I N V O L V E M E N T OF C D K / C Y C L I N MOTIF IN CILIATE C E L L C Y C L E
REGULATION
by
HONG ZHANG
B. Sc., Fujian Normal University, China, 1987
M . Sc., Fujian Normal University, China, 1990

A THESIS SUBMITTED IN P A R T I A L F U L F I L M E N T OF T H E REQUIREMENTS
FOR T H E D E G R E E OF
DOCTOR OF PHILOSOPHY
in
T H E F A C U L T Y OF G R A D U A T E STUDIES
(Department of Zoology, Faculty of Science)
We accept this thesis as conforming to the required standard

T H E UNIVERSITY OF BRITISH C O L U M B I A
July 2000
© Hong Zhang, 2000

In presenting

this

degree at the

thesis

in

partial fulfilment

of

University of

British Columbia,

I agree

freely available for reference
copying

of

department
publication

this
or

and study.

of this

his

or

her

representatives.

Department of

^Z.&~&LOG,

The University of British Columbia
Vancouver, Canada

DE-6 (2/88)

Y

that the

may be
It

thesis for financial gain shall not

permission.

requirements

I further agree

thesis for scholarly purposes
by

the

that

advanced

Library shall make it

by the

understood
be

an

permission for extensive

granted

is

for

allowed

that
without

head

of

my

copying

or

my written

ABSTRACT
The eukaryotic cell cycle is controlled by oscillation of the activity of cyclindependent protein kinases (Cdks). Ciliates, with their elaborate cellular structures and
unusual cell cycle organization, present interesting subjects for cell cycle studies. A novel
Cdk termed PtCdk2 was isolated in Paramecium tetraurelia, and with PtCdkl and
PtCdk3 forms the P. tetraurelia Cdk family. The lack of affinity of PtCdk2 for yeast
pl3

protein distinguishes it from PtCdk3, the only Paramecium Cdk so far displaying

pl3

binding. PtCdk2 displays a cell cycle-stage dependent histone HI kinase activity,

sucl

sucl

peaking at the end of the vegetative cell cycle. Coincidence of the kinase activity peaks of
PtCdkl, PtCdk2 and PtCdk3 with initiation of macronuclear D N A synthesis (IDS), cell
division and point of commitment to cell division (PCD), respectively, suggests they play
different roles in cell cycle control.
Consistent with the conservation of cyclin-binding domains in the P. tetraurelia
Cdks, two mitotic cyclin homologues, PtCycl and PtCyc2, have been identified. This is
the first time that cyclin genes have been cloned in ciliates. Both PtCycl and PtCyc2
proteins show characteristic patterns of accumulation and destruction during the
vegetative cell cycle, with PtCycl peaking at the PCD, and PtCyc2 reaching the maximal
level at the end of the cell cycle. Results of coimmunoprecipitation experiments indicate
that PtCycl and PtCyc2 are associated with PtCdk3 and PtCdk2, respectively.
Study on the subcellular localization of TtCdkl in Tetrahymena thermophila by
immunofluorescence microscopy reveals its association with the membrane-skeletal
domains that surround mature but not nascent basal bodies in the cell cortex, suggesting
that TtCdkl plays a role in the regulation of formation of the complex membrane-skeletal

ii

layer of this cell during division-related cortical morphogenesis. A partial TtCDKl
knockout cell line constructed through somatic biolistic transformation resulted in a
reduction of the regularity of the rows of basal bodies plus an additional effect on
chromatin condensation in both macro- and micronuclei. M y work not only extends the
ubiquity of Cdk/cyclin motif in the eukaryotic cell cycle regulation to ciliates, but also
reveals interesting and unique roles of these molecules in cell cycle control in these
organisms.
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GENERAL INTRODUCTION AND BACKGROUND
The cell cycle is the period in the life of proliferating cells between one cell
division and the next during which the events required for successful cell reproduction
are completed. The eukaryotic cell cycle is divided into four stages: G l , S, G2 and M . G l
is the gap phase during which cells prepare for the process of D N A replication. It is
during the G l period that the cell integrates mitogenic and growth inhibitory signals and
makes the decision to proceed, pause, or exit the cell cycle. A n important checkpoint in
G l has been identified in both yeast and mammalian cells. Referred to as ' S T A R T ' in
yeast and the 'restriction point' in mammalian cells, this is the point at which the cell
becomes committed to D N A replication and completion of the cell cycle (Hartwell et al.,
191 A; Nurse 1975; Pardee, 1974). S phase is defined as the period during which D N A
synthesis occurs. The G2 interval is a second gap phase between the end of D N A
replication and mitosis during which the cell prepares for the process of division. M
stands for mitosis, the phase in which the replicated chromosomes are segregated into
separate nuclei and cytokinesis occurs to form two independent daughter cells. In
addition to G l , S, G2, and M , the term GO is used to describe cells that have exited the
cell cycle and become quiescent. To duplicate, cells must generally double their contents,
but must precisely solve two specific problems: they must replicate their D N A once and
only once per cell cycle, and they must segregate their chromosomes precisely to
daughter cells. In a normal cell cycle, S phase is always preceded by M phase and M
phase does not begin until the previous S phase is completed (Nasmyth, 1993, 1996;
Nurse, 1994). The cyclin-dependent kinases are key components of the processes that are
responsible for the precise ordering and regulation of these events.

