond from the substrate
to a main chain nitrogen atom. The proline residue at the P+1 position also restricts the confor-
mation of the rest of the substrate peptide so that the side chain of the P+3 residue points
towards the Thr160 phosphate.

The P+2 arginine is directed into the solvent and appears to make few contacts with the
enzyme despite the fact that biochemical studies reveal a clear preference for a basic residue at
this position.®” Perhaps long-range charge-charge interactions facilitate the approach of the
peptide to the enzyme. The P+3 lysine hydrogen bonds to both the Thr160 phosphate and
notably to the main chain oxygen of 11e270 of cyclin A. This is the only contact the substrate
makes with the cyclin subunit. It is possible that residues more C-terminal to the phosphorylation
site in a longer peptide or protein substrate would make contact with, and whose binding
could be influenced by, the cyclin subunit.

Other proline-directed protein kinases, notably members of the ERK (MAP) kinase and
glycogen synthase kinase 3 (GSK3) families share a conserved arginine residue equivalent to
CDK2 Arg169.” This arginine residue is conserved in other metazoan CDK family members,
and of the wider CDK family in S. cerevisiae in Cdc28p, Kin28p, Pho85p and Srb10p, but not
in Caklp [where it is replaced by a lysine, as in the casein kinase II family*]. As both Kin28p
and CDK7 are not proline-directed and phosphorylate a threonine residue in the sequence
THE, the valine residue equivalent to CDK2 Val164 may be able to adopt a more conven-
tional backbone conformation in these enzymes. The activation loop would then potentially be
able to form an anti-parallel B-sheet structure with the substrate as has been observed in other
protein kinase/substrate complexes.?!3?

Role of CDK Binding Proteins in Substrate Selection

Given the simplicity of the CDK substrate recognition sequence around the site of phospho-
transfer it was predicted that additional structural and/or sequence motifs would assist CDK
substrate selection. The cyclins and CKSs, two protein families that bind to CDKs have been
shown to contain such elements and enhance CDK activity towards certain proteins.

Two short consensus sequences one present in a subset of cyclins, the other a cyclin-
binding motif present in certain CDK substrates, have been shown to contribute to CDK
substrate selection. CDK2/cyclin A can form stable complexes with a number of proteins (for
example E2F-1, p107 and p130 and all members of the Cip/Kip CKI family) that contain a
ZRXL motif (single letter amino acid code, where Z and X are typically basic).>*** Structures
of complexes between CDK2/cyclin A/p27%° and between CDK2/cyclin A/p107 peptide!®
have shown that this motif binds to a hydrophobic surface on cyclin A that is conserved between
the A, B, Dand E cyclinsS (Fig. 6.4). This surface lies on the opposite side of the molecule to
the CDK2 binding site and it has been proposed to recruit both substrates and inhibitors to
cyclin A, B, D and E-dependent kinases by increasing their local concentration.>® It is not
known whether simultaneous binding of substrate to the two sites is a requirement for substrate
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Fig. 6.4. The cyclin A substrate recruitment site. The cyclin A3 structure in the vicinity of the substrate
recruitment site is drawn in ribbon representation. The side-chains of selected residues that form the first
helix of the N-terminal cyclin box fold are drawn in ball and stick representation. A p107-derived recruitment
peptide (sequence RRLFGE, backbone carbons in cyan) is bound into the hydrophobic ZRXL-binding
pocketof cyclin A. Thissite hasan important role in the binding of certain substrates and of Cip/Kip1 family
CKIs to the CDK/cyclin complex and is conserved among A, B, D and E cyclins.

phosphorylation. However, recruited CDK substrates show a wide variation in the inter-motif
distance that argues that there may not be a strict requirement for a particular spatial disposition
of the two sequences. Structures of intact CDK substrates that contain both motifs will address
this issue.

Members of the Cyclin D family are unique amongst the cyclins in containing an LXCXE
motif (where X is any amino acid) N-terminal to the first putative cyclin box fold. This short
motif is common to a number of proteins that can associate with the product of the
retinoblastoma gene, RB. The structure of the A/B pocket region of pRB in complex with an
LXCXE-containing peptide derived from the human papilloma virus pRB-binding protein E7
has provided a model for how pRB might interact with cyclin D via this sequence.’® The ‘A
and ‘B’ sequences of the pRB pocket encode a tightly associated tandem duplication of the
cyclin box fold and the LXCXE motif binds in an extended conformation to the fold encoded
by the ‘B’ pocket.

There are 16 CDK consensus phosphorylation sites in pRB, a subset of which are
differentially phosphorylated by CDK4/cyclin D1 and CDK2/cyclin E in vivo (reviewed in
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ref. 37). There is now evidence to support a model in which pRb phosphorylation by CDK2/
cyclin E requires prior phosphorylation by cyclin D-dependent CDKs®® and that these
phosphorylation events are associated with remodelling of pRB-containing complexes and
intramolecular structural rearrangments within pRb.* The pRB sequence contains a consensus
RXL motif. This result suggests that CDK-dependent phosphorylation of pRB might result
from pRB recruitment to CDKs through both LXCXE and RXL-dependent recruitment
mechanisms.

Members of the CKS family have also been shown to have a role in the selection of CDK
substrates. The first member of this family to be identified was S. pombe Sucl on the basis of its
ability to suppress certain CDK1 temperature-sensitive mutations.’ Since then closely related
homologues have been identified in a number of species (reviewed in ref. 41). CKS proteins
have multiple roles in controlling cell cycle progression, most notably in regulating CDK activ-
ity at G2/M and during mitosis. The structure of a CDK2/CKS1 complex revealed that CKSs
bind to CDKs through a conserved hydrophobic surface.*> The CKS family shares a second
cluster of surface residues that has been proposed to be a phospho-amino acid binding site.*>%
The presence of Sucl has been shown to stimulate CDK1/cyclin B activity against Cdc25 and
Mytl and Weel, the phosphatase and kinases respectively that are responsible for regulating
the extent of CDK1 phosphorylation within the active site.*> Recent studies have shown that
S. pombe Sucl can bind to a peptide derived from the Cdc25 sequence and that this binding is
dependent on both peptide phosphorylation and on the presence of a proline residue at the
P+1 position. Taken together these results suggest that one important role of CKS proteins
may be to recruit CDK/cyclin substrates to the enzyme in a phosphorylation-dependent manner.
This mechanism may contribute to the rapid auto-activation of CDK1/cyclin B at entry into
mitosis. Sucl may have a related role in stimulating CDK1/cyclin B activity towards other

substrates later during mitosis.**4”

Activation of CDKG6

CDKG is activated by binding members of the cyclin D family. To date, monomeric CDK6
has not proved tractable to X-ray crystallographic analysis, however, structures are available for
CDKG in complex with members of the INK family of CKIs, p16™<4 48 gnd p19!NKéd 4948
and in a ternary complex with p18™¥4¢ and cyclin K.*° Four INK4 family members have been
identified, p15™K4, p16™NKda, 518INKde 4 d 19K tha specifically inhibit CDK4 and CDKG
(reviewed in ref. 51). All the CDKG6 complexes are snapshots of the enzyme in various inactive
conformations, which leaves a description of the active structure of CDKG6 an extrapolation
from our current understanding of CDK regulation determined from studies on CDK2.

Structures of CDKG6/INK Complexes

The overall fold of CDKG6 in both the CDK6/p16™4¢ and CDK6/p19™K4 seructures is
very similar to that of CDK2 (Figs. 6.1 and 6.5). Like CDK2, CDKG6 has a bi-lobal architec-
ture with two short, but significant insertions into the fold. CDKG6 residues 70-72 add a fur-
ther turn to the N-terminal domain helix (the C-helix), and residues 86-90 extend 34 and the
loop connecting it to 5. In its INK4-bound state, CDKG6 is distorted away from the active
CDK2 conformation by a relative 15° rotation of the N and C-terminal domains around an
axis perpendicular to the plane of the catalytic cleft (reviewed in ref. 52). This rotation disrupts
the constellation of conserved residues that mediate correct ATP binding. For example it pre-
vents the C-helix from adopting a position equivalent to that seen in the structure of active
CDK2. Glu61 (the residue equivalent to CDK2 Glu51) is rotated out of the active site cleft
directed towards solvent. Glu99 and Val101 that lie in the hinge region and that, by equiva-
lence to CDK2 residues Glu81 and Leu83 are predicted to form hydrogen bonds with the ATP
adenine N6 and N1 atoms respectively, are also displaced.
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Fig. 6.5. Structure of CDK6 in complex with p18™¥4 and cyclin K. The same view of the CDKG structure
as that selected for CDK2 in Figure 6.1 is shown. To aid comparison of the two CDK structures, the CDK
subunit is again coloured gold, the cyclin sub-unit green and the CDKG6 glycine loop (residues 20-25),
activation loop (residues 163-189) and C-helix (residues 55-65) are drawn in pink, red and cyan respectively.
The p18™K4 structure is drawn in ribbon representation in purple. This view highlights the CDK6
activation loop structure and the displacement of the C-helix from the active site cleft. The CDK6-cyclin
Kinterface is much reduced in comparison with that observed in the CDK2/cyclin A complex (Fig. 6.1B).
p18™K interacts with the CDKG6 N-terminal domain and does not contact cyclin K.

The CDKG6 activation loop can also diverge from that of CDK2. In one structure, the
activation loop adopts a fold similar to that observed in monomeric CDK2,%’ but the quality
of the electron density map suggests that the sequence is conformationally flexible. The other
CDK6/p19™&4 siructure (determined from crystals grown under different crystallization
conditions) has a highly ordered activation loop adopting a 10 residue B-hairpin.*® This structure
is stabilised both by hydrogen bonds and hydrophobic interactions with the CDK6 C-terminal
lobe and hydrogen bonding contacts to p19™k4d,

The INK4 proteins have been the subject of a number of NMR and X-ray crystallographic
studies (reviewed in ref. 53). They contain multiple ankyrin repeats (Fig. 6.5), a structural
motif previously identified as a protein-protein interaction domain (reviewed in ref. 54). Each
repeat is an L-shaped association of a helical hairpin and two B-strands. There are four ankyrin
repeats in p16™4 (and presumably also in p15™K% which shows 75% sequence identity to
p16™K4) and five in both p18™K4 and p19™K4, Tn the INK4 family the first helical region
of the second ankyrin repeat consists of only one helical turn which results in a slight deviation
from the consensus ankyrin repeat structure, splaying f-loop 1 away from B-loop 2. p16™NKé
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and p19™*4 contact both lobes of CDKG6, binding to one side of the catalytic cleft opposite to

and not overlapping with the cyclin D binding site (Fig. 6.5). Although there are minor differ-
ences between the CDK6/p19™K4 and CDK6/p16™K4 structures, in cach case residues in
the second and third ankyrin repeats make a substantial contribution to the protein-protein
interface.

Intrinsic to various INK4 functional models is a requirement that INK4 association with
CDK4 or CDKG is incompatible with stable cyclin D binding (reviewed in ref. 51), and indeed
INK4 binding to monomeric CDKG6 does affect the kinase’s ability to associate productively
with cyclin D. The structure of a ternary unphosphorylated CDK6/p18™X4/cyclin K complex
has revealed the structural basis underlying this observation. The CDK6-cyclin interaction is
the one that suffers as the two CDKG6 binding proteins vie for the enzyme surface. Cyclin K is
encoded by the Karposi’s sarcoma-associated herpesvirus and is a member of the cyclin D
family. In the CDK6/p18™X4/cyclin K structure the p18™X4_CDKG interface is very similar
to that previously seen in the two CDK6/ p16™¥4 and CDK6/ p19™¥4d complex structures,
but the cyclin-CDK surface of interaction is much reduced (2504 A as compared to 3540 A in
the unphosphorylated CDK2/cyclin A complex). Cyclin K’s only contact with CDKG6 is through
its C-helix; there are no further interactions between cyclin K and the CDK6 C-terminal domain.

Both families of CKIs have now been structurally characterised in ternary complexes with
a CDK and a cyclin. The structures illustrate how differently these two protein classes inhibit
CDK function. Whereas members of the INK family preferentially bind to monomeric CDK4
and CDKG6, Kip/Cip family members bind to both the cyclin and CDK subunits.®® The struc-
ture of a ternary p275"P!/T160pCDK2/cyclin A complex shows that the inhibitor has an ZRXL
sequence at its N-terminus (residues 30-33) that binds to the cyclin A recruitment site. The
sequence then adopts an a-helical structure as it progresses over the surface of the N-terminal
cyclin box fold towards the CDK2 N-terminal lobe. A B-hairpin is followed by the p27%iP!
sequence adopting a 3-strand structure that supplants the edge strand of the CDK2 5-stranded
N-terminal B-sheet. Having disrupted the CDK2 fold, the sequence of the short p27*! fragment
finishes as a 31¢-helix which binds into the ATP binding pocket. pZ7KilDl Tyr88, which is
conserved in the Kip/Cip family, is an excellent mimic of the interactions of the adenine ring of
ATP with CDK2.

