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“If seven maids with seven mops

Swept it for half a year,

Do you suppose,” the Walrus said,
“That they could get it clear?”
“I doubt it,” said the Carpenter,
And shed a bitter tear.

(Lewis Carroll in Through the Looking Glass)
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Symbols and abbreviations

ADHI1 alcohol dehydrogenase

B-gal B-galactosidase

cAMP cyclic AMP

CAK Cdk-activating kinase

Cdc cell division cycle gene

Cdk cyclin-dependent kinase

Cdki Cdk inhibitor protein

cDNA complementary DNA

CKS cyclin-dependent kinase regulatory subunit
CLN yeast cyclin

CLB yeast cyclin B

DMEM Dulbecco’s Modified Eagle Medium

DTT dithiothreitol

EDTA ethylene-diamine tetraacetic acid

EGF epidermal growth factor

EGTA bis-(aminoethyl)-glycolether-N,N,N’ ) N’-tetraacetic acid
FBS fetal bovine serum

G, quiescent state cells enter the cell cycle

G, first gap phase of the cell eycle

G, second gap phase of the cell cycle

GSK glycogen synthase kinase

GST gluthathione-S-transferase

HA human hemaglutinin antigen

HBS Hepes buffered saline

Hepes 4-[2-hydroxyethyl]-1-piperazineethane sulphonic acid
IC50 50% inhibitory concentration

IL-2 interleukin-2

M mitosis

MAP mitogen-activated protein

MO1 multiplicity of infection



NF neurofilament
NE-L,-M and -H NF of low, medium and high molecular mass respectively
NP-40 Nonidet P-40

p35 35 kDa protein which activates Cdk5

PBS phosphate buffered saline

PCNA proliferating cell nuclear antigen

PHF paired helical filaments

PMSF phenylmethanesulfonylfluoride

p-NPP 4-nitropheny! phosphate disodiurn salt

pol & DNA polymerase &

PRb retinoblastorna protein

R restriction point

S synthesis

TGF-f transforming growth factor f3

TPK tau protein kinase

Tris 2-amino-2-hydroxymethylpropane-1,3-diol
tRNA transfer RNA

wt wildtype

X-gal 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside



1. General introduction

1.1 The Cell Cycle

Completion of the cell cycle requires coordination of a variety of macromolecular
syntheses, assemblies, and movements. The chromosomes must be replicated,
condensed, segregated, and decondensed. The spindle poles must duplicate, separate,
and migrate to opposite ends of the nucleus. In metazoans, the nuclear membrane is
disassembled and reassembled, the spindle is assembled and disassembled, and the cell
membranes invaginate to complete cytokinesis. Coordination of these complex
processes is thought to be achicved by a series of changes (phase transitions) in the celt
cycle (1,2).

Cdk2-cyclin A

Cde-?'clin E

Cdk!-cyclin A

Cdk1-cyclin B

Figure 1. The Cell Cycle in higher eukaryotes

G,: first gap, 8: DNA replication phase, G,: second gap, M: mitosis, G,: guiescent
state, R: restriction point, RB: retinoblastoma protein. Horizontal lines illustrate G,/S
and G,/M phase transitions. Filled-in arrows indicate kinases active al phase
lransitions.



The cell cycle, divided into phases designated G, (first gap), S (synthesis), G, (second
gap) and M (mitosis), is regulated at two major decision points: prior to the G,/S
transition (designated “START” in yeast and “restriction point” (R) in mammalian
cells) and the G,/M transition (3). G, is described as the quiescent state of the cells. In
this phase cells are in a dormant state (Fig. 1). In multicellular eukaryotes, the cell
cycle is driven by the complex interplay of regulatory cyclin proteins-cyclins A, B, C,
D, E and H-with protein serine/threonine kinases, designated Cdc (cell division cycle
gene) 2, and Cdk (cyclin-dependent kinase) 2,3,4,5,6,7 and 8 (Table 1). Cdc2 is also
known as Cdk1. In unicellular eukaryotes such as budding (Saccharomyces cerevisiae)
and fission (Schizosaccharomyces pombe) yeast, a single protein kinase (CDC28 or
cdc2’, respectively) fulfills the function of the family of proteins found in multicellular
organisms. At distinct stages of the cell cycle different yeast cyclins activate the
protein kinase: CLN1, 2 and 3 at START, CLBS and 6 in S phase and CLB1 and 2 at
mitosis (the roles of CLB3 and 4 are less well defined) (4-8).

Table 1. Cdk-s and their cyclin partners

Cdk cyclin
Cdk1 cyclin A,B
Cdk2 cyclin A.E
Cdk3 unknown
Cdk4 cyclin D
Cdks cyclin D,E
Cdk6 cyclin D
Cdk7 cyclin H
Cdk8 cyclin C

The cell cycle stage is determined by the constellation of proteins activated or
inactivated by phosphorytation as a result of the activity of the Cdk-s during that stage.
The passage of cells from one stage of the cell cycle to another is tightly regulated by a
wealth of controls that act on the transcription of cyclin genes, the degradation of
cyclin proteins, and the modification of the kinase subunits by phosphorylation. A
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number of positive and negative feedback loops also contribute to cell cycle

progression (1).

1.2 Cdk activity regulation

Figure 2. Principles of Cdk regulation (6)

At center right lies the active Thr160/161-phosphorylated Cdk-cyclin complex.
Moving outward along any of the four pathways results in inactivation; moving inward
leads to activation. This is a highly simplified scheme from which many pathways and
alternative states have been omitted.

Presumably, the larger number of Cdk-s in higher eukaryotes reflects the increased
regulatory capacity required to execute the complex instructions of development.
These Cdk-s are closely related in size (~33 kDa) and sequence (> 40% identity).
Specific cyclins, with their Cdk partners, have been shown to promote the
advancement of different phases of the cell cycle (4,9). Thus, G, active cyclins A, C,
D1, D2, D3, and E have been shown to mediate the progression through G,/S (10-13),
while G, cyclins A, Bl, B2 and B3 usher the cell through G./M (14). Cellular Cdk
levels tend to remain in constant excess throughout the normal cell cycle, and
regulation of catalytic activity is primarily post-translational. The activity of the Cdk
enzymes is controlied both by their association with cyclins and by phosphorylation of



a threonine residue (Thr161 in Cdkl and Thri60 in Cdk2) of the Cdk polypeptide
itself which obscures the substrate-binding site in its inactivated state. Cdk-s and their
regulators are found in specific locations, but little is known about the mechanisms
responsible or whether localization is regulated. One of the enduring mysteries of Cdk
regulation is the role of the S. pombe protein, p13**, and its homologues, the CKS
proteins, in S. cerevisiae and vertebrates. These small proteins, which are essential for
cell-cycle progress in yeast, have long been known to bind tightly to certain Cdk-s in
vivo. They do not, however, have any distinct effect on Cdk function in vitro. The
crystal structure of one family member, CksHs2, suggests that these proteins may be
involved in Cdk oligomerization in the cell. Figure 2 shows the principles of Cdk
regulation (4,6-8).