1

A. Cyclin-dependent kinases - the master regulators of the eukaryotic cell cycle.
As soon as G l , S, G2 and M came to be thought of as major cell cycle states,
identification of the factors that trigger the transitions between these states became one of
the major goals of cell cycle research. The notion that a master regulator might
orchestrate cell cycle progression stems primarily from cell fusion studies showing that
the cytoplasm of M phase cells was capable of inducing nuclei from other stages to enter
mitosis prematurely (Rao and Johnson, 1970). Maturation-promoting factor or M phase
promoting factor (MPF) was first described in 1971 as an activity present in cytoplasm
from metaphase-arrested frog eggs (Masui and Markert, 1971). Microinjection of M P F
into G2-arrested frog oocytes causes them to enter meiotic metaphase without the need
for protein synthesis. Such an activity was subsequently found in metaphase cells from
almost all eukaryotes (Adlakha et ah, 1985; Gerhart et al., 1984; Hashimoto and
Kishimoto, 1988; Kishimoto and Kanatani, 1976; Kishimoto et al., 1982; Weintraub et
al., 1982) and was equally effective at promoting entry into M phase irrespective of the
species of recipient or donor cells. This suggested that M P F was a universal regulator of
the G2 to M phase transition in eukaryotic cells and probably contained evolutionarily
conserved components.
In the meantime, genetically tractable organisms, such as fungi, have provided a
different avenue for the study of the mechanisms of the cell cycle progression. In
Saccharomyces cerevisiae (Hartwell, 1974), Schizosaccharomyces pombe (Nurse et al.,
1976), and Aspergillus nidulans (Morris, 1976), a variety of mutations that perturb the
regulation of cell division have been identified and mutants have been isolated. For
mitotic control in the fission yeast S. pombe, a network of interacting genes regulates the

2

onset of mitosis. A key component in this network is the p34

c c

protein kinase (Beach et

al, 1982; Hindley and Phear, 1984; Nurse and Bisset, 1981; Simanis and Nurse, 1986),
which is required for both the G2/M and G l / S transitions of the cell cycle. The
homologue of p34

crfc2

in S. cerevisiae (p34

COC2S

) is also required for both ' S T A R T ' and

mitosis (Reed et al., 1985).
Progress in the purification and characterization of M P F was delayed until a cellfree assay system from amphibian eggs was developed that could respond to added M P F
by carrying out many of the processes that normally accompany mitosis such as nuclear
disassembly and chromosome condensation (Lohka and Mausi, 1983; Lohka and Mailer,
1985, 1987; Miake-Lye and Kirschner, 1985). Using this system, Lohka et al. (1988)
purified Xenopus M P F to near homogeneity and showed that active fractions contained a
34 kDa serine/threonine protein kinase and a 45 kDa phosphoprotein. The 34 kDa subunit
was subsequently identified as p34 , a Xenopus homologue of the cdc2 gene product
cdc2

from S. pombe and the CDC28 gene of S. cerevisiae (Dunphy et al., 1988; Gautier et al.,
1988). The convergence of yeast genetics, frog biochemistry and mammalian tissue
culture led rapidly to the identification of a population of similar protein kinase
homologues from a variety of species that were activated at specific stages of the cell
cycle. Since these kinases are only active when complexed with unstable regulatory
subunits which were later called cyclins due to their fluctuations in abundance during the
cell cycle, this family of protein kinases was referred to as the cyclin-dependent protein
kinases (Cdks).
It is the sequential activation and inactivation of Cdks, through the periodic
synthesis and destruction of cyclins, which provide the primary means of cell cycle