A number of viral CDK-cyclin complexes are known to be able to evade Cip/Kip-depen-
dent inhibition.” The crystal structure of one such viral cyclin from the oncogenic herpes virus
saimiri shows that the Cip/Kip binding site is sufficiently altered that it might preclude CKI
association.”® As described below, CDK7/cyclin H is not regulated by CKIs. The cyclin H
crystal structures show that its C-terminal helix occupies the region equivalent to the ZRXL
pocket in cyclin A.>"8

Structural Models for Activation of CDK7

In higher eukaryotes CDK7 is a component of the CDK-activating kinase, (CAK) that
phosphorylates CDKs within the activation loop, and of transcription factor IIH (TFIIH), a
multi-protein complex that has roles both in nucleotide excision repair of DNA and in RNA
polymerase II transcription (reviewed in ref. 59). Single-particle electron microscopy has been
employed to reveal the sub-unit organisation within this complex.” The S. pombe CDK7/
cyclin H homologues Mcs6/Mcs2 also function both as a CAK and as components of an RNA
polymerase II C-terminal domain (CTD) kinase. In . cerevisiae cells these two functions are
carried out by distinct proteins. The S. cerevisiae homologue of CDK7, Kin28p is a component
of TFIIH. A distinct protein Cak1p, that shares only 20-25% sequence identity to CDK7 and
that is active as a monomer phosphorylates both Cdc28p and Kin28p. A monomeric CAK
with selectivity for CDK2/cyclin E as a substrate has been identified in human cells.®!
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The cognate cyclin of CDK?7 is cyclin H and phosphorylation of CDK7 within its activation
segment can stabilise the CDK7/cyclin H pair. Unusually, CDK7 can be phosphorylated at
two sites within its activation loop. In the absence of phosphorylation, stable association of
CDKY7 with cyclin H is promoted by a third protein, MAT1 (ménage a trois). A similar
mechanism may exist to promote the formation of other cognate CDK/cyclin pairs. For example,
the CKI p21P! has been proposed to assist in the formation of CDK4/cyclin D complexes.
Measured CDK/cyclin association constants suggest that CDKs have a low intrinsic ability to
discriminate between cognate and noncognate cyclin partners. Assembly factors may play a
role in promoting the formation of appropriate pairings.

The Structure of Cyclin H

Two crystal structures of human cyclin H have been independently solved to 2.6A resolu-
°738 Cyclin H is a shorter cyclin (323 amino acids) than cyclin A and its N-terminus
aligns to the start of the truncated cyclin A3 molecule. In the electron density maps for
monomeric cyclin H, the C-terminal 36 residues could not be observed*® suggesting that they
are flexible in the absence of a molecular partner. As anticipated, cyclin H shares a duplication
of the cyclin box fold and the relative orientation of the two domains is similar to that observed
in cyclin A (rmsd of 1.8A over 132 residues), a result consistent with the notion that cyclin H
may bind to and activate its cognate CDK7 in a way similar to that used by cyclin A to activate
CDK2. The remarkable difference between cyclins A and H is in the relative positions and
contacts made by the N- and C-terminal helices that flank the duplicated cyclin box fold. Both
these helices associate with the cyclin H N-terminal cyclin box fold and models suggest that
although not at the core of the subunit interface, they may have a role in modulating specificity
and activation. Deletion of either helix results in a cyclin capable of binding, but not of activating
CDK7.%® In metazoans Cyclin H can be phosphorylated both in vitro and in vivo by CDK8/
cyclin C on Ser5 and Ser304-two modificantions that can repress TFIIH activity both as an
activator of transcription and as a CTD kinase.®> However, in the monomeric cyclin H struc-
tures determined to date, both residues lie in disordered regions of the structure.

Docking of the CDK2 structure onto cyclin H to mimic the CDK7-cyclin interaction
shows that the cyclin H N-terminal helix would sterically clash with the kinase sub-unit. Kim
et al’” have suggested that a movement of this helix may occur upon binding of cyclin H to
CDK?7. The cyclin H C-terminal helix occupies the region equivalent to the ZRXL binding
pocket in cyclin A thus providing a structural explanation for why cyclin H-dependent kinase
activity is not inhibited by members of the Cip/Kip family of CKIs (reviewed in ref. 53).

tion.

A Structural Model for CDK7

A sequence comparison of CDK7 (human protein is 346 amino acids, molecular mass
39kDa) and CDK2 shows that the two proteins are very similar (43% identity, 61% similarity),
with CDK7 having additional short extensions of 8 residues and 36 residues at the N- and C-
terminus respectively. CDK7 is predicted to have the core kinase catalytic fold with greatest
similarity to the CDK2 structure. The CDK7 sequence within the conserved glycine-loop
motif is GEGQFAT and the enzyme is not subject to regulation by active-site inhibitory
phosphorylation. The sequence also contains a recognisable PSTAIREmotif (NRTALRE)
preceded by a short (3 amino acid) insertion relative to the CDK2 sequence. CDK7 is
phosphorylated within the activation segment on two residues, Ser170 and Thr176, the latter
residue equivalent to CDK2 Thr160.
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Activation loop Phosphorylation; Its Role in Stabilizing the CDK7/Cyclin H
Complex and in Substrate Selection

The CDK?7 and CDK2 activation loop sequences agree well, with no relative insertions
and only seven amino acid differences between the DFG and APE motifs. A study using the X.
laevis CDK7 and cyclin H proteins showed that low affinity CDK7/cyclin H binding was
promoted by phosphorylation within the CDK7 activation loop at Ser 170 (Val154 in CDK2),
and high affinity binding required phosphorylation of Thr176 (the residue equivalent to CDK2
Thr160).®* X. laevis CDK7/cyclin H singly phosphorylated on Ser170 exhibited almost 90%
of the activity of the doubly phosphorylated complex. This result is in contrast to that obtained
by Fisher and coworkers using mammalian homologues who showed that phosphorylation of
Ser164 in mammalian CDK?7 was not sufficient to promote cyclin binding or confer catalytic
activity.64

A comparison of the T160pCDK2/cyclin A and cyclin H structures suggests that
phosphorylation of Ser170 promoting the stability of the CDK7/cyclin H complex might not
be unreasonable. In the T160pCDK2/cyclin A structure Val154 (the residue homologous to
CDKY Ser170) is buried at the CDK2/cyclin A interface. A structural alignment of cyclins A
and H”” shows that Arg165 (equivalent to cyclin A GIn313) is one of the residues in the first
helix of the second cyclin H cyclin box fold that would be predicted to contact the CDK7
activation loop. Such an additional charge interaction might be sufficient to promote stable
cyclin association and the adoption of an activation loop structure that is compatible with
substrate recognition and catalysis. The potential structural homology between CDK7 Thr176
and CDK2 Thr160 is readily apparent. The two residues are equivalently positioned within the
activation loop sequence and the three positively charged residues (Arg50, Argl26 and Arg150)
that coordinate the CDK2 Thr160 phosphate group are conserved in CDK7 (Arg67, Argl42
and Lys166 respectively).

However, CDK2 and CDK?7 have very different substrate selectivities. As described, we
have structural explanations for the specificity of CDK2/ cyclin A for a proline residue at the
P+1 position and for a basic residue preferred at P+3."> CDK7 phosphorylates the threonine
residue within the consensus sequence YTHEVYV, with a slight variation provided by the CDK4
activation loop sequence where a proline is at the P+1 position. Both CDK2 and CDK7 appear
to be able to switch specificities. CDK7/cyclin H can act as a proline-directed kinase when
acting as a CTD kinase, but as a CAK need not. Similarly, CDK2/cyclin A shows distinct
proline-directed specificity for a combinatorial peptide library, but successfully phosphorylates
Thr170 of CDKY7 in a nonproline directed manner. Clearly these results suggest that there are
additional structural determinants of substrate specificity distinct from the primary sequence
surrounding the site of phosphorylation. That this may be the case has been elegantly
demonstrated by Fisher and colleagues using a chimaeric CDK, where they grafted the activation
segment of CDK7 into CDK2.%> CDK7/cyclin H was now able to phosphorylate this segment
but CDK2/cyclin A could not, suggesting that secondary and/or tertiary structural elements
are being recognised and can direct specificity. Substrate recruitment could also be important.
It is conceivable that recruitment by cyclin A to a CDK7/cyclin H substrate bypasses the proline
dependence of CDK2 allowing it to phosphorylate Thr170. Similarly, recruitment of substrates
to CDK7 by MAT1 may allow it to acquire specificity for proline-directed phosphorylation
sites such as those in the C-terminal domain of RNA polymerase II.

Various members of the CKI families have been reported to inhibit CDK activation by
CAK. p21°P! can inhibit CAK activation of CDK1/cyclin B®® and p21“P! and p27XP!, and
p18™K4e have been shown to block CAK-dependent activation of CDK2/cyclin A and CDK6/
cyclin D1 respectively.” The T160pCDK2/cyclin A/p27 complex structure shows that p27
has an extended fold that binds to both the cyclin and CDK sub-units and that occupies the
CDK catalytic cleft. The structure of only residues 25-93 of p27 was determined and it could
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be envisaged that the remainder of the protein (198 amino acids in total) could interfere with
CAK association. The structure of the CDK6/cyclin K/p18™K4 complex suggests that p18™NKée
might not interfere directly with CAK recognition of the CDK activation loop sequence.
However, the structure does show that with the CKI bound, the flexible CDK molecule is held
in a particular conformation and cannot respond to the cyclin subunit. In the same way, the
relative orientation of the CDK N- and C-terminal domains induced by INK binding might
not correctly dispose elements of the CAK recognition surface for productive CAK binding. A
short peptide derived from p21“P! that encompasses the recruitment motif (ACRRLFGPVDSE,
residues 17-28) has also been shown to inhibit the phosphorylation of CDK2/cyclin E by
CDK7/cyclin H.®® This preliminary result raises the intriguing possibility that CDK/cyclin
complexes may recruit CAK activity for their activation.

A Structural Model for MAT1

MATY1, the third component of metazoan CAK (human protein 309 amino acids, molecular
mass 36 kDa), acts as an assembly factor for the association of CDK7 and cyclin H.**%*7! The
protein has an N-terminal Ring Finger motif that is important for optimal TFIIH activity but
is not essential for its CDK activating properties.”* A recent NMR study has revealed the
solution structure of this domain (residues 1-65). It has the expected Bapf topology and is
conspicuously positively charged.”

The MAT1 C-terminal region appears to promote assembly of the CDK and cyclin subunits
and stimulate the specific activity of the enzyme, even in the absence of phosphorylation of the
activation segment.”? Furthermore, MAT 1 appears to modulate the specificity of CAK, possibly
by recruitment.”# The central portion of MAT1 is predicted to contain a coiled-coil motif and
has been shown to be responsible for the association of CAK to TFITH.”?

Caklp/Civlp

A Structural Model for CaklIp

Database searches show that Cak1p is most closely related to the CDK family (25% iden-
tity to Cdc28p). The start of the Cak1p sequence aligns to residue 5 of CDK2 suggesting that
the first secondary structural element (1) of the core kinase catalytic fold is either shortened or
missing. The Caklp sequence is 70 amino acids longer than CDK2 and an alignment shows
that the extra sequence is accommodated by several insertions between predicted secondary
structural elements. The largest predicted insertion of 29 residues occurs between helices 0.2
and a3 (helices D and E in PKA nomenclature) in a region called the kinase insert region.
Differences are observed in this region, that is located on the opposite face of CDK2 from
known regulatory and substrate binding sites, even between closely related CDKs. Shorter
inserts (5-15 residues) occur prior to and in the N terminal region of the activation segment
and within the loops (L13 and L14) preceding and following a5 (helix G).