1.2.1 Cyclins

The cyclins possess a short life span. The persistence of the gene expression or
stability of the protein may determine the length of the cell cycle phase in which the
cyclin is expressed. Constant synthesis during the cell cycle results in a roughly linear
increase in cyclin concentration, until at mitosis cyclin degradation abruptly increases,
producing a rapid decline in cyclin levels. Mitotic cyclin degradation involves the
ubiquitin-dependent proteolytic machinery, and requires a small sequence motif (the
destruction box) near the amino terminus of mitotic cyclins. The trigger for destruction
may be the increased Cdk1 activity at mitosis and the activation of components of the
ubiquitin system by Cdkl. In 8. eerevisiae activation of CDC28 by the G, cyclins
{CLN-s) leads to activation of CLN1 and CLN2 transcription in a positive feedback
loop. Activation of CDC28 by CLNs also inactivates the machinery responsible for the
degradation of the CLB mitotic cyclins, allowing CLB levels to rise after G,. CLB
proteins then help to repress CLN transcription, while at the same time stimulating
their own transcription in another positive feedback loop. The resulting increase in
CLB levels leads to mitotic activation of CDC28, which then triggers CLB
destruction. Cyclins are thought to contain regions that target the Cdk to specific
substrates or subcellular locations. In addition to simply activating the associated Cdk,
they can thus promote activity toward specific substrates. The enhanced activity of
certain complexes is probably due to positive interactions between the cyclin and the
substrate (6-9).



1.2.2 CAK

The activation of Cdk-s via phosphorylation of Thr160/161 is mediated by an enzyme
complex termed Cdk-activating kinase (CAK), which itself is composed of a Cdk
{termed variously MO15 or Cdk7), a cyclin {cyclin H) and a RING finger protein
subunit MAT1 (15-20). This Cdk activation is reversed by a specific phosphatase (21}
Since Cdk7 is also dependent upon an activating phosphorylation event (Thrl70 in
human Cdk7) by yet another kinase, this suggests the possibility of positive control by
an extended kinase cascade, a notion that at present lacks direct experimental support.
During the normal vertebrate cell cycle, phosphorylation of Thr160/161 tends to rise
and fall in parallel with cyclin binding. Changes in phosphorylation are probably not
due to changes in CAK activity, which does not change during the cell cycle, but
appear to reflect the ability of cyclin binding to stimulate Cdk phosphorylation (4,6-8).

1.2.3 Weel, Mytl and Cdc25

Negative regulation of Cdk activity occurs via inhibitory phosphorylation of Tyrl5
and Thrl4 close to the ATP-binding region through Weel (22,23) and the dual-
specificity kinase Mytl {24) respectively. This inhibition is part of a negative-feedback
pathway that prevents cells from entering mitosis with damaged or incompletely
replicated DNA. Cdkl-cyclin B complexes are maintained in an inactive state, until
Thr14-Tyrl5 dephosphorylation at the end of G, activates Cdkl. This abrupt
dephosphorylation is brought about by coordinated changes in the activities of kinases
and phosphatases acting at these sites. Weel activity declines during mitosis,
contributing to the fall in inhibitory phosphorylation at this stage. Decreased kinetic
activity during mitosis is due to phosphorylation of Weel. In §. pombe, the protein
kinase Nim} inhibits Weel by phosphorylating its C-terminal catalytic domain. Thrl4
and Tyrl5 are both dephospheorylated by the dual-specificity phosphatase termed
Cdc25 (25-28). Cde25 activity increases during mitosis, largely because of increased
phosphorylation in its N-terminal half. During mitosis, the kinase responsible for this
phosphorylation is activated and the comresponding phosphatase is inhibited. The
Cdc25-stimulatory kinase is Cdk1 itself, forming the basis of an elegant positive-
feedback system that induces the abrupt mitotic dephosphorylation of Cdkl. Positive
feedback is also achieved by coordinated effects on other components: Cdkl
phosphorylates and inactivates Weel and may inhibit the phosphatase(s) that
inactivates Cdc25 and activates Weel (4-8).
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1.2.4 Cdk inhibitors

Different Cdk inhibitor proteins (Cdki) could form barriers at different control points
in the cell cycle, for example G, and G, phases. Thus as cyclins are synthesized, they
will bind a Cdk partner and a Cdki, such that the cyclin-Cdk complexes will remain
inactive until the amount of cyclin-Cdk complex exceeds the amount of Cdki. At this
point there will be insufficient Cdki to bind all the complexes, leaving active cyclin-
Cdk-s to promote the next phase of the cell cycle (7,29).

Negative growth signals mobilize Cdki-s that associate either with a Cdk or with a
cyclin-Cdk complex and block their function. The universality of negative cell cycle
contrel via Cdk inhibitors is indicated by the identification of inhibitors in budding
and fission yeast, as well as in mammalian cells {4,8,29,30).

One of the inhibitors known to be expressed in yeast is FAR], found in S. cerevisiae,
which inhibits CLN-CDC28 activity and blocks the cell cycle in G, in response to the
pheromone w-factor. The pheromone-response pathway stimulates a mitogen-activated
protein (MAP) kinase cascade that then activates a transcription factor, Stel2, to
induce transcription of several genes such as the FARI gene. After expression FARI is
rapidly phosphorylated by the MAP kinase FUS3. The antimitogen o-factor thus
appears to amplify FAR] activity by two mechanisms, one transcriptional and the
other postiranslational. SIC1 (p40) which is found in the same organism regulates
entry into S phase by inhibiting CLB5,6-CDC28 kinase activity. Synthesis of FAR1
and SIC1 is under cell cycle control such that their levels peak in G1. This pattern
results from transcriptional activation in a periodic manner and specific degradation
after the G1/S transition. The temporal appearance ensures that these Cdki-s will
inhibit only the kinases that are present during this time period. The Cdki-s are
degraded by the ubiquitin-dependent proteolysis machinery. Studies indicate that SIC1
reduces both the V_,, and the K, of CDC28 for protein substrate. The inhibitor rum1+
is expressed in §. pombe and has the same function as SIC1 by inhibiting cdel3-cdc2
(31,32). Cdk-s are now known to participate in more than just cell cycle regulation.
The Cdk PHO85-PHOB0O expressed in S.cerevisiae regulates transcription of the acid
phosphatase gente PHOJS. Genetic analysis identifted the PHOS8/ gene, coding for a
protein with homology to pl6™“*A which functions upstream of PHOB85-PHOS0.
PHOS81 has recently been shown to inhibit PHO85-PHO80 activity in vitro by
functioning as a Cdki (4,8,29,30).




In higher eukaryotes the CIP/KIP inhibitor faraily (p21°FYWAF! p27XP! p57¥T2) (33-
38) are known to inhibit all Cdk-s by binding to the cyclin-Cdk complex whereas the
INK4 inhibitor family (p14™“%, p15™KE, p16™4A p18™K4<C p19™D) (39.40)
specifically inhibit Cdk4 and Cdk6 by competitively preventing binding of cyclin D to
the Cdk. Cdki-s are phosphorylated by their Cdk target suggesting an interaction with
the protein substrate binding site. The stoichiometry of Cdki-Cdk binding is unclear
(4,6,8,29,30,41-43).