3

regulation. In yeast, cell cycle progression appears to be regulated predominantly by a
single Cdk, p24

cdc2(CDC28>

in complex with different cyclin subunits (Table 2). In contrast,

metazoans, have evolved to use multiple Cdk catalytic subunits in complex with specific
cyclins to regulate different stages of their cell cycles. So far, at least nine Cdks have
been identified in mammals, which are referred to as Cdks 1-9 (Arellano and Moreno,
1997), although only C d k l , Cdk2, Cdk4, Cdk6 and Cdk7 are directly involved in the cell
cycle regulation while the others function in regulating transcription, D N A repair,
differentiation, and apoptosis (Johnson and Walker, 1999; Nigg, 1995; Table 1).
Cdks are highly conserved through evolution, in both structure and function. They
share 40-65% overall identity at the amino acid level, and they also show extensive
similarity with other serine/threonine protein kinases within their catalytic domains
(Hanks et al., 1988). In domain III of protein kinases, Cdks all share a sequence related to
the canonical E G V P S T A I P v E I S L L K E motif ('PSTAIRE' motif) found in yeast
4

,

cdc2(CDC28>

p3

which has now become the hallmark of the Cdk family. Mutations in this

region impair or abrogate binding to cyclins, and anti-PSTAIRE antibodies recognize
Cdks only as monomers (Pines and Hunter, 1990), suggesting that the PSTAIRE motif
directly interacts with cyclin. The striking functional homology among eukaryotic Cdks
has been demonstrated by the fact that the human homologue of S. pombe cdc2 was
cloned by complementation using a fission yeast cdc2 mutant and a c D N A expression
library prepared from human cells, and that several mammalian Cdks can replace the
corresponding yeast proteins (Elledge and Spottswood, 1991; Lee and Nurse, 1987;
Ninomiya-Tsuji et al., 1991).

4

Table 1. Mammalian Cdks and cyclins and their functions
Cyclin

Function

Associated

References

Cdk
A

C D K 1 , CDK2

S phase entry and transition

Guard etal, 1991;

Pagano etal, 1992.
B1,B2

CDK1

G2 exit, mitosis

Pines and Hunter, 1991;
Gallant andNigg, 1992.

C

CDK8

Transcriptional regulation, G0-

Rickert etal, 1996.

S transition
D 1 , D 2 , D3

CDK4, CDK6

GO-S transition

Xiong etal, 1992.

E

CDK2

G l - S transition

Ohtsubo et al, 1995.

F

?

G 2 - M transition

Bai et al, 1994.

G l , G2

CDK5

D N A damage response

Home et al, 1996;
Bates et al, 1996.

H

CDK7

Cdk activation, transcriptional

Fisher and Morgan,

regulation, D N A repair

1994;Makela et al,
1994.

I

?

?

Nakamura et al, 1995.

K

?

Transcriptional regulation, Cdk

Edwards et al, 1998.

activation
T1,T2

CDK9

Transcriptional regulation

Wei et al, 1998

5

Table 2. Cyclins in yeast
Cyclins

Organisms and Types

Cdk partners

Functions

Clnl

S. cerevisiae, G l

CDC28

START

Cln2

S. cerevisiae, G l

CDC28

START

Cln3

S. cerevisiae, G l

CDC28

START

Clb5

S. cerevisiae, B-type

CDC28

D N A replication

Clb6

S. cerevisiae, B-type

CDC28

D N A replication

Clb3

5. cerevisiae, B-type

CDC28

G2-M

CIM

S. cerevisiae, B-type

CDC28

G2-M

Clbl

S. cerevisiae, B-type

CDC28

G2-M

Clb2

S. cerevisiae, B-type

CDC28

G2-M

cigl

S. pombe, B-type

Cdc2

G2-M

cig2

S. pombe, B-type

Cdc2

START

cdcl3

S. pombe, B-type

Cdc2

G2-M

Adapted from Pines (1995).