Perhaps the most notable feature of the Caklp sequence is the absence of a glycine-rich
motif, a sequence that is involved in ATP-binding and is very strongly conserved in the protein
kinase family. In an alignment of 300 protein kinase sequences, only one other protein (a yeast
sequence encoding a protein involved in vacuolar protein sorting) lacks all 3 glycines in the
canonical GXGXXG motif. Remarkably, deletion of the first 31 amino acids of the Caklp
sequence (which in addition to removing the glycine loop would also remove the putative
conserved lysine residue (Lys31, equivalent to CDK2 Lys33) still yielded a functional v:-:nzyme.7S

Caklp is also conspicuously different in that part of its sequence predicted to encode the
C-helix (the PSTAIRE motif in CDK2), presumably reflecting Caklp’s independence from
cyclin binding as a requirement for activity. However, the replacement of the PSTAIRE arginine
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residue (R50 in CDK?2) with a phenylalanine must have repercussions for the Cak1p catalytic
mechanism. In CDK2 Arg50 (together with Arg126 and Arg150) contributes to the phospho-
Thr160 binding pocket. Its absence in Cak1p may be a symptom of the fact that the enzyme is
not phosphorylated. Sequence alignments predict that only an arginine equivalent to Argl26
of CDK2 is conserved in Caklp, Argl50 being replaced by a tyrosine. Taken together the data
suggest that Caklp may adopt an appropriate activation segment conformation for substrate
binding and phospho-transfer through hydrophobic packing instead of the charge-mediated
interactions seen in CDK2. If so, then phosphorylase kinase may provide a better model for
Caklp in this part of its structure. In the phosphorylase kinase structure®” the arginine residue
preceding the catalytic aspartate (Asp149) readily compensates the single charge on the glutamate
side chain (Glu182) that is the structural equivalent of CDK2 phospho-Thr160. The activation
segment of Caklp contains a glutamate and this residue may similarly stabilise the loop by
interacting with the single arginine residue that is conserved in Caklp that lies next to the
catalytic base in the RD motif.

Cak1p has a 7-residue insertion in the activation segment with respect to CDK2 and these
extra amino acids must reflect differences in substrate specificity as well as regulatory differences.
The activation segment sequences of CDK7 and Caklp are rather different, even though at
least in vitro they can phosphorylate the same or similar substrates. This result may indicate
that the two enzymes use different modes of binding. In vitro, Caklp phosphorylates mono-
meric CDK2 more effectively than the binary CDK2/cyclin A complex.'*?° Structures of pro-
tein kinase/substrate complexes reveal that the peptide invariably lies in an extended conforma-
tion and that the activation segment folds to form pockets to accommodate the side chains
responsible for determining specificity.>3!"27¢ For Cak1p to phosphorylate CDK2 the region
around T160 would be expected to adopt such an extended conformation prior to phospho-
transfer, a condition that would be disfavoured in the cyclin-bound state.

Some receptor tyrosine kinases, e.g., fibroblast growth factor receptor kinase (FGFRK),
platelet derived growth factor receptor kinase (PDGFRK) and insulin receptor kinase (IRK),
have significant inserts in the kinase-insert region” which have been proposed to be important
for receptor dimerisation.”” In FGFRK this insert contains tyrosine phosphorylation sites. The
structure of the inactive, unphosphorylated form of the FGFRK’® shows that this region is a
loop that follows an elongated course over the end of the F helix and the H helix, before
running back toward the active cleft to join the E helix. Intriguingly, the Cakl1p kinase-insert
contains two adjacent tyrosines and it is tempting to speculate that this insert may prove to be
a site of protein interaction and/ or a putative site of phosphorylation.

Conclusions

A key element of the regulation of CDK activity is the inherent flexibility of the CDK
fold. The CDK2 and CDKG structures determined to date show how the fold can respond to
the binding of multiple regulatory proteins resulting in CDK activation. We now have a structural
understanding of CDK activation by cyclin binding and phosphorylation, and of CDK inhibition
by binding members of the CKI families. The determination of the structures of complexes
containing other CDK/cyclin proteins will be illuminating. CDKs are the hub of many multi-
protein complexes and the structural elucidation of these large multi-molecular assemblies will
be a challenge for the future.

Abbreviations
CDK2 Monomeric CDK2
T160pCDK2 Monomeric CDK2 phosphorylated on Thr160

T160CDK2/cyclin A Unphosphorylated binary CDK2/cyclin A complex
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T160pCDK2/cyclin A Binary CDK2/cyclin A complex phosphorylated on CDK2

Thr160
CAK CDK activating kinase
KAP Kinase-associated phosphatase
AMP-PNP Adenylyl imidodiphosphate
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CHAPTER 7

Activation of CDKs by CAK:
CAK in TFIIH

Anne Keriel and Jean-Marc Egly

Introduction
’ I Y FIIH was originally identified as a basal transcription factor involved in protein-coding
genes transcription.”” The systematic cloning of its nine subunits revealed however
that TFIIH also participates in two other fundamental cell processes: cell cycle regulation
and repair of damaged DNA. Because TFIIH is involved in more than one cellular process,
mutations in some of its subunits can lead to human syndromes : Xeroderma pigmentosum,
Trichothiodystrophy and Cockayne syndrome.®* These genetic disorders are caracterized by
complex phenotypes with large ranges of pleiotropic symptoms, including UV-light sensitivity,
cancer susceptibilities and developmental abnormalities.

In this study, we will describe the function(s) of a ternary subcomplex of TFIIH, named
"CAK" (CDK-activating kinase) because of its ability to activate CDKs by phosphorylation,
keeping in mind that TFIIH possesses additional enzymatic activities involved in both RNA
synthesis and DNA repair.

CAK as Part of TFITH

The mammalian TFIIH is a multiprotein complex of nine subunits, ranging from 89 kDa
to 32 kDa (Fig. 7.1), that can be resolved in two main functional subcomplexes: the core TFIIH,
composed of five subunits (XPB, p62, p52, p44 and p34), and the CAK (CDK-activating
kinase), composed of CDK?7, cyclin H and MAT1 56 (for details see Chapter 1). The remaining
XPD subunit can be found either associated with the core or with the kinase complex”® and is
believed to anchor the CAK to the core TFITH.” TFITH possesses three intrinsic enzymatic
activities: the cyclin-dependent kinase CDK7 and two ATPase/helicases of opposite polarities
attributed to the XPB and XPD subunits. The two helicases are responsible for catalysing the
DNA opening that takes place either around the initiation site, during transcription, or around
a lesion, to allow DNA repair'®!? (cf. paragraph 2). The kinase activity of CDK7 is directed
towards the cyclin-dependent kinases (CDKs), in agreement with the initial definition of the
CAK complex, but also towards RNA polymerase II (RNA pol II), general transcription factors
as well as transcription activators and repressors (cf. paragraph 3). Interestingly, the preference
of CAK for one of these two classes of substrates depends on whether it resides in TFIIH or
exists as a free complex, suggesting that free CAK is devoted to cell cycle regulation whereas,
when associated to the coreTFIIH, it participates to TFIIH function(s) in the transcription
reaction, !4

The CDK-Activating Kinase (CAK), edited by Philipp Kaldis.
©2002 Eurekah.com and Kluwer Academic / Plenum Publishers.
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Fig. 7.1. TFIIH composition and subunits functions. (A) Characteristics of the nine subunits of the DNA
repair/transcription factor TFITH. (B) Silver-stained SDS-PAGE gel of highly purified human TFIITH
factor. nd : notdetermined; asterisks point out to the subunits composing the yeast core TFITH subcomplex.

Cloning of the genes encoding the nine subunits of TFIIH revealed a highly conserved
structure and function from yeast to human!? (Fig. 7.1). However, although yeast TFIIH has
the same composition as the mammalian counterpart, some differences exist:

1. the yeast coreTFIIH subcomplex contains Ttb1p (p62), Ttb2p (p52), and Ssl1p (p44), but
also Rad3p (XPD) and Tfb3p (MAT1) which are absent in the human core factor,'
2. in contrast to their human homologues, the yeast Ss12p (XPB) helicase and Tfb4p (p34) are
not present in the core subcomplex and!”
3. the kinase subcomplex (called TFIIK) contains only Kin28p (CDK7) and Ccl1p (cyclin H)181?
and does not exhibit a CDK-activating kinase (CAK) activity.?
In S. cerevisiae, the CDK-activating function has been devoted to Cak1p/Civlp (for details see
Chapter 2), a kinase that is not associated to TFIIH. 224

The differences observed between human and yeast TFIIH also appeared from their qua-
ternary organization. The three-dimensional (3D) model designed from electron microscopy
analysis, shows that the human TFIIH is organized into a ring-like structure, with a hole whose
size is suitable to accommodate a double-stranded DNA molecule, and from which an almost
spherical bulge of protein density protrudes out? (Fig. 7.2A). The human recombinant
coreTFITH subcomplex forms a circular architecture that can be superimposed on the ring
found in human TFITH, suggesting that the CAK constitutes the bulge appended to the ring-
like structure.” The quaternary organization of TFITH subunits can be partially inferred from
immunolabeling combined with coimmunoprecipitation experiments (Fig. 7.2A). The CDK7
kinase was shown to be located in the protruding domain. The p44 subunit is located within
the ring structure, at the basis of the protruding protein density, and is flanked on either side by
the XPB and XPD helicases. It is interesting to note that the location of XPD, close to the
CAK-containing bulge, is consistent with the proposal that it could bridge (or stabilize) the
interaction between the CAK and the coreTFIIH. The resolution of the 2D crystallographic
structure of the yeast core TFIIH subcomplex, which contains the helicase Rad3p (XPD), Ssl1p
(p44), Tfb1p (p62), T2p (p52), and Th3p (MAT1), was also reported.’® In this complex,
Tiblp, Tfb2p, and Ttb3p form a ring-like structure to which is appended Rad3p, via a bridge
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Fig. 7.2A. Quaternary organizations of human TFITH and yeast core TFITH. Surface representation of the
3D model reconstruction of human TFIIH from electron microscopy analysis. The positions of subunits
CDK?7, XPD, XPB, and p44, as inferred from immunolabeling experiments, are indicated by the arrows.
The cyclin H, MAT1, and p34 subunits are tentatively positioned according to well established pairwise
subunit-subunit interaction studies. (Adapted from Chang et al, Cell 2000; 102:609-613.) Fig. 7.2B.
Quaternary organizations of human TFIIH and yeast coreTFITH. Superimposition of the 2D crystal
structure of yeast core TFITH with human TFITH (grey). Assignments of density regions to subunits in the
yeast structure, either Rad3p, Ssl1p, or Tfb1p/Tfb2p/Ttb3p, are indicated. (Adapted from Changetal, Cell
20005 102:609-613.)

created by Ssl1p (Fig. 7.2B, in purple). A plausible fit of the crystal structure of yeast core TFIIH
to the human TFIIH particle reconstruction could be proposed (Fig 7.2B), pointing to
differencies and similarities in size, shape, and arrangement of subunits. The human and yeast
studies are not fully compatible because:

1. the yeast coreTFIIH subcomplex presents a large nonring density area,

2. the rings observed in each strcuture are of different size and subunits composition and

3. the localization of the Rad3p/XPD and the Tfb3p/MAT1 subunits in the two structures are

in clear disagreement (Fig. 7.2B).
The discrepancies in the subunit composition and quaternary organization between the

yeast and human TFIIH subcomplexes probably reflect some subtle differences concerning the
role of their various subunits in the DNA repair and transcription activities of TFIIH.

The Role of CAK in DNA repair

DNA repair pathways are fundamental cellular processes for protecting cells against ge-
netic damage produced by various genotoxic agents. They proceed essentially either through
the direct replacement of the nucleotide modified by a lesion or through the excision of an
oligonucleotide carring the damage and the subsequent replacement by a newly synthesised
intact DNA (reviewed in 27). Among the various DNA repair pathways, nucleotide excision
repair (NER) plays an essential role in cell survival by removing the major UV-induced DNA
lesions. Defects in this DNA repair pathway generate three human genetic disorders: Xero-
derma pigmentosum (XP), Trichothiodystrophy and Cockayne syndrome. XP is a highly can-
cer-prone skin disorder which symtoms are caused by exposure to sun-light and can be ac-
counted for the deficiency in NER. Eight complementation groups of XPs (XP-A to XP-G +
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XP-V) have been identified; two of them result from mutations in the XPB and XPD helicases
of TFITH.