1.2.4.1 p21STivan

Radiation and other DNA-damaging agents block pRb phosphorylation through use of
the Cdki named p21°F'""4*!  Steady-state levels of pS3 increase rapidly upon DNA
damage. p53 is a transcription factor that is involved in at least three functions: cell
cycle arrest in G, in response to DNA damage; transcriptional activation of genes
responding to DNA damage; and regulation of ‘programmed cell death’, apoptosis.
P53 activates expression of p21°""%** GADD45 and MDM2. Once DNA lesions are
erased, the pRb-imposed block may be lifted and the cell permitted to advance into §
and replicate its now-restored genome. Alternatively, in the face of irreparable lesions,
the cell may choose to commit itself to an apoptotic death. Normal diploid fibroblasts
differ from transformed cells in that many Cdk-cyclin complexes contain proliferating
cell nuclear antigen (PCNA) in addition to p21°™"¥AF'_ PCNA plays a positive role in
cell proliferation in that it is required for processive DNA replication carried out by
DNA polymerase & (pol 8). p21F¥¥4F! inhibits PCNA function by directly binding to
the protein. Although not yet verified in vive, these data suggest that p21°F"¥* plays
a dual role in the DNA-damage checkpoint by both arresting the cell cycle through
inhibition of Cdk-s and blocking DNA replication. Levels. of mRNA encoding
p21FIWARL rise 10-20-fold when cells become senescent, and also rise as cells become
quiescent {4,8,29,30). Normal human fibroblasts do not express telomerase, the
enzyme that replicates the repeated sequences at the ends of chromosomes; thus,
telomere length decreases as cells proliferate. It has been suggested that chromosome
ends with shortened telomeres may activate a checkpoint pathway that inhibits cell
proliferation and that senescence occurs as a result of the loss of telomeric sequences.
One gene thought to be necessary for the arrest of proliferation in senescent cells is
p21°"'"AF (1), Association of p21“"""4F! with Cdk-s is greatly enhanced by cyclin



binding. This property is shared by the structurally related inhibitor p27*", suggesting
a common biochemical mechanism for inhibition. With respect to Cdk2 and Cdk4
complexes, p27<F! shares the inhibitory potency of p21°F""*F' but has slightly
different kinase specificities. In normal diploid fibroblasts, the vast majority of active
Cdk2 is associated with p21°™"™*'_ but this active kinase can be fully inhibited by
addition of exogenous p21°T"¥AF Reconstruction experiments using purified
components indicate that multiple molecules of p21“"'"™A™! can associate with
Cdk/cyclin complexes and inactive complexes contain more than one molecule
p21FV¥AT! Together, these data suggest a model whereby p21“""***! functions as an
inhibitory buffer whose levels determine the threshold kinase activity required for cell

cycle progression (34).

1.2.4.2 p27¢"

At least three molecular mechanisms have been proposed to explain the ability of the
extracellular signal protein, transforming growth factor (TGF)-B, to obstruct pRb
phosphorylation. The first of these involves p27**', a Cdki that interacts with Cdk2,
Cdk4 and Cdké and prevents their functional activation at the hands of CAK. The total
amount of p27%"', however, is unaffected by TGF-P treatment or during the cell cycle.
Rather, p27%*! appears to be sequestered in a heat-labile compartment, from which it is
released upon TGF-§§ treatment. Contact inhibition and cAMP also act through their
ability to mobilize p27*"™ (37). TGF- also acts via p53 to dramatically reduce the
translational level of Cdk4 (44-46} leading to a reduction in Cdk4-cyclin D complexes

7K1Pl

that harbor the majority of p2 in cycling cells and potentially freeing p27*™' to

inhibit other Cdk-s (e.g. Cdk2; 44,45,47). Alterations in the balance of active Cdk-
cyclin complexes. through redistribution of inhibitors may be a common theme in
cellular growth control. p27%F!
(4,8,29,30). Cyclin A mRNA induction by Myc in fibroblasts is inhibited by
P2
inhibitors (48).

is inactivated by the mitogen interleukin-2 (IL-2)

1EPWARL and p275*' whereas Myc-induced apoptosis is insensitive to these Cdk

1.2.4.3 p15™K® and p16™*+*
An alternative mechanism is suggested by the recent discovery that TGF-P can induce
expression of p15™%*& (49), another Cdki. p15™**® targets Cdk4/Cdk6, competing with
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D cyclins for binding to Cdk4/Cdk6. In normal cells, Cdk4 is associated with a D-type
cyclin, PCNA and p21°™""*"', In some transformed cells, however, Cdk4 is found
associated with- p16™** and these complexes lack a cyclin and PCNA. Binding of
p16™* to Cdk4 blocks and disrupts cyclin D association (4,8,30,50,51).

1.3 Structure of the Cdk-cyclin complex

Cyclin dependent kinases are a member of the highly conserved protein-
serine/threonine kinase family (52). The typical Cdk catalytic subunit contains a 300
amino acid catalytic core that is completely inactive when monomeric and
unphosphorylated. The crystal structure of the human Cdk2 apoenzyme shows that it is
held in an inactive state by at least two major structural restraints: first, the substrate
binding site is blocked by an extended loop termed the T-loop; and second, side chains
in the ATP-binding site are oriented so that the ATP phosphates are poorly positioned
for efficient phospho-transfer (53). Cyclin A binds to one side of Cdk2’s catalytic
cleft, inducing large conformational changes in its PSTAIRE helix and T-loop. These
changes activate the kinase by realigning active site residues and relieving the steric
blockade at the entrance of the catalytic cleft (54, 55). Homology among cyclins is
often limited to a relatively conserved domain of about 100 amino acids, the cyclin
box, which is responsible for Cdk binding and activation. In Cdk2, Thr160 lies in the
T loop; its side chain is inaccessible to solvent. Upon phosphorylation the T-loop
moves by as much as 7 A, and this affects the putative substrate binding site as well as
resulting in additional cyclin contacts (56). Phosphorylation thus affects the cyclin
binding site and it enhances the binding of some Cdk-cyclin pairs; conversely, cyclin
binding may enhance phosphorylation. In Cdk2, the side chains of the Thrl4 and
Tyr15 residues hang from the ceiling of the ATP-binding site and are certainly in a
position to affect kinase activity when phosphorylated. The mechanism of inhibition is
unknown, but phosphorylation of Tyr15 does not appear to inhibit ATP binding. Both
residues are buried beneath the T loop and are inaccessible to solvent, suggesting that
the T loop must be moved to allow phosphorylation. This may be accomplished by
cyclin binding, as phosphorylation is thought to be cyclin-dependent (6).
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1.4 Substrate specificity of cyclin-dependent kinases

Cyclin-dependent kinases are specifically phosphorylating serine/threonine residues
preceding a proline residue. Such a substrate determinant has been found in other
protein kinases and was termed proline-directed phosphorylation specificity. The Cdk
phosphorylation site consensus sequence as deduced from substrate sequences is: -X-
S/T-P-X-K/R-X- (57). In addition to the carboxyl-terminal proline, a basic amino
acid, lysine or arginine, at the third position carboxyi-terminal to the phosphorylation
target residue also appears to be an important substrate determinant. The proto-

ongogene c-Src was among the earliest indentified Cdk substrates (58).