6

B. Multiple Cdk/cyclin complexes regulate passage through the different stages of
the cell cycle.
1 Passage through 'START' or the 'restriction point'.
In S. cerevisiae, the timing of START is determined by the transcription of G l
cyclins which include Clnl, Cln2 and Cln3. Early studies proposed that they were
functionally redundant or at least had partially overlapping functions (Richardson et al.,
1989). It is now clear that Cln3 is sufficient for activation of START specific
transcription factors, while Clnl and Cln2 could have a more specific role in regulation
of other START-related events such as initiation of budding, D N A replication and
inhibition of Clb2 proteolysis (Dirick et al, 1995; Stuart and Wittenberg, 1995). This
leads to the idea that passage through START requires that activity of different
cyclin/Cdk complexes, each of which performs a subset of the events necessary for the
cell to enter S phase (Fig. I-l A). In S. pombe, five cyclin-like proteins have been
identified (Fisher and Nurse, 1995). In normal cycling cells, cig2 is the cyclin that
regulates the START transition (Martin-Castellanos et al., 1996). In the absence of other
B-type cyclins, a single mitotic cyclin, cdcl3, can control progression through the cell
cycle (Fisher and Nurse, 1996) (Fig. I-IB).
In mammalian cells, several Cdks and cyclins regulate the cell cycle. The
restriction point seems to be under the control of E - and D-type cyclins (Sherr, 1993)
(Fig. I-1C). Both cyclins are synthesized sequentially during the G l interval and are ratelimiting for entry into S phase. The D-cyclins form complexes with CDK4 and CDK6,
and are regulated by extracellular signals such as growth factors, anti-mitogenic factors

7

A . Saccharomyces cerevisiae
Gl 1
START

S

G2

M

Function
G l transcription

t Cln3/Cdc28
Clnl,2/Cdc28^^

Budding
>

DNA replication

Cln5,6/Cdc28

U

G2/M

jClb3,4/Cdc28^

I

\ •

yClbl,2/Cdc2\

G2/M

time

B. Schizosaccharomyces pombe
Gil

S

G2

START

M

Function

DNA replication
>

O

G2/M

U

time

C. Animal cells
Gl

1

S

G2

M

Restriction point
|

Function
Growth factor signalling

CycD/Cdk4,6

DNA replication

^ycE/Cdk^
>
a

DNA replication

CycA/Cdk2 \
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Figure I-l. Activities and functions of various Cdk/cyclin complexes involved in the
yeast and animal cell cycle controls.
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and by contact inhibition. The tumor suppressor pRb has been proposed as a major target
of CyclinD/CDK4 complexes (Ewen et al., 1993; Kato et ah, 1993). It has been shown
that pRb binds and regulates a large number of cellular proteins, including members of
the E2F family of transcription factors. (Johnson and Schneider-Broussard, 1998). E2F
factors regulate the expression of many genes that encode proteins involved in cell cycle
progression and D N A synthesis, including cyclin E and A, C D K 1 , dihydrofolate
reductase, thymidine kinase, and D N A polymerase a. The pRb phosphorylation by these
kinases at, or near, the restriction point results in dissociation of pRb from E2F and the
expression of the above mentioned E2F-regulated genes that mediate advance of the cell
through S phase.
2. Initiation ofS phase and entry into mitosis.
After passage through the START/restriction point, S phase cyclin/Cdk
complexes phosphorylate and activate proteins necessary for D N A replication. In
budding yeast, Clb5 and Clb6/Cdc28 complexes are involved in promoting D N A
replication although, in the absence of both cyclins, Clbl-4 cyclins can replace this
function (Schwob and Nasmyth, 1993). Transcription of CLB5 and CLB6 genes depends
upon prior expression of CLN G l cyclins, linking activation of the S phase signal to the
completion of START. CLB3 and CLB4 genes encode two B-type cyclins that are
expressed from the beginning of S phase until late in mitosis (Fitch et al., 1992;
Richardson et al., 1992) (Fig. I-1A). The kinase activity is postulated to be involved in
D N A replication and early mitotic spindle assembly as well as in meiosis II (Dahmann
and Futcher, 1995; Grandin and Reed, 1993).

10

In animal cells, C D K 2 is considered to be a key protein in the onset of D N A
replication (Fang and Newport, 1991). Cyclin E and Cyclin A sequentially activate Cdk2
to drive cells into S phase (Girard et al, 1991; Pagano et al., 1992; Zindy et al., 1992)
(Fig. I-1C). Cyclin A gene presents a similar expression pattern to that of CLB3 and
CLB4 genes. Neutralizing Cyclin A function by microinjection of antibodies blocks the
cell cycle at the G l / S transition (Pagano et al, 1992). Moreover, Cyclin A / C D K 2
complexes colocalize with D N A replication sites in S phase nuclei, suggesting a possible
direct role in replication origin regulation (Cardoso et al., 1993). When Cyclin A specific
antibodies are injected during or after S phase, cells complete D N A synthesis and are
unable to initiate mitosis and arrest in G2. These data suggest a dual role for cyclin A in
mammalian cells, regulation of D N A synthesis and contribution to the induction of
mitosis (Minshull etal., 1990).
The onset of M phase is regulated by a complex network of positive and negative
activities organized in a cascade composed of protein kinases and phosphatases. CDK1
(p24