Recently, the identification of the various components of the NER pathway, the mutation
of which generate the DNA repair disorders, allowed the reconstitution of the NER reaction in
vitro.”® NER proceeds through different steps : damage recognition, opening of the DNA
around the lesion, incision on each side, excision of the ~30-mer oligonucleotide bearing the
damage, replacement of the excised fragment by resynthesis and ligation (Fig. 7.3).%’ Briefly,
XPC/HR23B and XPA bind the damaged DNA, followed by the opening of the DNA around
the lesion, promoted by the two helicases subunits of TFIIH, XPD and XPB. The RPA pro-
tein, with the help of XPA, would then maintain the DNA opened, allowing cleavage by the
two XPG and XPF-ERCC1 nucleases. Once the damaged fragment is excised, de novo DNA
synthesis is achieved by the DNA polymerase 8/¢ under the control of PCNA (Proliferating
Cell Nuclear Antigen) and RCF (replication factor C) and the reaction is terminated by DNA
ligase 1,289

The involvement of TFIIH in NER was emphasized by immunodepletion experiments,
with anti-p34 antibodies or anti-p52 antibodies, which led to the inhibition of NER activity
both in vitro and in vivo.*** These observations raised the question of the role of each TFITH
subunit in NER. According to the UV-sensitivity phenotype of the different mutant cells in
yeast and human, at least five TFIIH subunits could be considered as repair 6proteins: the XPB/
Rad25p and XPD/Rad3p helicases, as well as p62/Tfb1p,>* > p44/Ssl1p®>3® and p52/Tth2p."
To the opposite, yeast strains carrying mutations either in Kin28p or in Tfb3p exhibit only a
mild, if any, UV-sensibility and no decrease in DNA damage repair.'*” Altogether, these re-
sults minimize the role of CAK in NER. In agreement with this, a CAK-depleted TFIIH was
shown to be still active in a reconstituted yeast3 8 or mammalian®’ in vitro system. However, at
least two studies imply the CAK component of TFIIH in NER. First, microinjection of anti-
bodies raised against CDK7 results in a drop of NER in vivo.” Second, a tfb3 temperature-
sensitive mutant yeast strain was shown to exhibit both a severe UV-sensitivity and a defect in
NER in vitro.*® Moreover, using a reconstituted excision assay, it was demonstrated that the
presence of CAK inhibits the reaction.?! This inhibition was observed only in the presence of
an ATP-regenerating system. Addition of a specific kinase inhibitor overcame this inhibition,
suggesting that it is the kinase activity of CAK, and not its physical presence, that is involved in
this negative regulation.

In the light of the above results, it remains difficult to design a scenario in which TFIIH
would work either in transcription or in NER as a function of its structural state (absence or
presence of CAK, modification of some of its subunits,...). Nevertheless, two distinct TFIITH
complexes have been found in yeast: one of them contains the kinase and the cyclin subunits
and is involved in transcription; the other one, which forms the “repairosome complex” with
other NER components and seems therefore devoted to NER, lacks TFIK.*% 42 The transition
from one form to another would enable competition to occur between transcription and NER. 42
This model is, however, not applicable to mammalian cells: first, eventhough mammalian TFITH
easily separates into several subcomplexes upon purification, the existence of the core TFIIH
subcomplex has never been demonstrated in cells; second, microinjection of anti-CDK?7 anti-
bodies inhibits NER in vivo,” suggesting that the 9-subunits TFITH normally participates in
NER. It is thus believed that, in mammals, the two functions of TFIIH do not involve two
distinct TFIIH complexes ; the switch between these two functions would rather be the result
of intramolecular events induced by DNA damage. A model was proposed in which CDK7 (or
CAK) negatively regulates the NER reaction by phosphorylating some NER components, !
and is itself inhibited in response to DNA damage. Indeed, the kinase activity of the TFIIH
purified from UV-irradiated mammalian cells is dramatically inhibited.® Moreover, treatment
of HeLa cell extracts with serine-threonine phosphatase inhibitors prevents incision of the
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Fig.7.3. Schematic representation of the nucleotide excision repair (NER) pathway. The involvement of the
various NER proteins (XPC/HR23B, TFIIH, RPA, XPA, XPG, XPF-ERCC1, DNA polymerase, PCNA,
RCF and DNA ligase I) are shown at each step of the reaction (damage recognition, DNA opening, incision,
excision, resynthesis and ligation), as described in the text.

damaged oligonucleotide during the NER reaction.®® In this model, XPG, which was found to
interact physically with and be phosphorylated by TEITH* is a good target for such inhibition.

As a conclusion, it has to be noticed that, eventhough CDK7 might not be directly
involved in the NER reaction, it likely plays a crucial role in the cell cycle arrest induced upon
genotoxic attacks, allowing DNA repair. When DNA is damaged, TFIIH would activate p53



90 The CDK-Activating Kinase (CAK)

by phosphorylation, which would further induce the CDK-inhibitor p21WAF/CIP1

gene ex-
pression, leading to cell cycle arrest.*®

Transcriptional Regulation by CAK

In eukaryotes, the synthesis of messenger RNA by RNA pol II is a multistep process that
requires at least six general transcription factors (or GTFs, named TFIIA to TFIIH), allowing
« basal » transcription, which can be further regulated by activators and repressors (for a review
see ref. 47). The transcription reaction proceeds through different steps: assembly of the
preinitiation complex, promoter opening, first phosphodiesterbond formation, promoter clear-
ance, elongation and termination. The first step consists in the assembly of the different GTFs,
along with a nonphosphorylated RNA pol I, at the promoter (usually including a TATA-box
and the start site). Indeed, TFIIH, TFIIA, TFIIE, TFIIE and RNA pol II join the promoter
(either as a preassembled complex or sequentially), already bound by TFIID and TFIIB, to
form the closed “preinitiation” complex which is inactive. Then the ATP-dependent opening
of DNA allows the formation of the first phosphodiester bond followed by the escape of RNA
pol II from the initiation complex, referred as to “promoter clearance”, to carry on with tran-
script elongation. Regulation of the basal machinery, which occurs in a chromatin context, is
orchestered by the recruitment of additional transcription factors that can either stabilize the
preinitiation complex or modify some of the components of the basal apparatus through acety-
lation, glycosylation, and/or phosphorylation.

Phosphorylation is essential for regulation of transcription; first, phosphorylation is both
rapid and reversible; second, most of the transcription factors appear to be phosphorylated;
third, many signal transduction pathways affecting gene expression activate protein kinases;
fourth, this modification provides a large spectrum of regulation because multiple kinases can
phosphorylate a given protein at various sites, within its different functional domains. Indeed,
regulation of transcription involves CDK7, CDKS, and CDKD9, but also several other kinases
such as TAF;250 (TBP-associated factor 250), DNA-PK (DNA-dependant Protein Kinase)
and MAP kinases (Mitogen Activated Protein Kinases). Their substrates include the RNA pol

IT as well as some GTFs and regulatory factors such as nuclear receptors (RARa, RARY, ERa,
AR) and other DNA-binding proteins (GAL4, p53 and Oct-1) (reviewed in ref. 48).

Phosphorylation of Basal Transcription Factors Regulates

Transcription

Most GTFs are phosphorylated (at least in vitro) and three of them, TFIID (TAF;250),
TFIIF (its o subunit) and TFIIH (CDK?7), have been shown to possess intrinsic kinase activi-
ties towards GTFs. Very few is known concerning the consequences of GTFs phosphorylation.
It appears however that the global repression of RNA pol II transcription that is observed at
mitosis, might be facilitated by the reversible phosphorylation of TFIID components (TAF;20/
15, TAFy;31, TAF;80, and TBP)* (reviewed in ref. 50).

One of the most remarkable GTF in terms of phosphorylation is TFIIH which uses TBP,
TFIIEa., and TFIIFa as substrates, at least in vitro (reviewed in 51). It has to be kept in mind
however that evidence for phosphorylation of TBP (in vivo) and TFIIFa (in vitro) by other
kinases than TFIIH, have been obtained. Moreover, eventhough TFIIF phosphorylation was
found to reduce the initiation and the elongation kinetic,’>>® a direct link between
phosphorylation of TFIIFa by TFIIH and the regulation of TFIIF activity has not been pro-
vided yet.

TFIIH is also a substrate for other cyclin-dependent kinases. The p62 and CDK?7 sub-
units of TFIIH are phosphorylated in vivo by CDKl/cyclin B, resulting in a silencing of
transcription and an inhibition of CDK?7 kinase activity during mitosis.”*** In addition,
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phosphorylation of cyclin H by CDK8/cyclin C represses both the ability of TFIIH to support
activated transcription and its CTD kinase activity causing, as a global consequence, inhibition
of cellular proliferation.*®

Regulation of Transcription and RNA pol II CTD Phosphorylation

The carboxy-terminal domain (CTD) of the largest subunit of RNA pol II, which con-
tains up to 52 repeats of the heptapeptide Tyrl-Ser2-Pro3-Thr4-Ser5-Pro6-Set7, represents an
ideal substrate for serine/threonine kinases. Many questions remain unanswered concerning
the role of this remarkable domain. It is nevertheless clear that its phosphorylation/de-
phosphorylation follows some steps of the transcription reaction: initiation and elongation,
respectively. It has been indeed demonstrated that RNA pol II engaged in the elongation step
of transcription is hyperphosphorylated, whereas initiation requires a hypophosphorylated RNA
pol II (reviewed in ref. 57). Deletions of the CTD domain in vivo are lethal’® and its presence
is required for in vitro transcription. It has to be pointed out however that CTD requirement
for in vitro transcription depends on the nature of the promoter: a CTD-truncated RNA pol II
is able to catalyse RNA synthesis from the Adenovirus major late promoter (AdMLP) but not
from the TATA-less dihydrofolate reductase (DHFR) promoter.”

The kinase of TFIIH uses CTD as a substrate.®® A null mutation in CDK7, either in
%1 or in vitro,'? leads to a dramatic inhibition of CTD phosphorylation. In addition, both
CTD phosphorylation and RNA pol II transcription are reduced at the restriction temperature
in a yeast £in28 (the counterpart of the human CDK7) temperature-sentitive mutant.”*>” Not
only the kinase itself, but also cyclin H and MAT1, the two partners of CDK7 within CAK, are
involved in the phosphorylation process. Indeed, a conditional cc/I yeast mutant (the counter-
part of human cyclin H) shows a strong decrease of the in vivo level of CTD phosphorylation.®?
Mutation in MATT1 also affects both CTD phosphorylation and basal transcription. It was
suggested that disruption of the RING-finger motif of MAT'1 does not further allow optimal
positioning of some of the components of the basal transcription machinery on the promoter,
causing a drop in the affinity of CDK7 for its CTD substrate and/or a decrease of RNA
synthesis.®?

Although not really proven, it seems that CTD phosphorylation would favor the transi-
tion from initiation to elongation by allowing the RNA pol II to be released from TFIID,
which remains bound to its TATA-box target site.°%%% In addition, it has to be noticed that
transcription from the DHFR promoter needs CAK kinase activity,”® whereas both basal and
activated transcription from the AAMLP requires neither the enzymatic activity of CAK*!
nor its presence within TFITH.”#1? In fact, in vitro CTD phosphorylation requires neither
promoter opening nor formation of the first phosphodiester bond'? (Fig. 7.4). It remains that
CAK stimulates significantly the formation of the first phosphodiester bond,®> but this in-
volves only a structural contribution of the complex and not its enzymatic activity.%®

Although not absolutely required for initiation of transcription from every promoter in
vitro, phosphorylation of the CTD likely serves as a control panel for transcription and post-
transcriptional events in vivo. Besides controlling the progression of RNA pol II through the
transcription cycle, CTD phosphorylation and dephosphorylation has also been directly linked
to other gene expression related processes such as premRNA processing (capping, splicing,
poly(A)site cleavage) [reviewed in 67], as well as ubiquitin-dependent degradation of
RNA pol 1.6

vivo

CAK is Involved in Activated Transcription
Since transcription regulators interact directly, or via cofactors, with the basal transcrip-

tion machinery, it was hypothesized that some kinases present within this machinery, such as
CDK7, TAFI1250 or TFIIFa., would participate in the regulation of transcription. CDK7 (or
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Fig. 7.4. Proposed role(s) of TFIIH subunits in transcription initiation. The involvement of the CAK
subcomplex or of the two helicases subunits of TFITH into the differentsteps of the initiation of transcription
are shown.

its yeast homologue Kin28p) was indeed found to phosphorylate the activation domains of
both E2F1% and the yeast transcription factor GAL4,”® the DNA binding domains of GAL4"°
and Oct1”! and the activation and C-terminal multi-functional domains of p53.7%7% As a
consequence, one could observe variations in gene expression levels. Interestingly, the retinoic
acid receptors (RAR) o and vy, and the estrogen receptor alpha (ERa) are phosphorylated by
CDK?7 in vitro, as well as in vivo.”*”® Such phosphorylation by TFITH parallels an increased
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level of target genes expression. Recently, a physical interaction was also detected between the
androgen receptor (AR) and TFITH.”” RARs, ERo. and AR belong to the superfamily of nuclear
receptors which share common conserved domains: a ligand-independent activation domain
named AF-1, encompassing the phosphorylation site for CDK7, a DNA-binding domain
(DBD), a ligand-binding domain (LBD) and an activation domain that is inducible by cog-
nate ligands, AF-2 (reviewed in 78). The nuclear receptors regulate target gene expression by
binding to specific DNA sequences, named “response elements”, either as homo- or heterodimers.