1.5 G,/S transition

1.5.1 The Rb protein

pRb, the product of the retinoblastoma tumour suppressor gene, operates at the
restriction point (R) of the cell cycle. Its main role is to act as a signal transducer
connecting the cell cycle with the transcriptional machinery (59). The protein becomes
hyperphosphorylated during the G, phase and maintains this configuration untit the
emergence from M. As cells enter anaphase, pRb dephosphorylation begins and
confinues, stepwise, unti! G, when pRb is once again hypophosphorylated. G, cyclins,
serving as regulatory subunits of their partner Cdk-s, direct these enzymes to the pRb
substrate, resulting in its phosphorylation, Cyclins of the D class (D1, D2 and D3) are
most prominently implicated in the phosphorylation of pRb early in G, (60-63). These
cyclins serve as activators of the Cdk4 and Cdk6 kinases. At the end of G, Cdk2 which
complexes with cyclin E and cyclin A phosphorylates pRb at different sites driving the
cell into the S phase. Without functional pRb, certain cell types are susceptible to
apoptosis. This apoptosis depends upon the p53 protein. In this way pRb plays an
important role in the decision whether a cell should proliferate, differentiate (64),
undergo senescence or even apoptosis. Finally, in addition to a major role in the G,/S
transition, pRb may act at other stages in the cell cycle. For example, it has been
shown that overexpression of pRb during 8§ phase of the cell cycle may result in G,
arrest (8,30).
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1.5.2 The E2F transcription factor

‘When pRb is hypophosphorylated, it is bound to the E2F transcription factor. The term
EZ2F subsumes a group of at least five distinct, closely related transcription factoers that
are all targeted to variations of the consensus nucleotide sequence TTTCGCGC. E2F-1
(65,66), E2F-2 (66,67) and E2F-3 (66} are under the direct control of pRb. E2F-4 and
E2F-5 are under the control of pl07 which is a pRb family member (68).
Phosphorylation of pRb causes it to lose its grip on E2F, enabling the latter to proceed
with the activation of a cohort of genes whose transcription it controls. The genes
which are under the control of E2F include c-mye, B-myb, cyclin E, cyclin A, Cdkl,
dihydrofolate reductase, thymidylate synthetase, ribonucleotide reductase, thymidine
kinase and the £2F-I gene itself. Activation of these genes drives the cell into the §
phase where DNA replication takes place. pRb binds to other proteins as well, such as
Elf-1, MyoD, PU.I, ATF-2, and c-Abl proteins. Most intriguing of these is the nuclear
tyrosine kinase encaded by the cellular ab/ proto-oncogene. Hypophosphorylated pRb
is reported to bind directly to the active catalytic domain of the c-Abl kinase blocking
its function. As expected, hyperphosphorylated pRb loses this binding ability. By
binding multipie effectors such as E2Fs and Abl, pRb may be able to modulate
simultaneously the activity of a number of downstream growth-controlling pathways.
Physiological signals that favour cell proliferation should encourage pRb
phosphorylation. Most of these signals originate with mitogens that impinge on cell
surface receptors and in tun activate cytoplasmic signal transduction pathways that
convey growth stimulatory signals to the nucleus (1,8). Despite an inability to bind to
E2F, pRb mutants associated with a low risk of retinoblastoma, unlike high-risk
mutants, retained the ability to activate transcription and promote differentiation. Thus,
the pRb pocket participates in dual tumour suppressor functions, one linked to cell
cycle progression and the other to differentiation control, and these functions can be

genetically and mechanistically dissociated (69).

1.6 G,/M transition

The G/M transition is prevented by DNA damage and by incompletely replicated
DNA. This checkpoint prevents chromosome segregation if the chromosome is not

intact. Genetic studies in §. cerevisiae and S. pombe have identified a number of genes
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necessary for this control. In §. cerevisiae, the RAD9, RADI7, RAD24, MECI, MEC2,
and MEC3 genes prevent mitosis in the presence of DNA damage or if replication is
blocked in late S phase. The MEC! and MEC2 genes also prevent mitosis if replication
is blocked in the early S phase. One double-strand break in the DNA will activate this
checkpoint and prevent the cell from undergoing mitosis. Some of the S. cerevisiae
genes show sequence homology to the S. pombe genes, which indicates that this
pathway evolved carly and is likely to be present in human cells as well. Few gene
products that control the G/M transition have been identified in mammalian cells. S.
cerevisiae encodes at least six genes that prevent the cell from initiating a new cell
cycle in the presence of microtubule poisons: MAD!, MAD2, MAD3, BUBI, BUB2,
and BUB3 (1).

1.7 Tumours

Perhaps the single most defining feature of cancer cells is uncontrolled growth.
Tumours expand and invade with impunity, ignoring the mechanisms that maintain the
integrity of normal tissue. They take over the body like a parasite, proliferating until
life is sapped from the host. Cells from many advanced cancers traverse the cell cycle
at breakneck speed. Furthermore, cells that would nommally arrest their growth in
response to specific environmental cues (such as contact with neighboring cells)
disregard these stimuli when transformed into the cancerous state. To prevent loss of
growth control, multiple pathways are probably involved. Some of these pathways
may be quite general, functioning in many tissues, while others may be much more
specific, operating in only few cell types. The increased evidence of cancer as a
function of age has long been interpreted to suggest that multiple genetic changes are
required for tumourigenesis, an interpretation borne out by recent systematic analysis
of genetic changes during the evolution of colon cancer cells (1).

As cancer is a disease characterized by loss of cellular growth control, it is not
surprising that the molecular machinery of the cell cycle is involved in tumourigenesis.
In additien, surveillance of telomeric sequences as they are lost during senescence may
be important in signalling somatic cells to stop proliferation. Senescing cells exhibit an
increased number of chromosomal aberrations, many of which appear to involve

telomere-telomere associations. Thus, the normal senescent program may generate
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chromosome instability (1}, Recent discoveries have brought several cell-cycle
regulators into sharp focus as factors in human cancer. Among the most conspicuous
types of molecules to emerge from ongoing studies in this field are the cyclin-
dependent kinase inhibitors such as p16™**, These molecules have several hallmarks
of tumour suppressors and are perfectly positioned to regulate critical decisions in cell
growth. The p/6™* gene appears to be a particularly significant target for mutation in
sporadic tumours and in at least one form of hereditary cancer (51,70). As many as
70% of tumour cell lines and primary tumours from various tumour types and familial
melanomas contain homozygous deletions or point mutations of the p16™** (pj6,
MTS1 or CDKN2) locus. p15™*® may be deleted or present in a mutant form in
carcinomas. The majority of homozygous deletions that remove pl6™** in tumour
cell lines also remove p15™**®, 1t is unclear whether inactivation of p15™**® in tumour
cell lines is causal or merely a bystander effect of its proximity to ple™*
{4,6,8,29,70). Many human tumour cell genomes have been found to have lost pRb
function through chromosomal gene mutation (71). In other tumours the cyclin D gene
(72-74) and/or the Cdk4 gene (75,76) is amplified. Abnormal expression of cyclins A,
B and E and Cdkl have been reporied (1,77). The fact that p53 is one of the most
commonly mutated genes in human cancer points to the potential importance of
p21°F¥AR! in negative growth control (1,4,6,8,29,78-80). Allerations in expression of
the p53 binding protein MDM?2 can result in adaptation of the G,/S checkpoint (75,76).
MDM?2 is an endogenous inhibitor of p53 function (81,82). The ¢-mos proto-oncogene,
a regulator of meiotic metaphase, produces polyploidy when it is expressed
abnormally in mitotic cells, as it is during tumourigenesis (1).