) forms complexes with different mitotic cyclins (Cyclin A and B in higher

cdc2<CDC28)

eukaryotes, cdcl3 in fission yeast and Clbl-2 in budding yeast) (Fig. I-l). In most
species, Cyclin B/CDK1 is maintained in an inhibited state during interphase and rises
dramatically at the G 2 / M transition. The activation of this kinase is necessary but not
sufficient for the completion of mitosis. Destruction of these mitotic complexes is
necessary for exit from mitosis.
C. A multitude of regulatory mechanisms of Cdk activity.
As they play such a critical role in triggering cell cycle events Cdks are
extensively regulated, perhaps more so than any other class of protein kinases. The small
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Cdk catalytic subunit, which contains little more than the conserved catalytic core found
in all eukaryotic protein kinases, lies at the heart of a network of regulatory pathways.
Several different mechanisms are employed to regulate Cdk activity in order to ensure
that the cell cycle is tightly controlled and yet remains exquisitely sensitive to changes in
the environment. Cellular Cdk levels tend to remain constant during the cell cycle and are
always in excess over cyclin (Draetta and Beach, 1989), and regulation of catalytic
activity is primarily post-translational (Fig. 1-2). The typical Cdk catalytic subunit
contains a 300 amino acid catalytic core that is completely inactive when monomeric and
unphosphorylated. Cdks require binding of cyclins as an initial step in their activation
process (Pines, 1995). Complete activation requires phosphorylation of the Cdk subunit,
by the Cdk-activating kinase (CAK), at a conserved threonine residue (Thrl60 in human
C D K 2 and Thrl61 in human CDK1) (Kaldis et al, 1996; Thuret et al, 1996). Many Cdkcyclin complexes can be further down-regulated by at least two major mechanisms: the
phosphorylation of the Cdk subunit on inhibitory sites (Ffaese et al, 1995), and the
binding of protein inhibitors known as CKIs (Cdk inhibitors) (Serrano et al, 1993;
Toyoshima and Hunter, 1994). Targeted destruction of cell cycle effectors through the
ubiquitin degradation pathway also plays a crucial role that can be either positive or
negative depending on whether the protein being degraded is a cyclin or a CKI (Hershko,
1997).
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Figure 1-2. Multiple modes of Cdk regulation. The human CDK1 is used as a reference
for sites of phosphorylation. The names of enzymes responsible for
phosphorylation/dephosphorylation are given in parenthesis. Arrows represent positive
regulatory effectors of Cdk activity and 'T's indicate inhibition of Cdk activity.
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1. Cyclin binding.
Cyclins were originally identified by Tim Hunt on one-dimensional SDS-PAGE
(SDS-polyacrylamide gel electrophoresis) as proteins in sea urchin eggs that were rapidly
synthesized after fertilization (Pines, 1996). It is known that there was a striking change
in the pattern of proteins synthesized before and after fertilization of marine invertebrate
eggs (Rosenthal, et al., 1980). However, most of these proteins, such as the small subunit
of ribonucleotide reductase (Standart et al., 1985), simply accumulated through the
succeeding cell cycles. In contrast, cyclins were distinguished by their steady
accumulation in interphase, followed by a specific and rapid proteolysis at mitosis (Evans
et al., 1983). Clam Cyclin A was the first cyclin to be cloned and sequenced (Swenson et
al., 1986). As more and more cyclins have been identified in a variety of organisms,
cyclins are now more accurately defined as members of a family of structurally related
proteins that bind and activate Cdk catalytic subunits. They are less conserved than Cdks.
Homology among cyclins is typically limited to a relatively conserved domain of about
100 amino acids, the 'cyclin box' (Minshull et al., 1989; Pines and Hunter, 1989), which
is responsible for Cdk binding and activation (Kabayashi et al., 1992; Lees and Harlow,
1993). Mutations in this region inhibit both binding and activation, suggesting that the
two functions are not easily dissociated. Enzymatic measurements of the monomeric Cdk
kinase activity versus the cyclin-bound forms have indicated that cyclin binding leads to