The mechanism of action of all these transcriptional regulators is still unclear. However, it
seems that the phosphorylation of AF-1 domains of RARs and ERa by CDKY7 is essential for
transactivating target genes expression.”” It cannot be excluded that phosphorylation might
regulate either the binding of the receptor to its responsive element and/or its dimerization. It
is not known whether, once phosphorylated, these receptors directly stimulate some compo-
nents of the transcription machinery (basal factors and/or coactivators). It can be hypothesized
that, upon interaction with TFIIH and further phosphorylation, these DNA binding proteins
could stimulate some steps of the transcription reaction such as CTD phosphorylation, DNA
opening, promoter clearance, or recruitment and/or stimulation of the elongation machinery.
Indeed, phosphorylation of the DNA-binding domain of p53 by CDK?7, which stimulates in
vitro the transcription of some genes, enhances its affinity for its responsive DNA-element.”?
Other studies suggest that such phosphorylation modulate interactions with proteins such as
MDM-2, CBP/p300 or TFIID.”® Nevertheless, to date, it has not been demonstrated that
CDKY phosphorylation could play a role in the transactivation of transcription mediated by
P53 in vivo. Finally, an additional mechanism of transcription factor regulation is provided by
phosphorylation of the activation domain of E2F-1 by CDK7, which is responsible for target-
ing EGZF—I to ubiquitin-dependent proteolysis, thus affecting E2F-1 activity at the protein
level.®?

Conclusions and Perspectives

With the discovery of the multiple functions of TFIIH, this factor has emerged as a piv-
otal component of the cellular life, likely coordinating cell cycle progression with transcription
and DNA repair. The activity of CDK7, originally identified as the kinase responsible for
CDK activation within a free CAK complex, had thus to be analyzed in the scope of the
multisubunit TFIIH complex and in its roles in transcription and DNA repair.

There are still unanswered questions concerning the role of the kinase of TFIIH in basal
transcription: does it regulate RNA synthesis through stimulation of some of the first steps of
the transcription initiation, or does it simply rhythm two of the main steps of the transcription
reaction: initiation and elongation? Does CDK?7 coordinate some RNA processing events such
as splicing or polyadenylation through phosphorylation of the CTD of RNA pol II? If we
extend our observations to transcriptional activation, does CDK7 play a role in regulation of
specific genes and, as thus, is under the control of external stimuli and does it function in
relation with some chromatin assembly/disassembly processes?

We may then wonder how the kinase of TFITH might be regulated upon genotoxic attack,
knowing that TFIIH is an essential factor of DNA repair. In such a situation, could one em-
phasized that CDK?7 exert a role at this level and, if so, which one? At this stage of our knowl-
edge, the simplest hypothesis considers the CAK subcomplex (and/or its kinase activity) as a
key element for the transition of TFIIH roles from transcription to DNA repair. However,
further studies are definitely required to challenge this model.

These are some of the questions that are worthwhile to take into consideration if one
would try to further understand the mechanisms that underlie regulation and coupling of two
fundamental cell processes: transcription and DNA repair.
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Abbreviations

CDK(s): cyclin-dependent kinase(s)

CAK: CDK-activating kinase

NER: nucleotide excision repair

RNA pol II: RNA polymerase 11

CTD: carboxy-terminal domain of the largest subunit of RNA

polymerase II

GTE(s): general transcription factors

TFIL transcription factor of class II genes
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CHAPTER 8

The Evolution of CDK-Activating Kinases

Ji Liu and Edward T. Kipreos

Introduction
( : yclin-dependent kinases (CDKs) are essential regulators of the cell cycle and
transcription. In the budding yeast Saccharomyces cerevisiae and the fission yeast
Saccharomyces pombe, a single CDK (Cdc28p or its ortholog Cdc2, respectively) cata-
lyzes all major cell cycle transitions. L21n higher eukaryotes, there has been an expansion in the
number of CDKs that regulate the cell cycle. For example, in mammals, CDK4, CDKG6, and
CDK3 regulate the G1-S phase transition; CDK2 controls entry into S phase and DNA
replication; and CDKI1 (CDC2) is essential for mitosis.>”

CDAKSs also regulate transcription. In budding yeast, Kin28p, Srb10p, and Ctk1p regulate
mRNA synthesis by phosphorylating the carboxyl-terminal domain (CTD) of RNA polymerase
1.3 The budding yeast CDK Sgv1p also functions to regulate transcription, but its substrates
are unknown.'? In metazoa, the ortholog of Sgvlp, CDKY, is a component of the positive
transcription elongation factor b (pTEFb) that promotes productive RNA Pol II transcription
elongation by phosphorylating the CTD.!>14

CDK activity is highly regulated in cells. There are four major regulatory mechanisms: 1)
most CDKs require binding to cyclin proteins to become active; 2) CDK activity is inhibited
by the binding of cyclin-dependent kinase inhibitors (CKIs); 3) phosphorylation of conserved
residues in the ATP-binding pocket of the CDK inhibits its activity; and 4) phosphorylation of
a conserved residue in the T-loop of CDXKs is required for the activation of most CDKs.

The activating phosphorylation of CDKs is catalyzed by a CDK-activating kinase (CAK).
CAK phosphorylates a conserved serine (Ser) or threonine (Thr) site in the T-loop of the
CDKs. We will refer to this site as Thr 160 (T'160) based on its location in human CDK2.
When not phosphorylated, the T-loop blocks the entrance of the CDK active site cleft to
prevent the binding of protein substrates.'® Phosphorylation on T160 induces a conformational
change in the CDK, resulting in enhanced CDK—cyclin interaction and substrate binding.'®
Both cell cycle CDKs such as CDK1, CDK2, and CDK4, and transcription CDKs such as
CDK?7 and Kin28p have been shown to require CAK phosphorylation to be active.!”?® A loss
of CAK activity leads to cell cycle arrest as well as transcription defects.?>%4

The Evolution of CAKs

In this chapter, we address the evolution of CAKs in the context of the evolution of the
entire CDK-family, to which known CAKs belong. The focus of the phylogenetic analyses
described in this article is the assignment of orthology. Orthologous genes are direct descen-
dents from the same ancestral gene and are only separated from each other by speciation events.
Biochemical and cellular functions of orthologs are often conserved across species, and
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therefore orthologs are candidates for functional tests. Further, understanding orthology pro-
vides information on how central biological processes have evolved over time, e.g., whether a
particular cellular process is ancient and performed by orthologous genes in diverged organ-
isms or whether different genes have evolved to perform the process. In the case of CAK evolution,
itis clear that certain CAK pathways have not been conserved across all eukaryotes. The approach
described in this article is to identify all CDK-family members in completed genomes, and
then assign orthology based on significant associations in phylogenetic trees.

Two Categories of CAKs

Two categories of CAKs have been found in eukaryotes. The first category includes two
orthologous genes, budding yeast CAK7 and its fission yeast ortholog Cskl. The second cat-
egory contains orthologous genes from metazoa, CDK7, and fission yeast, Mcs6. Members of
both categories of CAKs belong to the extended CDK family.?®

Caklp and Cskl are diverged CDK family members.!”'* When comparing the con-
served kinase domain,?® Cak1p and Csk1 only share 20% sequence identity with Cdc28p, the
prototype CDK, while most yeast CDKs are more than 35% identical to Cdc28p. Both Caklp
and Csk1 are monomeric CAKs, that is, they are constitutively active without the need for a
cyclin partner.!”"? Further, they do not require phosphorylation of the T160 site to be active.'”"
' In fact, neither Cak1p nor Csk1 has a Ser or Thr at the T160 position.

CDK7 and Mcs6 are more conventional CDKs. They share 40% sequence identity with
CDC28 in the kinase domain, they have Thr or Ser at their T160 sites, and they both need
cyclin partners to be active.””** Monomeric unphosphorylated CDK7 cannot efficiently bind
to its cyclin partner, cyclin H; it can only bind cyclin H after having been phosphorylated on
its T160 site, or alternatively, after binding of the assembly factor MAT1.3! CDK7/Mcs6 fam-
ily members function not only as CAKs but also as essential transcription factors. They are
components of the general transcription factor TFIIH and function as activating CTD ki-
nases.’ Kin28p, CDK7’s budding yeast ortholog, is required for the transcription of 87% of
all budding yeast genes.*

Different organisms use CAKs in different ways. In budding yeast, Caklp is the sole
known CAK and is required for the phosphorylation of both the cell cycle CDK Cdc28p and
the transcription CDK Kin28p.!”!#2223 Kin28p, which is the ortholog of CDK7 and Mcs6,
does not possess CAK activity.>**3> In fission yeast, the monomeric CAK Csk1 phosphory-
lates and activates Mcs6. Cskl and Mcs6 work redundantly to phosphorylate the cell cycle
CDK Cdc2."3¢ In metazoa, Drosophila Cdk7 was shown to function as a CAK for the M
phase cell cycle CDK Cdc2, but not for the S phase CDK Cdk2/Cdc2c.*® No CAK1/Cskl
ortholog has been found in metazoa.

Yeast CDK and CAK Orthologs

Budding yeast Caklp and fission yeast Cskl were initially thought to be unrelated ki-
nases, since they share little sequence homology.!”*® However, by phylogenetic analysis, we
observed that Cak1p and Csk1 group together with significant bootstrap support (Fig. 8.1).%
Both Caklp and Cskl1 have diverged considerably not only from other CDKs but also from
other kinases, with both genes missing a number of key residues conserved in the eukaryotic
protein kinase superfamily.'” These observations suggest that CAK7 and Csk1 are rapidly evolving
genes. In phylogenetic analyses, fast-evolving genes can group together solely because of their
shared dissimilarity relative to slow-evolving taxa. This misleading convergence is called long—
branch attraction.”” To study the true phylogenetic relationship of Caklp and Csk1, we used
four methods to circumvent long branch attraction: First, we included a variety of the closest
related outgroup taxa in our analysis, as the inclusion of such taxa helps to minimize long
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Fig. 8.1. Gamma-rate corrected neighbor-joining phylogeny of S. cerevisiae, S. pombe, D. melanogaster, C.
elegans, and human extended CDK family members.”” The amino acid data set was modeled onto one
invariable and eight gamma-rates with the program PUZZLE to produce the pair-wise distances that were
used to create the NJ (neighbor-joining analysis) tree. Branch lengths are proportional to the estimated
number of amino acid substitutions; scale bar indicates amino acid substitutions per site. Bootstrap support
values above 50% are given at branch nodes and are derived from ML (Maximum Likelihood analysis, left),
NJ of uncorrected data set (center), and gamma-rate corrected NJ (right) analyses, separated by slash marks.
Species are denoted by cartoon. Ancestral clades are denoted by brackets on the right. Reprinted with
permission from Liu J and Kipreos E, Mol Biol Evol 2000; 17:1061-1074. © Society for Molecular Biology

and Evolution.
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branch attraction.?®%° Second, we used both Maximum Likelihood (ML) and Neighbor-Join-
ing (NJ) analyses, which can better resist the effects of long branch attraction.>”? 94041 Third,
we employed gamma-corrected distances, which facilitates a more accurate phylogeny when
taxa evolve at different rates.*? Fourth, based on the theoretical framework of the S-F method,*?
we excluded the fastest-evolving characters from each taxa and used the RASA program®®44 to
confirm that the resultant new dataset was not likely to have long-branch attraction. All four
strategies indicated that the Cak1p-Csk1 grouping was real and not an artifact of long-branch
attraction, suggesting that CAKT and Cskl are orthologous genes.

Are there CAK1/Cskl orthologs in other fungi? Using Caklp and Cskl as queries for
BLAST searches,®> we identified a Candida albicans gene, CAC05182.1. Just like Caklp and
Csk1, CAC05182.1 does not have a Ser or Thr at its T160 position. Our ML and NJ analysis
places CAC05182.1 within the CAK1 clade with 99% and 100% bootstrap supports, respectively
(Fig. 8.2). We also generated a JTT amino acid distance matrix for CAC05182.1 and budding
yeast CDK family members (Table 8.2). A JTT distance measurement is an estimate of the
average number of amino acid substitutions per site between two taxa. The shorter the distance
value, the higher the similarity between the two proteins. The distance matrix shows that
CACO05182.1 is more closely related to Caklp and Csk1 than to any other yeast CDKs. In fact,
it is closer to Caklp and Csk1 than Caklp and Csk1 are to each other. Therefore, the evidence
suggests that there are at least three CAK1 orthologs in yeast: CAK1, Cskl and CAC05182.1,
which we now refer to as C2CAKI.