The frequent deregulation of Cdk proteins and their regulators in cancer and the
therapeutic potential of natural inhibitors has stitnulated an active search for chemical
Cdk inhibitors (83). Seven chemical inhibitors which are specifically inhibiting Cdk-s
have been described so far: butyrolactone (84), flavopiridol, 9-hydroxy-ellipticine,
olomoucine (85,86), roscovitine, staurospotine (87,88) and suramin (5,89,90). The
IC50 values (50% inhibitory concentration) of these inhibitors with respect to the
different Cdk-s are shown in Table 2. Figure 3 shows the structure of flavopiridol and

staurosporine which both have been used in the experiments depicted in this thesis,
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Table 2. Specificity of known chemical Cdk inhibitors towards different Cdk-s’

Inhibitor Cdkl Cdk2 Cdk4 Cdk5s
butyrolactone 0.60 1.50 no effect ND
flavopiridol 0.40 0.40 0.40 ND
9-hydroxy-ellipticine 1 ND ND ND
olomoucine 7 7 >1,000 3-8
roscovitine 0.65 0.70 >100 0.20
staurosporine 0.003-0.009 0.007 0.020 0.039
suramin 4 ND ND ND

"IC50 values (uM) of inhibitors tested against the specific Cdk-s; ND, not determined.
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Figure 3. Molecular structure of flavopiridol and staurosporine



1.8 CdKS and its role in differentiation

It has become clear that not all cyclins and Cdk-s function in cell cycle control.
Examples of cyclins and Cdk-s that function in non-cell cycle regulating events are
mounting; for instance, Cdk7-cyclin H and Cdk8-cyclin C in the TFIIH subunit of the
RINA polymerase II holoenzyme have possible roles in phosporylating the C-terminal
domain of RNA polymerase 1T (19,91,92). In the next paragraphs the role of Cdk5 will
be discussed. Cdk$ has been found to play a role in differentiation of nerve and muscle
cells. Malignant function of Cdk5 may lead to Alzheimer’s or Lewy body diseases.

1.8.1 Neuronal development

The differentiation of a nerve cell is a process that begins early in embryonic
development and continues through subsequent cell divisions, migrations, and
maturations. It culminates in the acquisition of the form and function that define each
specific adult cell type. Neurons are an exceptional class of cells that both attain
mature morphology only after cessation of mitotic activity and persist in the fully
differentiated state for the lifetime of the organism. The cell cycle arrest is one of the
earliest events in the neuronal maturation process, although the expression of pattern
formation genes as well as certain differentiation markers can precede it. The
molecular events that accomplish this seemingly irreversible transition into the
postmitotic state and formation of neuronal morphology are as yet largely unknown
(5,30).

It has been observed that the duration of the cell cycle in the developing nervous
system progressively lengthens during differentiation. This has been attributed to,
predominantly, increases in the length of G, (9). In differentiating cells in general it has
been shown that pRb protein levels increase whereas Cdk4 and cyclin D levels drop.
p18™*° and p19™*“*" have beem reported to be expressed during mouse brain
development (93). Stopping cells in mid-to-late G, appears to be a prerequisite to their
subsequent egress from the cell cycle into a more differentiated state (8). Several cell
cycle regulators, including tumour suppressor protein pRb (30,64,94), transcription
factor E2F-1 (95), ¢-Src (96), cyclins D1 (97,98), D2 (9) and E (99}, cyclin dependent
kinase Cdk§ and p35 (100-102), have been reported to be expressed in immature
postmitotic and adult neurons whereas the expression of Cdk1, Cdk2, cyclins A and B

is dramatically downregulated upon terminal differentiation of neurons in vive (101-
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103). p53 mRNA expression is also downregulated but to a lesser extend (103). In pRb
deficient mutants expression patterns of certain neurotrophin receptors are low
compared to the wildtype. Neurotrophins form a family of closely related proteins that
play important roles in the development and maintenance of the nervous system. This
provides support for the possibility that certain cell cycle proteins may well be
involved at this critical juncture between proliferation and acquisition of mature
morphology in the differentiation of specific neurons within the central nervous
systern (30,104).

1.8.2 CdkS

CdkS5 was identified as a Cdk-related protein PSSALRE and shows about 60% amino
acid sequence identity to both Cdkl and Cdk2 {105). Tyrl5 and Thrl4 are conserved
in Cdk5 and the amino acid residue of Cdk5 corresponding to Thri61 of Cdkl is
conservatively substituted by a serine residue (Ser159) (Fig. 4; 106). Both human and
mouse cdkS genes have been localized on chromoseme 5 at 7q36 and the centromeric
region, respectively (107,108}, While the location, 12q13, for human cdk2 and cdk4
genes is known to be associated with chromosome alteration in solid tumours, the
location for human cdk3 gene, 7(136, is not a major site of chromosome alteration in
tumours (107). The cdk5 gene, unlike edk!l, cdk2 and cdk3 genes, is incapable of
complementing CDC28 mutants of S. cerevisiae. While Cdk1 and Cdk2 undergo high
affinity association with the protein product of the sucl gene, Cdk5 shows no specific
interaction with p13*' (109). Instead, Cdk5 has been found to interact with an
analogous protein of 15 kDa from starfish, p15°*®, which also binds to Cdk4 (110).

CdkS5 is the first example of a cyclin dependent kinase with neuronal function. CdkS is
found to be expressed relatively equally in all human tissues with the exception of the
central nervous system and peripheral nervous system, in which expression is several-
fold greater in both nucleus and cytoplasm (100,102,109,111-114). During maturation
of neurons the expression of CdkS increases and reaches highest levels in adult
cerebral cortex and spinal cord (99,101,115). p35 which is expressed exclusively in the
central nervous system is the only activator of CdkS known thusfar (113,116-118).
This protein has first been isolated as a smaller proteolytic product p25 (113,118-120).
Several truncated forms of p35, including p23 and two further truncated forms p23 and
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p21, were expressed as GST-fusion proteins in Escherichia coli and found to activate
bacterially expressed Cdks (121).
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Figure 4. Regulation and function of Cdkl-cyclin B in the cell cycle of higher
eukaryotes and Cdk5-p35 in neurons (106).