a 40,000-fold increase in kinase activity (Connel-Crowley et al., 1993).
The molecular basis of this dependence has now been revealed by the solution of
the crystal structures of both an inactive monomeric C D K 2 and an active CDK2/CyclinA
complex (De Bondt et al., 1993; Jeffrey et al, 1995). From a comparison with the active
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cAMP-dependent protein kinase A (PKA) structure (Knighton et al., 1991), two reasons
for the inactivity of monomeric C D K 2 were immediately apparent. Firstly, A T P was
bound in a conformation that would preclude nucleophilic attack on the scissile P-y
phosphate bond by the substrate hydroxyl group. Secondly, part of the C-terminal lobe of
the kinase — the 'T-loop' domain — blocked the catalytic cleft. The main reason for the
differences in structure between C D K 2 and P K A was a cc-helical region (ccL12) unique to
C D K 2 that constrained both the ATP-binding site and the T-loop domain. Through the
Cyclin A binding to the PSTAIRE region of C D K 2 partners, the ccL12 helix is melted,
which allows the ATP-binding site to reconfigure to resemble that of P K A and allows the
T-loop to move away from the catalytic cleft.
Each cyclin has a unique pattern of expression during the cell cycle. The timing of
the expression of various cyclins is therefore key in determining at which phase of the
cell cycle their associated Cdk is active. Consequently, cyclin abundance is rate limiting
for progression through the different stages of the cell cycle. So far, 16 different cyclins
have been described in mammals (Table 1), and at least nine distinct cyclins in S.
cerevisiae and three in S. pombe are directly involved in cell cycle regulation (Table 2).
Cyclins are frequently classified as G l cyclins or mitotic cyclins, depending on when in
the cell cycle they function.
Cyclin abundance is modulated at two levels, transcriptionally and by protein
turnover. In mammalian cells, sequential oscillations in the levels of the major cyclins
largely reflect mRNA levels. Cyclins are subject to proteolytic destruction by the
ubiquitin-dependent proteosome pathway (Deshaies, 1995; Hochstrasser, 1995). The G l
cyclins contain PEST sequences in the C-terminal regions that are thought to confer
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instability, leading to a very short half-life (-20 min) (Rogers et al., 1986). Mitotic
cyclins have a partially conserved sequence near the N-terminus called the 'destruction
box'. Deletion or point mutations in the PEST sequence or in the destruction box block
cyclin degradation, presumably by preventing ubiquitiation and subsequent proteolysis
(Glotzer et al., 1991). Thus, it is easy to see how proteolytic destruction of cyclins
provides an elegant way of making cell cycle progression an irreversible, one way
process.
Cyclin synthesis/destruction is an essential factor in determining the precise
timing of activation of Cdks, however, phosphorylation adds a further critical step in the
activation of these complexes.
2. Reversible phosphorylation.
Multiple phosphorylation and dephosphorylation events occur on both Cdk and
cyclin subunits. Whereas the functional significance of cyclin phosphorylation remains
unclear and may be required for cyclin degradation (Won and Reed, 1996), the regulatory
roles of Cdk phosphorylation are comparatively well understood. It is clear that
phosphorylation controls the activity of Cdks both negatively and positively, depending
on the phosphorylation sites. In the case of human C D K 1 , phosphorylation of Thrl4 and
Tyrl5, two neighboring residues within the ATP binding domain, causes the
C D K l / C y c l i n B complexes to be inactive until the G 2 / M transition, when a dual
specificity phosphatase, Cdc25, removes these phosphates and causes abrupt activation of
the kinase (Galaktionov and Beach, 1991). In both S. pombe and vertebrates, but not in S.
cerevisiae, the phosphorylation state of Tyrl5 depends on checkpoint controls that
monitor D N A replication (Coleman andDunphy, 1994; Mailer, 1993). Genetic studies
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first carried out in S. pombe have led to the identification of protein kinases (Weel/Mikl)
as well as a phosphatase Cdc25 acting on Tyrl5. Interestingly, the Cdc25 and Weel
proteins are phosphorylated by p34