Metazoan CDK and CAK Orthologs

Cell cycle regulators are generally conserved among eukaryotes. However, no Cak1p/Csk1
type of monomeric CAK has been found in metazoa. On the other hand, three experimental
observations suggest that there are missing CAKs in metazoa. First, mammalian CDK7’s T160-
equivalent site is phosphorylated in vivo,?! but the in vivo CAK for mammalian CDK7 has not
been identified. Since the fission yeast ortholog of CDK7, Mcs6, is phosphorylated by Csk1,"
it is reasonable to suspect that an unidentified Cak1p/Csk1 ortholog may be phosphorylating
CDKY7 in metazoa. Second, when Drosophila Cdk7 activity was reduced, Cdc2 activity was
impaired due to its reduced level of T160 phosphorylation. However, neither the activity nor
the phosphorylation level of Cdk2 was affected, suggesting that there exists another CAK for
Cdk2.% Finally, Nagahara et al showed that in human cells there is a CAK activity for CDK2
and this CAK activity is distinct from the CDK7/Cyclin H activity.*4

Could there be CAK1/Cskl1 orthologs in metazoa? The completely sequenced C. elegans
and D. melanogaster genomes provided an opportunity for us to approach this question. 7 If
there are CAK1/CskI orthologs in metazoa and if they still share identifiable sequence homol-
ogy with the yeast CAK1/CskI orthologs, we should be able to recognize them by phylogenetic
analysis in the completed genomes. We identified all CDK family members in these organisms
by BLAST and PROFILE® searches and analyzed their phylogeny by Maximum Likelihood
and Neighbor-Joining analyses.”> Most metazoan CDK family members belong to other yeast
CDK clades with significant bootstrap supports, indicating that they are paralogs instead of
orthologs of CAK1/CskI. We observed that no metazoan CDK-family members group with
the CAK1 clade with significant bootstrap supports (Fig. 8.1).

A true metazoan CAK1 ortholog may be too divergent to group with the yeast CAK1/
Csk1 orthologs with high bootstrap support. There are several orphan metazoan CDK family
members that do not group with any of the clades with significant bootstrap scores, making
them potential CAK1/Cskl orthologs. For example, the Drosophila protein AC017707 and the
C. elegans protein HO1GO02.2 branched at the base of the CAK1 clade, and human CCRK
branched nearby (Fig. 8.1).
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Fig. 8.2. Neighbor-Joining (N]) and Maximum Likelihood (ML) phylogenies of S. cerevisiae, S. pombe, and
Candida albicans CDK family members. Branch lengths are proportional to the estimated number of amino
acid substitutions; scale bar indicates amino acid substitutions per site. Bootstrap scores were obtained from
1000 replicates for the NJ analysis and 10,000 replicates for the ML analysis; scores above 50% are given
at branch nodes (ML on the left and NJ on the right, separated by slash marks). Species are denoted by
cartoon. Ancestral clades are denoted by brackets on the right. For a description of the methods see ref. 25.
The sequence alignment used for this analysis can be obtained upon request from the authors.

Sequence analyses of these proteins indicated that H01G02.2 and CCRK share one char-
acteristic with CAK1/Csk1 orthologs: they do not have Ser or Thr at their T160 sites. H01G02.2
has an aspartic acid (D) at the T160 position, which could mimic the structural effect of a
phosphorylated Ser or Thr to produce a constitutively active kinase.**® CCRK has a T-loop
deletion and therefore presumably does not have the physical blockage towards substrate bind-
ing that the T-loop imposes. Thus, H01G02.2 and CCRK may not need to be phosphorylated
by a CAK to become active.

However, a recently identified mouse CCRK ortholog, PNQLARE (GenBank acc. no.
AAF89089), has an intact T-loop with a Thr at the T160 position. This finding suggests that
the vertebrate ancestor of CCRK had a T-loop and may therefore have required activating
phosphorylation.

Research in our lab suggests that C. elegans H01G02.2 is not likely to function as a CAK.
First, a deletion allele of H01G02.2 that is a molecular null (obtained from the C. elegans Gene
Knockout Consortium) is phenotypically wild type and fertile without obvious cell cycle de-
fects. Second, H01G02.2 does not seem to be working redundantly with C. elegans cdk-7, as
inactivating both H01G02.2 and cdk-7 by RNAi did not cause a more severe defect than
inactivating cdk-7 alone. Furthermore, while CskI can complement a cakl mutant, "’ ectopic
expression of H01G02.2 failed to complement budding yeast cak! mutants.”®

Arabidopsis CDK and CAK Orthologs

Odur analysis suggested that there is no identifiable CAK1/Csk1 ortholog in metazoa. If the
CAKI clade is ancient, that is, if it arose very early in eukaryotic evolution, it may have been
subsequently lost in certain modern eukaryotic lineages such as metazoa. If this were the case
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Table 8.1. Extended CDK family members used in this study

Genes Species Accession number
CDC28 S. cerevisiae 736029
KIN28 S. cerevisiae X04423
PHOS85 S. cerevisiae Y00867
SGV1 S. cerevisiae D90317
SRB10 S. cerevisiae u20222
CTK1 S. cerevisiae M69024
CAK1 S. cerevisiae U60192
cdc2 S. pombe AB004534
Mcs6 S. pombe L47353
Csk1 S. pombe 559896
SPSPCC16C4.11 S. pombe ALO31535
SPSPBC18H10.15 S. pombe AL022304
SPSPAC2F3.15 S. pombe 799165
SPSPAC23H4.17C S. pombe 798977
PIOT4 S. pombe AB004534
T22H22.5 A. thaliana AC005388
TI12H1.1 A. thaliana AC009177
K16E14.2 A. thaliana AB026637
F21B7.1 A. thaliana AC002560
AT4g22940 A. thaliana AL161558
F8L10.9 A. thaliana AC022520
F26A9.10 A. thaliana ACO016163
AT4g10010 A. thaliana AL161516
F14)9.26 A. thaliana AC003970
F6AT14.22 A. thaliana ACO011809
FIM20.1 A. thaliana AC011765
AAF21469.1 A. thaliana us83118
T4P13.23 A. thaliana AC008261
MXK3.19 A. thaliana AB019236
K9H21.7 A. thaliana AB023035
F12B7.13 A. thaliana AC011020
F25P22.11 A. thaliana AC012679
T10F20.5 A. thaliana AC034107
CAKTAY/AT4g28980 A. thaliana AL161574
MBK5.8 A. thaliana AB005234
CDC2a A. thaliana X57839
CDC2b A. thaliana D10851
At2g38620 A. thaliana AC005499
F9H16.8 A. thaliana AC007369
CaCAK1/CAC05182.1 C. albicans AX005954
AC052571 G. lamblia AC052571

continued on next page
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Table 8.1. Cont.

Outgroup Taxa?®

KSS1 S. cerevisiae 772825
HOGI1 S. cerevisiae L06279
FUS3 S. cerevisiae 735777
SLT2 S. cerevisiae X59262
MCKT1 S. cerevisiae M55984
MDS1 S. cerevisiae uU03280
YAKT S. cerevisiae 749417

@ Outgroup taxa belong to the S. cerevisiae ERK family (KSS1, FUS3, SLT2, HOGT) , GSK3 family
(MCK1, MDS1), and CLK family (YAKT) of kinases.2®

then we would expect to see it in other eukaryotic kingdoms. Vascular plants are predicted to
have diverged from the major eukaryotic lineage shortly before fungi diverged.’! We therefore
performed a phylogenetic analysis on the 98% finished Arabidopsis thaliana genome to search
for a CAK1/Cskl ortholog,

We identified 24 Arabidopsis CDK family members by BLAST searches. Phylogenetic
analysis groups them into five major clades, four of which contain yeast CDK family members
(Fig. 8.3).

Arabidopsis cde2a and cdc2b genes belong to the CDC28 clade. ¢de2a is involved in cell
cycle regulation. When a dominant cdc2a mutant was expressed in Arabidopsis, cell division
was reduced.”®>? ¢c4c2b has been shown to be involved in cell elongation rather than cell divi-
sion in hypocotyl growth in Arabidopsis.>

Arabidopsis MBK5.8 belongs to the SRB10 clade. Although nothing is known of MBK5.8’s
function, its yeast ortholog Srb10 and human ortholog CDK8 both function as CTD kinases
that negatively regulate transcription.>®

Arabidopsis F12B7.13 and K9H21.7 both belong to the BC18H10.15 clade, which con-
tains one fission yeast CDK family member BCI8H10.15, as well as two C. elegans, two Droso-
phila, and two human CDXK family members. Interestingly, this clade does not contain a budding
yeast ortholog, suggesting it was lost (Fig. 8.3). The functions of the clade members are largely
unknown, with the exceptions that the human orthologs PISSLRE and PITSLRE have been
implicated in apoptosis and the G2/M cell cycle transition, respectively.’®8

One cluster of Arabidopsis CDK family members has no obvious ortholog in yeast. It
branches near the SGV1 and CTK1 clades and contains 14 CDK family members: 722H22.5,
TI2HI1.1, KIGE14.2, F21B7.1, AT4G22940, F8L10.9, F26A9.10, AT4G10010, F14]9.26,
F6A14.22, FIM20.1, AAF21469.1, T4P13.23, and MXK3.19. The biological functions of
these genes have not yet been defined.

The KIN28 clade contains Arabidopsis F25P22.11 and T10F20.5 genes. F25P22.11 and
T10F20.5 share more than 85% DNA sequence identity with each other, suggesting that they
are derived from a recent gene duplication within plants.

Another Arabidopsis gene caklAt is located at the base of the KIN28 clade, although with
insignificant bootstrap support (43% and 84% for NJ and ML analyses, respectively). A JTT
distance matrix comparing Cak1At to the budding yeast CDK-family members indicates that
Cak1Act is most similar to Kin28p and is least similar to Caklp (Table 8.2). Umeda et al
showed that caklAt can complement both a budding yeast czk! mutant and a fission yeast
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Fig. 8.3. Neighbor-Joining (N]) and Maximum Likelihood (ML) phylogenies of S. cerevisiae, S. pombe, and
Arabidopsis thaliana CDK family members. Branch lengths are proportional to the estimated number of
amino acid substitutions; scale bar indicates amino acid substitutions per site. Bootstrap scores were ob-
tained from 1000 replicates for the NJ analysis and 10,000 replicates for the ML analysis; scores above 50%
are given at branch nodes (ML on the leftand NJ on the right, separated by slash marks). Species are denoted
by cartoon. Ancestral clades are denoted by brackets on the right. For a description of the methods see ref.
25. The sequence alignment used for this analysis is available upon request from the authors.
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Table 8.2. Distance Matrix of Candida, Arabidopsis, and Giardia CAK orthologs vs.

yeast CDKs
Cdc28 Pho85 Kin28  Srb10 Ctk1 Sgv1 Cak1 Csk1
CaCAK1 217 2.10 2.16 2.25 2.16 2.12 1.77 1.73
Cak1At 1.23 1.39 1.15 1.40 1.42 1.41 . 2.18
T10F20 At 0.90 1.08 0.80 1.24 1.19 1.07 1.94 2.03
F25P22 At 0.88 1.05 0.83 1.22 1.18 1.05 1.85 2.02

AC052571 Gl 1.75 1.75 1.37 1.77 1.73 1.58 2.40 2.41

The scores represent the number of amino acid substitutions per site. Lower scores indicate taxa that
are more similar, while higher scores indicate taxa that are more dissimilar. The scores of budding yeast
taxa that are most similar to C. albicans CaCAK1, A. thaliana Cak1At, T10F20, and F25P22, and G.
lamblia AC052571 are bold and italicized; those most dissimilar are bold and underlined. A column
comparing fission yeast Csk1 is also given, but scores are not highlighted. The scores are JTT distance
scores that were created with the protm| program of the MOLPHY version 2.3

Mes6 mutant, indicating that it has in vivo CAK activity.”® They also showed that Cak1At has
in vitro CAK activity towards Cdk2.%° The authors classified Cak1At as a novel type of CAK,
different from both Cak1p and CDK7, as Cak1At has a divergent sequence.”® However, based
on the JTT distance data and the 84% bootstrap support in our ML tree, we think that cak1A4z
is more likely to be a divergent KIN28/Mcs6/CDK7 ortholog,

There are no Arabidopsis CDK-family members that group with the CAK1 clade. Also,
the only Arabidopsis orphan CDK family members, caklAt and members of the “Arabidopsis
CDK cluster”, are unlikely to be CAK1/Csk1 orthologs, because both BLAST searches and the
distance matrix showed that they are very dissimilar to CAK1 clade members. Therefore, with
98% of the genome sequenced, we have not observed a CAK1/CskI ortholog in Arabidopsis.