The active form of Cdk5 is a heterodimer, consisting of a catalytic subunit
corresponding to CdkS and a neuron-specific regulatory protein, p35. In vitro, p35
alone can activate Cdk5, resulting in full kinase activity. However, it is unclear
whether or not Cdk3-p35 regulation in vivo involves phosphorylation. As with Cdk1-
cyclin B, one possibility may involve the phosphorylation of Cdk5 at Ser159 and the
subsequent phosphorylation of Thr14 and TyrlS5, by putative CAK- and Weel-related
kinases, respectively, followed by the subsequent dephosphorylation of Thr14 and
Tyr15 by a cdc25-related phosphatase. Alternatively, activation may involve only
Serl59 phosphorylation. Functionally, both Cdkl-cyclin B and Cdk5-p35 appear to
phosphorylate cytoskeletal proteins and may ultimately function to control cytoskeletal
dynamics. Broken arrows indicate putative pathways.

P35 has no significant homology to cyclins, with only eight out of a hundred identical
residues in the central conserved cyclin box, and failing to match four out of five
residues highly conserved among cyclins. Only the sequence of 17 residues (residues
222 to 238) LQAVLLTCLYLSYSYSYMG shows any similarity to the equivalent
region of the cyclin box consensus sequence, or to other distantly related cyclin-like
proteins (113). There is evidence however of the existence of a cyclin fold in this

neuronal Cdk5 activator (122). p35 is a highly specific regulatory partner for Cdk5 and
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does not activate any other Cdk. It can directly activate bacterially expressed CdkS in
the absence of phosphorylation by other protein kinases, despite the fact that the
surrounding sequences of Ser-159 in CdkS (the Thrlé1-equivalent residue) are similar
to other Cdk-s. Moreover, no autophosphorylation of Cdk5 was observed under those
conditions. This fact does not exclude the involvement of other proteins in the
activation process in vivo (113,118,121,123). Recently a p35 isoform has been
discovered which can also activate CdkS5. This protein which is called p39 is both
necessary and sufficient for neurite outgrowth in hippocampal cells (124). p25, p35
and p39 may represent a subfamily of protein kinase activator proteins distinct from
cyclins, which are regulators for a subfamily of Cdk3-related Cdk-s (125-128).
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Figure 5. Structural determinants of Cdk3 substrate peptide (127).

Positive or negative determinants are the amino acid residues whose substitution for
alanine results in an increase or a decrease in substrate activity of the peptide,
respectively. Substitution of any of the boxed amino acid residues by alanine abolishes
the substrate activity of the peptide.

The Cdk5/p35 complex is phosphorylating histone H1 (102,118,129), pRb (130) and
p35 in vitro. The best in vitro substrate of the enzyme identified to date is histone H1.
A peptide derived from the phosphorylation site sequence of histone Hl is as good a
substrate as histoﬂé H1 itself (129) suggesting that the substrate activity determinants
are restricted to the primary sequence around the phosphorylation sites. In comparison
with a peptide called pro-Src, based on the phosphorylation site sequence of the prote-
oncogene c¢-Src (57,58,96) which was used to purify Cdk5 from bovine brain (109),
the histone H1 peptide is over 50 fold more efficient as a substrate for Cdk5/p35.
Using a set of synthetic peptides systemnatically modified from the histone H1 peptide,
the substrate determinants of the peptide, both positive and negative, have been

elucidated as schematically represented in figure 5 (126,127).
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Activated CdkS5 kinase phosphorylates a number of cytoskeletal proteins including
neurofilament protein NF-M, NF-H (106, 131-137), the neuron-specific microtubule
associated protein tau (138-140) and the actin binding protein caldesmon in vitro
(127). Phosphorylation of cytoskeletal proteins may play an important role in the
polymerization and assembly of cytoskeletal elements which, in tumn, may effect the
growing neurites suggesting that CdkS5 is involved in the growth and maintenance of
neurites. The phosphorylation status of tau and NF-H/NF-M on at least some of the
putative CdkS phosphorylated residues is dynamic: Tau is more heavily
phosphorylated during development than in the adult (141-144) and NF-H/NF-M side-
arms are largely nonphosphorylated in perikarya but are increasingly more heavily
phosphorylated on serine and threonine residues in the carboxyl-terminal regions as
NFs move down the axon (145-149),

In addition, CdkS phosphorylates neurofilament proteins exclusively at sites
phosphorylated in Lewy body pathologies (150,151), i.e, diffuse Lewy body disease
(dementia), Parkinson's disease (152,153) and amyothrophic lateral sclerosis
(154,155), whereas Cdk5 phosphorylates tau protein at sites phosphorylated in
Alzheimer’s disease (138-140, 156-158). Comparison of tan protein kinase (TPK) II
and Cdk35/p35 showed that these two kinases are identical or highly homologous
(113,118,158). Cdk5 kinase activity correlates with the extend of differentiation of
neuronal cells {99,113,118,159-161) and colocalizes with neurofilament tracts in the
axons of neuronal cells in culture. Cdk5/p35 has been demonstrated to play a key role
in neurite outgrowth {162) and neuronal migration during neuronal differentiation
(163). This makes CdkS a strong candidate for catalyzing neurofilament and tau
phosphorylation ir vive (113,117,164). Whilst Cdk$ activity is important during
differentiation, hyperphosphorylation of neurofilaments and tan because of

uncontrolled Cdk3 activity may be the cause of several neurodegenerative diseases.

It has been reported that cyclin D (35,165-167) and E (99) bind to Cdk5 but these
complexes have never been shown to be enzymaticaily active. p67 (Munc-18), which
is exclusively expressed in neurons and highly enriched in axons, binds to Cdk5 and
has a positive effect on its kinase activity (87,161). Recently a novel role for Cdk5 has
been demonstrated in regulating myogenesis in the early embryo (168,169). Unlike
most other Cdk-cyclin complexes, Cdk5/p35 is not inhibited by the p21“T/¥AF (34) or
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p27%T! (35) Cdk inhibitors. There is some evidence, however, that a population of
Cdk5/p35 exists as an inactive form within a macromolecular structure, suggesting
Cdk5/p35 may bind to inhibitors in the brain (125). Presence of CdkS5 in reproductive
organs provide new insight into the possible function of this Cdk during both
differentiation and apoptosis (170,171). Activation of Cdk5 by p35 can be blocked by
coexpression of dominant-negative mutants of Cdk3. This technique has widely been
used in lots of experiments demonstrating the possible roles of Cdk$
(118,128,137,162,168,169,172).