cdc2

/cdcl3, generating a positive feedback loop (Fleig

and Gould, 1991), which is important for the abrupt activation of the Cdk/cyclin complex
at mitosis.
Although bacterially expressed Cdks can form complexes with cyclins in the
absence of any phosphorylation in vitro, they show barely detectable histone H I kinase
activity (Solomon, 1993). This activity increases 100-fold upon phosphorylation of a
highly conserved threonine residue (Thrl60 in human C D K 2 and Thrl61 in human
CDK1) in domain VIII of all members of the Cdk family (Solomon et al., 1992).
Biochemical purification approaches were successful in identifying an abundant
kinase that phosphorylates Thrl61, termed Cdk-activating kinase (CAK) (Fesquet et al.,
1993; Poon et al., 1993; Solomon et al., 1993). Surprisingly, this kinase is itself a
Cdk/cyclin complex that is present in the transcription factor TFIIH and able to
phosphorylate the C-terminal domain (CTD) of the large subunit of R N A polymerase II
(Feaver et al., 1994; Roy et al., 1994). This may indicate the existence of cross talk
between the transcription machinery and cell cycle regulators mediated by this enzyme.
In animal cells, the C A K complex has been demonstrated to include C D K 7 and Cyclin H
(Makela et al., 1994; Fisher and Morgan, 1994), and in fission yeast the homologous
proteins are named mopl-mcs2 (Buck et al., 1995; Damagnez et al., 1995). A third
component of the C A K complex, M a t l , was identified later, which is a 'RING' finger
protein, and may function as an assembly factor that stabilizes interactions between the
cyclin and the Cdk (Devault and Doree, 1995). The closest budding yeast homologue to
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these kinases is Kin28, and seems to be involved only in TFIIH activity (Valay et al.,
1993). A C A K functioning in vivo (Civl) has been reported recently, fully active as a
monomer but devoid of CTD kinase activity (Thuret et al., 1996; Kaldis et al., 1996).
These results suggest that budding yeast may have developed a different mechanism for
p34

activation and raises the question of whether previous results concerning

multimeric C A K s are relevant in vivo or only an in vitro phenomenon. Apart from some
reduction in activity in quiescent cells, there is no evidence for variation in C D K 7
activity during the cell cycle (Labbe et al., 1994; Tassan et al., 1994).
Phosphorylation of Thrl60/161 is highly favored by cyclin binding, because
binding causes a significant shift in this domain. The change in this region removes the
blockage imposed by the T-loop on the catalytic cleft and further exposes the threonine
residue, making it more accessible to C A K (Jeffrey et al., 1995). The recently solved
structure of the CDK2/Cyclin A complex phosphorylated by the C A K on the Thrl60 has
provided an interesting insight into the structural basis of Cdk activation by
phosphorylation (Russo et al., 1996). The modified residue (phosphorylated Thrl60)
nestles in a patch of basic residues on the C-terminal lobe of the kinase, anchoring the Tloop out of the way of incoming protein substrates and stabilizing the active site
conformation. Thus, Thrl60 phosphorylation may not primarily affect catalytic activity
but rather may affect the accessibility of the active site to protein substrates.
3. The role of Cdk inhibitors (CKIs).
Inhibitors of Cdks and Cdk/cyclin complexes (CKIs) are the last players to join
the cell cycle plot, but they have rapidly moved to center stage. They are usually small
(15-27 kDa) proteins (Peter and Herskowitz, 1994). Most known CKIs are involved in
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putting a brake on the cell cycle: some play a role in response to extracellular signals,
whereas others appear to function in intrinsic steps of the cell cycle (Table 3). CKIs are
able to associate in vivo with the Cdk subunit, the cyclin or the cyclin/CDK complex
inhibiting their activity: inhibition of the Cdk complex kinase activity, interference with
CAK-mediated Cdk activation or competition with cyclins for binding to the catalytic
subunit. The inhibitory process can be carried out by one or by a combination of these
mechanisms.
The first CKIs were identified in yeast, where they function not only to mediate
cell cycle arrest in response to antimitogenic factors but also to ensure that particular cell
cycle events are initiated before others are completed. The former function is illustrated
by FAR1 of S. cerevisiae: when FAR1 is activated (by phosphorylation) in response to
the mating pheromone a-factor, it causes G l arrest via inhibition of p 3 4
p34