Giardia lamblia CAK Orthologs

Giardia lamblia represents one of the most ancient eukaryotic lineages.® We searched the
4x sequenced Giardia lamblia genome by BLAST, PROFILE, and HMM searches®! fora CAK1/
Csk1 ortholog and failed to find one. In contrast, a KIN28 ortholog in Giardia lamblia
(AC052571) was readily identifiable by BLAST search. The affiliation of AC052571 with the
KIN28 clade is supported by both ML and NJ analyses with 95% and 81% bootstrap sup-
ports, respectively (data not shown), and is reflected in a JTT distance matrix (Table 8.2).

Three Hypotheses on CAK1 Evolution

Our analyses have failed to identify a recognizable CAK1 clade member in the plant
Arabidopsis, or in the metazoa C. elegans, Drosophila, and humans. Assuming that a CAK1/Cskl
ortholog is not in the remaining unsequenced 2% of the Arabidopsis genome, three possibilities
for CAK1/Csk1 evolution remain:

1) The CAKI clade is ancient with members present in the major eukaryotic kingdoms,
however, the clade members in distantly related phyla have diverged to the extent that identifi-
cation by phylogeny is not possible.

2) The CAKI1 clade is ancient and could be identified by phylogeny, however, its orthologs
have been lost independently in both plants and animals.
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3) The CAKI clade originated in fungi and does not exist in any other eukaryotic king-
doms.

The first possibility suggests that CAK1/Cskl orthologs exist in metazoa and plants, but
they are too divergent to be identified. One way to address this possibility is to assign all of the
CDXK-family members in a plant or metazoan species to known ancestral CDK clades and
demonstrate either that CAK1/Csk1 orthologs are present or are missing. We have been able to
assign ancestry to the majority of metazoan CDK-family members with the exceptions of the
orphan genes (Fig. 8.1).%> The metazoan orphan genes are quite divergent from each other and
do not have counterparts in Arabidopsis, suggesting that they are undergoing rapid evolution
that is obscuring their relationships to ancestral clades. The sequencing of “missing-link” spe-
cies may allow assignment of the ancestry of the metazoan orphan CDK family members, the
members of the “Arabidopsis CDK cluster”, as well as provide a definitive assignment for cak1Az.

The second hypothesis predicts that the CAK1 clade is ancient but was lost independently
in metazoa and plants. We have not found a CAK1/CskI ortholog in the diplomonad Giardia,
indicating that the CAK1 clade may not have existed in early eukaryotic lineages. However, it
is still possible that the CAK1 clade is ancient but arose after the divergence of diplomonads
from the main eukaryotic lineage. The test of this hypothesis will be determining whether there
are CAK1/Csk1 orthologs in taxa that diverged shortly before or after fungi did, such as the
choanozoa.®?

The third hypothesis, that the CAK1 clade originated in fungi, is consistent with our
inability to detect CAK1/CskI orthologs in other species. This hypothesis generates a prediction
that can be tested. If the CAK1 clade arose in fungi, then it would have come from the dupli-
cation of a fungal CDK. Finding this gene duplication event would strongly indicate that the
CAKI clade arose in fungi. Ideally, if we identified a fungal CAK1/Csk1 ortholog that shares
significant sequence homology with one of the other fungal CDK genes, then this would indi-
cate that the CAK1 clade derived from the ancestor of this CDK gene. A successful example of
this type of analysis was the study of bicoid’s evolution.% bicoid is an essential homeobox gene
and had been identified only in the closest relatives of the schizophoran fly Drosaphila. Stauber
et al cloned bicoid from a basal cyclorrthaohan fly, Megaselia abdita, and showed by phyloge-
netic analysis that the gene originated from a duplication of the Megaselia gene zerknullt, which
is also conserved in vertebrates. Such an approach may be possible for the study of CAKI
evolution as well.

Summary

There are two categories of CAKs in eukaryotes encompassing the orthologous genes
CAK1/ Csk1/ CaCAKI and Mes6] CDK7. Mes6/CDK7 orthologs are highly conserved from Gia-
rdia to metazoa, indicating that this is an extremely ancient eukaryotic CDK clade, whose
members are under functional constraints that limit their evolution. Members of this clade,
including the budding yeast KIN28, function as central regulators of transcription.®* The con-
servation of this clade may therefore be linked to its essential role in transcription rather than to
its CAK activity. CAK activity for Mcs6/CDK?7 orthologs has only been observed in fission
yeast and in metazoa. It is an open question whether CAK activity for Mcs6/CDK?7 orthologs
is evolutionarily conserved beyond certain fungi and metazoa.

CAK1/Cskl orthologs have not been identified in species other than yeast. The members
of the clade appear to be evolving under relaxed evolutionary constraints as they are very diver-
gent even within yeast. Currently it is not known whether the CAK1/CskI genes are specific for
fungi or whether their metazoan and plant orthologs have diverged to an extent that precludes
their current identification.



The Evolution of CDK-Activating Kinases 109

Acknowledgements

We would like to thank R. P. Fisher for sharing information about the mouse CDK

PNQALRE sequence; and G.L. Moulder and R. J. Barstead for providing H01G02.2 knock
out animals. E.T.K. is supported by grants from NIH (R01 GM55297) and the Human Fron-
tiers Science Program Organization (RG-229).

References

1.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Nasmyth KA, Reed SI. Isolation of genes by complementation in yeast: molecular cloning of
a cell-cycle gene. Proc Natl Acad Sci USA 1980; 77(4):2119-2123.

. Beach D, Durkacz B, Nurse P. Functionally homologous cell cycle control genes in budding

and fission yeast. Nature 1982; 300(5894):706-709.

.van den Heuvel S, Harlow E. Distinct roles for cyclin-dependent kinases in cell cycle con-

trol. Science 1993; 262:2050-2054.

. King RW, Jackson PK, Kirschner MW. Mitosis in transition. Cell 1994; 79:563-571.

. Sherr CJ. G1 phase progression: cycling on cue. Cell 1994; 79:551-555.

. Stillman B. Cell Cycle Control of DNA replication. Science 1996; 274:1659-1664.

. Morgan DO. Cyclin-dependent kinases: Engines, Clocks, and microprocessors. Ann Rev Cell

Dev Biol 1997; 13:261-291.

. Valay JG, Simon M, Dubois MF, Bensaude O, Facca C et al. The KIN28 gene is required

both for RNA polymerase IT mediated transcription and phosphorylation of the Rpblp CTD.
J Mol Biol 1995; 249(3):535-544.

Liao SM, Zhang J, Jeffery DA, Koleske AJ, Thompson CM et al. A kinase-cyclin pair in the
RNA polymerase II holoenzyme. Nature 1995; 374(6518):193-196.

Lee J, Greenleaf, AL. CTD kinase large subunit is encoded by CTKI1, a gene required for
normal growth of Saccharomyces cerevisiae. Gene Expr 1991; 1(2):149-167.

Sterner DE, Lee JM, Hardin SE, Greenleaf AL. The yeast carboxyl-terminal repeat domain
kinase CTDK-I is a divergent cyclin-cyclin-dependent kinase complex. Mol Cell Biol 1995;
15(10):5716-5724.

Prelich G, Winston F. Mutations that supress the deletion of an upstream activating se-
quence in yeast: involvement of a protein kinase and histone H3 in repressing transcription
in vivo. Genetics 1993; 135(3):665-676.

Zhu Y, Pe’ery T, Peng J, Ramanathan Y, Marshall N, Marshall T et al. Transcription
elongation factor P-TEFb is required for HIV-1 tat transactivation in vitro. Genes Dev 1997;
11(20):2622-2632.

Reines D, Conaway RC, Conaway JW. Mechanism and regulation of transcriptional elongation
by RNA polymerase II. Curr Opin Cell Biol 1999; 11(3):342-346.

De Bondt HL, Rosenblatt J, Jancarik J, Jones HD, Morgan DO et al. Crystal structure of
cyclin-dependent kinase 2. Nature 1993; 363(6430):595-602.

Russo AA, Jeffrey PD, Pavletich NP. Structural basis of cyclin-dependent kinase activation
by phosphorylation. Nat Struct Biol 1996; 3(8):696-700.

Kaldis P, Sutton A, Solomon MJ. The CDK-activating kinase (CAK) from budding yeast.
Cell 1996; 86:553-564.

Thuret JY, Valay JG, Faye G, Mann C. Civl (CAK in vivo), a novel CDK-activating kinase.
Cell 1996; 86(4):565-576.

Hermand D, Pihlak A, Westerling T, Damagnez V, Vandenhaute J et al. Fission yeast Csk1l
is a CAK-activating kinase (CAKAK). EMBO J 1998; 17(24):7230-7238.

Larochelle S, Pandur J, Fisher RP, Salz HK, Suter B. Cdk7 is essential for mitosis and for in
vivo CDK-activating kinase activity. Genes Dev 1998; 12:370-381.

Kato JY, Matsuoka M, Strom DK, Sherr CJ. Regulation of cyclin D-dependent kinase 4
(cdk4) by cdk4-activating kinase. Mol Cell Biol 1994; 14(4):2713-2721.

Espinoza FH, Farrell A, Nourse JL, Chamberlin HM, Gileadi O et al. Cakl is required for
Kin28 phosphorylation and activation in vivo. Mol Cell Biol 1998; 18(11):6365-6373.
Kimmelman J, Kaldis P, Hengartner CJ, Laff GM, Koh SS et al. Activating phosphorylation
of the Kin28p subunit of yeast TFITH by Caklp. Mol Cell Biol 1999; 19(7):4774-4787.



110

The CDK-Activating Kinase (CAK)

24

25.

26.

27.

28.
29.
30.
31.
32.
33.
34.

35.

36.

37.
38.

39.

40.
41.
42.
43.
44.

45.

46.

. Nagahara H, Ezhevsky SA, Vocero-Akbani AM, Kaldis P, Solomon M]J et al. Transforming

growth factor beta targeted inactivation of cyclin E:cyclin-dependent kinase 2 (Cdk2) com-
plexes by inhibition of Cdk2 activating kinase activity. Proc Natl Acad Sci USA 1999;
96(26):14961-14966.

Liu J, Kipreos ET. Evolution of cyclin-dependent kinases (CDKs) and CDK-activating kinases
(CAKs): Differential conservation of CAKs in yeast and metazoa. Mol Biol Evol 20005
17(7):1061-1074.

Hanks SK, Hunter T. The eukaryotic protein kinase superfamily: kinase (catalytic) domain
structure and classification. FASEB J 1995; 9:576-596.

Poon RYC, Yamashita K, Adamczewski JP, Hunt T, Shuttleworth J. The cdc2-related pro-
tein p40MOS is the catalytic subunit of a protein kinase that can activate p33°%? and p34°42,
EMBO ] 1993; 12:3123-3132.

Solomon MJ, Harper JW, Shuttleworth J. CAK, the p34‘:dcz activating kinase, contains a
protein identical or closely related to p40MCY. EMBO J 1993; 12:3133-3142.

Buck V, Russell P, Millar JB. Identification of a CDK-activating kinase in fission yeast.
EMBO ] 1995; 14(24):6173-6183.

Damagnez V, Makela TP, Cottarel G. Schizosaccharomyces pombe Mop1-Mcs2 is related to
mammalian CAK. EMBO J 1995; 14(24):6164-6172.

Fisher RP, Jin P, Chamberlin HM, Morgan DO. Alternative mechanisms of CAK assembly
require an assembly factor or an activating kinase. Cell 1995; 83(1):47-57.

Orphanides G, Lagrange T, Reinberg D. The general transcription factors of RNA polymerase
II. Genes Dev 1996; 10(21):2657-2683.

Holstege FC, Jennings EG, Wyrick JJ, Lee TI, Hengartner CJ, Green MR et al. Dissecting
the regulatory circuitry of a eukaryotic genome. Cell 1998; 95(5):717-728.

Feaver WJ, Svejstrup JQ, Henry NL, Kornberg RD. Relationship of CDK-activating kinase
and RNA polymerase II CTD kinase TFITH/TFIIK. Cell 1994; 79(6):1103-1109.
Cismowski MJ, Laff GM, Solomon M]J, Reed SI. KIN28 encodes a C-terminal domain ki-
nase that controls mRNA transcription in Saccharomyces cerevisiae but lacks cyclin-dependent
kinase-activating kinase (CAK) activity. Mol Cell Biol 1995; 15(6):2983-2992.