1.8.3 Neurofilaments

Neurofilaments, the neuron-specific intermediate filaments represent the major
cytoskeletal organelle in axons in terms of mass and volume (173-175). In mature
mammalian brains, neurofilaments are composed of three subunits of different
molecular weights which are referred to as low (68 kDa), medium (95 kDa) and high
molecular weight (115 kDa) neurofilament proteins: NF-L, NF-M and NF-H
respectively (176). Each of the subunits contains an alpha-helical rich conserved
central core which is involved in the coiled-coil assembly of the filamentous structure
(177). The amino terminal side of the core domain is a conserved globular domain
which contains multiple second messenger regulated phosphorylation sites and is
therefore suggested to play a role in regulating the filament assembly (178-185). The
carboxyl terminal regions of the neurofilament subunits are the regions discriminating
the three neurofilament subunits (149,175). NF-M and NF-H but not NF-L contain
long carboxyl-terminal extensions which are rich in proline-directed serine/threonine
residues (186-189). This is especially true for NF-H which has more than 50 such sites
{189). These sites are heavily phosphorylated in neurons. Several studies have shown
that NF-H and NF-M can be phosphorylated by Cdk5 or reclated kinases
(100,114,175,190-192). Furthermore functional association of Cdk5 with
neurofilaments has been shown (193).

The proline-directed phosphorylation appears to play important roles in neuron-
skeleton structure and function. Dephosphorylated NF-H displays specific binding to
microtubules in vitro whereas the phosphorylated form of the protein does not bind
microtubules (136). The phosphorylation is under strict spatial and temporal control.
The assembly of neurofilaments occurs in the cell body {194,195); once assembled, the

filaments are transported along the axon. During the axonal transport, the subunits NF-
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M and NF-H become heavily phosphorylated on the proline-directed sites (196,197). It
has been suggested that the phosphorylation depends on the presence of myelin sheath
(197). A mouse strain with defective myelin, trembling mouse, has been found to have
greatly reduced neurofilament phosphorylation. Abnormality in NF-H and NF-M
phosphorylation has also been implicated in Lewy body pathologies (150,151,154).
Hypo- or hyperphosphorylation of neurofilaments are important symptomes in
neurodegenerative diseases. Malfunction of the Cdk$ kinase may be intrumental in
this.

1.8.4 Alzheimer’s disease and tau protein

The mechanisms that result in neuronal loss in Alzheimer’s disease are not clearly
understood. The discovery of several different mutations in the gene for the amyloid
precursor protein in some pedigrees with familial Alzheimer’s discase has given
support to the “amyloid cascade™ hypothesis, in which the extracellular deposition of
B-amyloid is an early pathogenic event. A consensus has not yet been reached,
however, on how deposition of B-amyloid in the brain results in neurodegeneration,
and hence dementia (198). On the other hand, neurons containing neurofibrillary
tangles are almost certainly unable to function normally and many such neurons die, as
is evident from the presence of “ghost™ tangles, the residue of dead, tangle-bearing
neurons, in the brains of patients with Alzheimer’s disease. Neurofibrillary tangles are
composed of paired helical filaments (PHFs) and, indeed, PHF pathology is
widespread in Alzheimer’s disease, giving rise also to neurophil threads and filling
many dystrophic neurites that surround the B-amyloid cores of senile plaques. PHFs
are composed of hyperphosphorylated tau (199-207), and appear to be the residue of a
disintegrated neurcnal cytoskeleton becanse microtubules and neurofilaments are
absent from neuronal‘cytoplasm rich in PHFs (208-211). Most of the phosphorylated
residues in PHF-tau are serine and threonine residues that are amino-terminal to a
proline residue (200,212-216). In foetal brain, however, tau is also
hyperphosphorylated, and the phosphorylation sites identified in foetal tau are also
phosphorylated in PHF-tau. This suggests that PHF-tau may arise from a loss of
regulatory control of tau phosphorylation in degenerating neurons that results in the

reappearance of a foetal phosphorylation pattern (217,218).
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Tau protein exists in adult neurons as a set of six isoforms derived from a single gene
by alternative mRNA splicing (219,220). One property of tau is to stabilize assembled
microtubules (221). This function is.likely to be modulated by phosphorylation, as
phosphorylated tau has a reduced ability to promote microtubule assembly in vitro.
Indeed, PHF-tau does not bind to microtubules {(222). Consequently,
hyperphosphorylation of tau in Alzheimer’s disease may lead to disruption of the
neuronal cytoskeleton, and this could be a crucial event contributing to
neurodegeneration. |

A number of kinases, including MAP kinase (223-226), glycogen synthase kinase
(GSK)-3at, GSK-3p (159,226-229) and Cdk5 (138-140,156-158), phosphorylate
recombinant tau in vitro so that it resembles PHF-tau. A detailed study of tau protein
phosphorylation in crude brain extracts has led to the suggestion that Cdk5 is the
major kinase phosphorylating tau proteins in vivo (138,190). Recently is has been
proposed that disregulation of various components of the cell cycle is a significant

contributor to regionally specific neuronal death in Alzheimer’s disease (230).

1.9 Saccharomyces cerevisiae as a useful tool in cell cycle research

The long association of yeast with human culture stems from the ability of certain
yeast species to produce efficiently two important metabolites, ethanol for alcoholic
beverages, and carbon dioxide for the leavening of bread, without simultaneously
producing toxic by-products, Commercial exploitation of yeast has led to highly
developed, technology-based industries involved in brewing, baking, wine making,
distilling, industrial ethanol production and the manufacture of yeast-based foods.

In industrial production it is desirable, and often necessary, to adapt the performance
of the organism {0 manufacturing needs. In yeast these adaptations can be brought
about either by physiological conditioning of cultures or through genetic changes,
traditionally done by strain selection. Today, DNA manipulation itself presents a short
cut to the desired aim.

Recombinant DNA technology, i.e. the improvement of cellular activities by
manipulation of enzymatic, transport, and regulatory functions of the cell, has offered
the possibility of developing the capabilities of yeast and dramatically extending the
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industrial potential of these organisms. Commercial yeast species can be specifically
modified to enhance their suitability for existing processes and to generate strains for
new ﬁlanufacturing applications. Furthermore, predefined modifications of this type
are not subject to the undesirable side effects frequently encountered in hybrids and
mutagenised cells.

Stable inheritance of introduced genes depends on their insertion into yeast
chromosomes by recombination, or their linkage to a piece of DNA, a plasmid, which
replicates autonomously and segregates to daughter cells. The pool of genetic material
available for manipulation is almost unlimited since it is possible not only to remove,
modify and reintroduce veast genes but also to take genes from other organisms and
make them function in yeast. »

Morphologically, yeasts are unicellular fungi that reproduce by budding or fission.
Taxonomically, the budding yeast Saccharomyces cerevisine, generally known as
baker’s yeast, belongs to the class Hemiascomycetes (ascomycotina that lack
ascocarps and ascogenous hyphae), and the family of Saccharomycetaceae of the order
Endomycetales. The biochemistry and molecular biology of baker’s yeast have been
studied in detail over the years, although many aspects of its metabolism and life cycle
remain unclear. However, as baker’s yeast has been characterized better than any other
fungus, the techniques of genetic engingering are especially well suited for the

manipulation of this yeast (231).

1.9.1 The yeast-two-hybrid system

The two-hybrid system uses the efficacy of yeast genetic assays to identify protein-
protein interactions. It permits the rapid cloning of genes encoding products that
interact with a given protein of interest. While the current assay is carried out in yeast,
genes from any organism may be used in the screen.

The conceptual basis for the two-hybrid system, as reported by Fields and Song (232),
was established by studies on the regulation of eukaryotic transcription. Certain
transcription factors, such as the yeast GAL4 and GCN4 proteins, were shown to
comprise two distinct and separable domains: a site-specific DNA-binding domain,
and an acidic region that is required for transcriptional activation. Functionally
competent chimeric proteins were generated that consist of the DNA-binding‘region of

one factor and the activation domain of another. In addition, heterodimeric complexes,
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consisting of an activation domain and a DNA-binding domain encoded by separate

genes, could activate transcription.
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Figure 6. The basic two-hybrid system using a dual selection/screen (234)

{a) A protein (A) fused to the DNA-binding domain of LEXA is expressed in a yeast
strain carrying two reporter genes, HI53 and lacZ, under the control of the LEXA
promoter. Since the hybrid protein lacks transcriptional activation potential, the
reporter genes are not transcribed and the strain remains His™ and does not hydrolyse
the chromogenic indicator X-Gal. (b) A second plasmid that expresses a hybrid protein
consisting of a protein (B) fused to the GAL4 transcriptional activation domain (GAD)
is introduced into the strain. If protein B and protein A physically associate, the GAD
will be localized to the promoters of the reporter genes, thereby activating their
transcription and producing HIS3 and lacZ transcripts.

In its current form, the yeast-based two-hybrid system utilizes hybrid genes to detect
protein-protein interactions via the activation of reporter-gene expression. This gene
expression occurs as a result of reconstitution of a functional transcription factor
caused by the association of two hybrid proteins. Typically, a gene encoding a protein
of interest is fused to the DNA-binding domain of a well-characterized transcription
factor (e.g. GAL4, LEXA) while another gene is fused to a transcriptional activation
domain (GAL4, VP16) (233). The activation-domain hybrid is introduced into a yeast
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strain expressing the DNA-binding-domain hybrid and the resulting strain is assayed
for association of the two proteins. A productive interaction between the proteins of
interest localizes the activation domain to the DNA-binding domain. This results in
transcription of an adjacent reporter gene, typically a nutritional marker, which
provides a scorable phenotype or lacZ (Fig. 6).

There are several advantages of dual screen/selection assays. First, the ability to select
for nutritional prototrophy greatly increases the number of library transformants that
can be screened for lacZ activity. This is particularly important when large, high-
quality libraries are available and low-abundance binding partners are sought. In
addition, the requirement for expression of two reporter genes with different promoter
contexts significantly reduces the number of false-positive signals since separate
transciptional events must be maintained at distinct chromosomal loci (234).

Searches have been carried out with a large number of proteins of disparate subcellular
location and function. Cytoplasmic, nuclear and membrane-associated proteins from a
variety of species have been used successfully. A few examples include interactions
between yeast RAP1 and RIF1 (235), p21°®"¥*F! with Cdk2 (33) and p16™** with
Cdk4 (236).

Library screens can select for proteins that are initially found to activate reporter-gene
expression in the presence of a specific DNA-binding-domain hybrid protein, but that
are later observed to promote transcription in concert with a number of different hybrid
partners. While the biophysical basis of these *false-positive’ interactions is not clear,
some proteins may contain regions with surfaces that have low affinities for many
different proteins, for example, large hydrophobic surfaces. These proteins may form
complexes with a number of other proteins that are stable enough to result in a
recognizable phenotype. |

A rapid genetic assay has been designed to eliminate false positives isolated in the
system (33). Brieily, a collection of false-positive detector strains that express different
DNA-binding-domain hybrids are vsed in mating assays with strains expressing
putative interactors. A nonspecific hybrid interactor will generally activate reporter-
gene expression in one or more of the false-positive detectors. This allows many
activation-domain hybrids to be quickly screened for specific interaction with a given

target protein (Fig. 7).
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Curing

Mating

Figure 7. Curing and mating of the positives

{(a) The positive (strain L40, Mat a) is cured from the pLEXA plasmid by selecting for
the pGAD plasmid only using the appropriate auxotrophic markers. The cured positive
should not express the reporter genes (b) This cured positive is mated with strains of
the opposing sex (sirain AMR70, Mat o) containing the pLEXA plasmid expressing
putative interactors., The resulting diploids are assayed for nonspecific hybrid
interactions in order to eliminate false-positives,

Another method to generate supporting evidence that a given interaction is real
involves testing the ability of hybrid proteins to associate when the targel protein is
switched to the activation domain and the library-derived protein is fused to the DNA-
binding domain. Observed interaction between reciprocal hybrids is a strong indication
of true physical association. However, failure to detect association in this assay may
not reflect a false-positive result since different fusion proteins probably have different
properties (i.e. conformation and stability) -that might prevent productive association.
Importantly, the reciprocal transfer of sequences between the DNA-binding domain

and the activation domain might not be experimentally trivial (234).
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1.10 Qutline of the thesis

In order to understand the different roles the cyclin dependent kinases could have in
either proliferating or differentiating human cells we investigated the roles of both
Cdk4 and Cdk35. The Cdk4 kinase phosphorylates the Rb protein and therefore plays a
very important role in the G,/S transition of the cell cycle. Whether a proliferating cell
would undergo differentiation or not could thus be dependent on Cdk4 activity. Cdk5
activity on the other hand has been shown only in differentiating cells although Cdk3
is present in proliferating cells as well. With different activators Cdk5 could play
different roles in cycling cells. Although D (35,165-167) and E (99) type cyclins are
able to bind to Cdk5 no activity of the complex has been shown to date. It would be
interesting to speculate on the requirement of Cdk4 for the onset of proliferation and
on Cdk5 for the onset of differentiation. If this would be true the question arises why
Cdk4 is expressed in differentiating cells and Cdk5 in proliferating cells (237). There
is definitely much more to the fate of a cell than what is known till date.

Aberrant activity of both cyclin dependent kinases due to overexpression of the
catalytic subunit or its activating partner and misfunction of specific Cdk inhibitors
may lead to hyperplasia in the case of Cdk4 and apoptosis in the case of Cdk$ linkiﬁg
malignant function of both kinases to cancer and neurodegenerative diseases

respectively.

Since pl6™“* is missing or mutated in a lot of tumours and the Cdkd/cyclin D
complex upregulated (70), molecules mimicing pl6™* or other molecules
specifically inhibiting Cdk4 activity could be potential antineoplastic drugs. If these
compounds specifically inhibit Cdk4 activity, the malignant cells could be stopped at
the G,/S checkpoint without interfering with other processes in the cell cycle. The
arrested cells may be killed off or forced to underge apoptosis by chemotherapeutic
agents or irradiation enhancing the therapeutic effects of the currently used anti-
tumour agents (1,5). In this context, the Cdk inhibitor flavopiridol is entering phase 3
studies as an anti-tumour agent. However flavopiridol is not a Cdk4 specific antagonié.t
(Table 2). Other compounds are still under investigation.

Chapter 2 of this thesis shows a method developed in yeast to screen possible

antineoplastic agents. Cdk4 is expressed in the yeast §. cerevisiae under the control of
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