Lee KM, Saiz JE, Barton WA, Fisher RP. Cdc2 activation in fission yeast depends on Mcs6
and Cskl, two partially redundant CDK-activating kinases (CAKs). Curr Biol 1999;
9(8):441-444.

Felsenstein J. Cases in which parsimony and compatibility methods will be positively mis-
leading. Syst Zool 1978; 24:401-410.

Lyons-Weiler J, Hoelzer GA. Escaping from the Felsenstein zone by detecting long branches
in phylogenetic data. Mol Phylogenet Evol 1997; 8(3):375-384.

Saitou N, Imanishi T. Relative efficiencies of the Fitch-Margoliash, maximum parsimony,
maximum likelihood, minimum evolution, and neighbor-joining methods of phylogenetic tree
construction in obtaining the correct tree. Mol Biol Evol 1989; 6(5):514-525.

Felsenstein J. Evolutionary trees from DNA sequences: a maximum likelihood approach.
] Mol Evol 1981; 17(6):368-376.

Saitou N, Nei M. The neighbor-joining method: a new method for reconstructing phylogenetic
trees. Mol Biol Evol 1987; 4(4):406-425.

Yang Z. Among site rate variation and its impact on phylogenetic analyses. Trends Ecol Evol
1996; 11:367-372.

Brinkmann H, Philippe H. Archaea sister group of Bacteria? Indications from tree recon-
struction artifacts in ancient phylogenies. Mol Biol Evol 1999; 16(6):817-825.
Lyons-Weiler J, Hoelzer GA, Tausch R]. Relative apparent synapomorphy analysis (RASA).
I: The statistical measurement of phylogenetic signal. Mol Biol Evol 1996; 13(6):749-457.
Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z et al. Gapped BLAST and PSI-
BLAST: A new generation of protein database search programs. Nucleic Acids Res 1997;
25:3389-3402.

Consortium TCeS. Genome sequence of the nematode C. elegans: A platform for investigat-
ing biology. Science 1998; 282:2012-2018.



The Evolution of CDK-Activating Kinases 111

47.

48.
49.

50.

51.
52.

53.

54.

55.
56.

57.

58.

59.
60.
6l.
62.
63.

64.

Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD et al. The genome sequence of
Drosophila melanogaster. Science 2000; 287(5461):2185-2195.

Gribskov M, Luthy R, Eisenberg D. Profile analysis. Methods Enzymol. 1990; 183:146-159.
Johnson LN, Noble ME, Owen D]J. Active and inactive protein kinases: Structural basis for
regulation. Cell 1996; 85(2):149-158.

Martinez AM, Afshar M, Martin F, Cavadore JC, Labbe JC et al. Dual phosphorylation of
the T-loop in cdk7: its role in controlling cyclin H binding and CAK activity. EMBO ]
1997; 16(2):343-354.

Schlegel M. Molecular phylogeny of eukaryotes. Trends Ecol Evol 1994; 9(9):330-335.
Hemerly AS, Ferreira PC, Van Montagu M, Engler G, Inze D. Cell division events are es-
sential for embryo patterning and morphogenesis: Studies on dominant-negative cdc2aAt
mutants of Arabidopsis. Plant J 2000; 23(1):123-130.

Hemerly A, Engler JdA, Bergounioux C, Van Montagu M, Engler G et al. Dominant nega-
tive mutants of the Cdc2 kinase uncouple cell division from iterative plant development.
EMBO J 1995; 14(16):3925-3936.

Yoshizumi T, Nagata N, Shimada H, Matsui M. An Arabidopsis cell cycle-dependent kinase-
related gene, CDC2b, plays a role in regulating seedling growth in darkness. Plant Cell 1999;
11(10):1883-1896.

Hampsey M, Reinberg D. RNA polymerase II as a control panel for multiple co-activator
complexes. Curr Opin Genet Dev 1999; 9(2):132-139.

Lahti JM, Xiang ], Heath LS, Campana D, Kidd V]. PITSLRE protein kinase activity is
associated with apoptosis. Mol Cell Biol 1995; 15(1):1-11.

Ariza ME, Broome-Powell M, Lahti JM, Kidd VJ, Nelson MA. Fas-induced apoptosis in
human malignant melanoma cell lines is associated with the activation of the p34d<-related
PITSLRE protein kinases. J Biol Chem 1999; 274(40):28505-28513.

Li S, MacLachlan TK, De Luca A, Claudio PP, Condorelli G et al. The cdc-2-related kinase,
PISSLRE, is essential for cell growth and acts in G2 phase of the cell cycle. Cancer Res
1995; 55(18):3992-3995.

Umeda M, Bhalerao RP, Schell J, Uchimiya H, Koncz C. A distinct cyclin-dependent kinase-
activating kinase of Arabidopsis thaliana. Proc Natl Acad Sci USA 1998; 95(9):5021-5026.
Smith MW, Aley SB, Sogin M, Gillin FD, Evans GA. Sequence survey of the Giardia lamblia
genome. Mol Biochem Parasitol 1998; 95(2):267-280.

Eddy SR. Hidden Markov models. Curr Opin Struct Biol 1996; 6(3):361-365.

Embley TM, Hirt RP. Early branching eukaryotes? Curr Opin Genet Dev 1998; 8(6):624-629.
Stauber M, Jackle H, Schmidt-Ott U. The anterior determinant bicoid of Drosophila is a
derived Hox class 3 gene. Proc Natl Acad Sci USA 1999; 96(7):3786-3789.

Adachi ], Hasegawa M. MOLPHY version 2.3: Programs for molecular phylogenetics based
on maximum likelihood. Computer Science Monographs, No. 28. Institute of Statistical
Mathematics, Tokyo 1996.



“This page left intentionally blank.”



Index

A

Activation loop 2, 64-67, 69, 71, 73, 75-77
Arabidopsis 7, 15, 54-60, 100, 102-105

B

Budding yeast 6,7, 13-18, 21-23, 31, 41, 43,
46, 47, 57-59, 66, 79, 96, 97, 99, 100,
102, 105

C

C-terminal domain 37, 64, 73-75, 77

CAK 1-7, 13-16, 18, 21-23, 31-36, 39,
42-48, 54, 55, 57-60, 64, 66, 69, 75, 76,
77,79, 83-86, 88-92, 96, 97, 99-102,
104, 105

CAK-activating kinase 33

Caklp 7, 14-23, 35, 36, 38, 39, 43, 48, 57,
58, 66, 70, 75,77, 78, 84, 97,99, 102,
104

CAKAK 4,7, 16, 33, 35, 43, 58

Catalytic cleft 5, 65,73, 77

CDC2 1-7, 13, 14, 16, 18-20, 23, 33, 37, 39,
42,57, 68, 96, 97, 101, 102

Cde28p 3, 4,7, 13-16, 18-23, 35, 43, 57, 58,
70, 75,77, 96, 97

CDK 1-7, 13, 14, 16, 17, 19, 21-23, 31-33,
35, 37, 39-43, 45-48, 54, 55-60, 64-67,
69-79, 83-92, 96-105

CDK-activating kinase 1, 13, 14, 31, 32, 37,
39, 54, 64, 66, 75,79, 83, 84, 92, 96

CDK1 13, 39-48, 67,71,72,77, 88, 96

CDK2 1-7,13-16, 17, 21, 23, 33, 36, 37, 39,
40-45, 47, 48, 51, 57, 58, 64-67, 69-71,
73-79, 96, 99

CDK3 1,2, 4,7, 16,96

CDK4 15,7, 13, 14, 16, 39, 42, 55, 67, 71,
73-76, 96

CDK5 1,2, 4,42

CDK6 1, 2,4,5,7,13, 14, 16, 55, 67, 72-75,
77,79, 96

CDK7 1-7, 14-18, 23, 32-37, 39, 41-48,
55-58, 66, 67, 70, 75-78, 83-92, 96, 97,
99, 104, 105

CDKS8 2, 6, 42, 55, 75, 88, 89, 102

CDK9 2, 6,7, 35, 42, 54, 88, 96

Cell division cycle 13, 32

Checkpoint 14, 19, 20, 22, 23, 32, 68

Chromosome segregation 18, 19

Clade 35, 98-105

Conformational change 5, 16, 17, 96

Crystal structure 2, 3, 75,79, 85, 93

Crystallization 73

Cskl 7,15, 16, 23, 33-37, 39, 43, 48, 58, 97,
99, 100-102, 104, 105

CTD 1,2,6,7,15-17, 34, 37, 43, 46-48,
57-60, 75, 76, 89, 91, 92, 96, 97, 102

Cyclin 1-7, 13-18, 21-23, 31-36, 39-47, 54,
55, 57-60, 64, 69, 71, 73, 75, 83-86, 88,
89, 92, 96, 97

Cyclin box 65, 66,71, 73-76, 79

Cyclin degradation 21, 40, 41

Cyclin-dependent kinase 13, 17, 39, 64, 79,
83, 88, 92, 96

Cytoplasm 5, 6, 18, 23, 40

D

Development 15, 18-20, 39-42, 44, 46-438,
54, 59, 66, 83

DNA repair 83-87, 91, 92

DNA replication 18-20, 45, 64

Drosophila melanogaster 39

E

Elongation 6, 17, 88, 89, 91, 96, 102
Embryogenesis 40, 42, 54
Endoreplication 42, 43

Evolution 1, 21, 23, 96-98, 100, 104, 105

F

Fission yeast 15, 31, 36, 39, 43, 48, 55, 57,
58, 60, 96, 97, 99, 102, 105

G

G1 phase 1, 13, 32, 36, 55
G2 phase 1, 5, 40, 55
Glycine loop 17, 64,71,75,78



114

The CDK-Activating Kinase (CAK)

H
Helicase 83, 84, 86, 90, 92

I

Initiation 6, 13, 17, 47, 59, 83, 88-92

K

KAP 3,21, 69, 79
Kin28p 6,7, 14, 15, 17, 20, 33, 35, 43, 46,
58,70, 75, 84, 86, 90, 96, 97, 102

L

Localization 5,7, 13, 18, 22, 85
Long-branch attraction 99

M

MAP kinase 15, 20, 88

MAT1 1-7, 14, 32-34, 39, 43, 46, 47, 55, 66,
77, 83-85, 89, 92, 97

Mecs2 7,23, 32-35, 55, 58, 66, 75

Mes6 7, 16, 23, 32-35, 37, 43, 46, 55-58, 66,
75, 97,99, 101, 104, 105

Meiosis 13, 15, 18-20, 43

Meristem 54, 59, 60

Mitosis 5, 7, 13, 14, 18, 19, 21-23, 31-33, 30,
39-43, 45, 55, 68, 71, 72, 88, 96

Morphogenesis 15, 20, 54

N
NER 85-87, 92

Nuclear envelope breakdown 23
Nucleotide excision repair 75, 85, 87, 92
Nucleus 5, 6, 18, 23

o

Ortholog 43, 46-48, 96, 97, 99, 100, 102,
104, 105

P

Pachytene 18-20, 28

Phosphorylation 2-7, 13-23, 31-34, 37,
39-48, 58, 60, 64-72, 75-79, 83, 88-91,
96, 97, 99, 100

Phosphothreonine 67

Phylogenetic tree 59, 97

Phytohormone 55, 59, 60

Plant 54, 55, 57, 59, 60, 74, 102, 104, 105

Promoter 6, 19, 20, 46, 88, 89, 91

PSTAIRE motif 64,78

R

Rice 54-60
RNA polymerase II 1, 2, 6, 7, 16, 34, 37, 43,
46, 57, 58,75,77, 83,92, 96

S

S-phase 13, 18, 19, 31, 32, 43, 68

Saccharomyces cerevisiae 14, 31, 96

Schizosaccharomyces pombe 31, 36, 43, 55

Serine/threonine protein kinase 3, 16

Sporulation 15, 18-20

START 31

Substrate 3, 5-7, 13, 14, 16-18, 21, 33, 35,
47,57, 64, 66, 67, 69-73, 75-78, 83, 88,
89, 92, 96, 100

T

T-loop 2, 14, 16, 32-35, 39-48, 96, 100

Transcription 1, 2, 5-7, 13-17, 19, 20, 34, 37,
39, 40, 42-44, 45-48, 55, 57, 59, 60, 66,
75,79, 83-86, 88-92, 96, 97, 102, 105

Transcription factor TFIIH 16, 84, 92, 97

U

Ubiquitin-dependent proteolysis 91