CZ)C2S

CDC2S

/ C l n l and

/Cln2 (Peter etal, 1993; Tyers andFutcher, 1993). Sicl of S. cerevisiae

exemplifies the latter function: Sicl inhibits p34

CDC2S

/Clb5 and p 3 4

CDC2S

/ C l b 6 and

thereby prevents D N A synthesis in G l phase. Following passage through START, it is
degraded, thereby activating the Clb5 and Clb6 kinases, which are necessary for D N A
replication (Donovan et al, 1994; Mendenhall, 1993; Schwob et al, 1994). A role in the
correct ordering of cell cycle events has also been attributed to the ruml gene product of
S. pombe: The ruml gene was isolated as a gene that prevented the uncoupling of
replication from mitosis on a high-copy plasmid (Moreno and Nurse, 1994).
Overexpression of ruml prevents cells from initiating mitosis, and causes repeated
rounds of D N A replication. Conversely, cells lacking ruml seem to be unable to prevent
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Table 3. Cdk inhibitors of yeast and mammalian cells
Inhibitor

Organism

Target Cdk

Physiological role

References

FAR1

S. cerevisiae

CDC28

Pheromone response

Peter & Herskowitz,
1994.

SIC1

S. cerevisiae

CDC28

Ordering the cell cycle events

Schwobef a/., 1994.

ruml

S. pombe

Cdc2

Ordering the cell cycle events

Moreno & Nurse,
1994.

p21

Mammals

Multiple

p53 responsive gene

Xiong et al, 1993.

CDKs
pl6

Mammals

CDK4/6

G l / S transition

L i et al, 1994.

pl5

Mammals

CDK4/6

TGF-p response

Hannon & Beach,
1994.

p27

Mammals

CDK2

TGF-p response/contact

Polyakera/., 1994.

inhibition
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themselves from going into mitosis from the pre-START phase of G l . There are also
indications that it may be able to target the cdcl3 for destruction (Hayles et al., 1994).
CKIs also play multiple roles in vertebrates. Vertebrate CKIs described to date
could be grouped in two families: the INK4 family, composed of pl5, pl6, pl8 and pl9,
and the Cip/Kip family, including p21

cipl

, p27

kipl

and p57

kip2

. A hallmark of the INK4

family is their specificity for binding to CDK4 and CDK6. Inhibition of Cyclin D binding
to CDK4 and C D K 6 is likely to be the primary means of action of the INK4 family of
inhibitors (Serrano et al., 1993). The gene for pl6 is a potential tumor suppressor gene. It
is rearranged, deleted or mutated in a large number of tumor cell lines, and in some
primary tumors, and it appears to play a unique role in regulating the status of pRb
(Kamb et al., 1994; Nobori et al., 1994). In contrast, the Cip/Kip family inhibitors
demonstrate a broad range of specificity and is able to inhibit all the G l cyclin/Cdk
complexes and, to a lesser extent, CDKl/Cyclin B complexes (El-Deiry et al., 1993).
Unlike the INK4s, this family has a higher affinity for the cyclin/CDK complex than for
the monomeric C D K subunit; thus they inhibit the activity of the holoenzyme. p21 was
identified almost simultaneously as a Cdk-binding protein (Harper et al., 1993; Xiong et
al., 1993), a protein that is up-regulated in senescent cells (Noda et al., 1994), and a gene
product that can be induced by the tumor suppressor p53 in response to D N A damage
(El-Deiry et al., 1993). Induction of p21 inhibits cell cycle progression either by
inhibiting a variety of cyclin/Cdk complexes or by inhibiting D N A synthesis through
P C N A binding (proliferating cell nuclear antigen), an elongation factor for D N A
polymerase 8. p27 has been implicated in mediating TGF-P as well as contact-induced
inhibition of proliferation (Polyak et al., 1994).
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4. Subcellular localization.
Another mechanism employed by the cell to regulate Cdk activity is to localize
them to particular subcellular compartments. Several studies have shown that some of
these complexes may be regulated in part by their location in the cell, adding a further
layer of complexity to the regulatory mechanisms. For example, Cyclin B l is translocated
from the cytoplasm to the nucleus immediately prior to mitosis; the timing of this
translocation may be a critical factor in determining the initiation of mitosis. Specific
subcellular location has also been observed for a number of other cyclins, including
Cyclins D , E , and B2 (Baldin et al, 1993; Jackman et al, 1995; Ohtsubo et al, 1995). By
changes in localization, cyclins may act as a determinant of the substrates phosphorylated
by Cdks. However, this issue needs further investigation.
5. The Cdk-interactingproteins - pl3

sucl

and its homologues.

Another protein that interacts with, and may regulate p34

kinase activity

is the product of the S. pombe sucl gene (pl3™ ). It was isolated as a high-copy
+

c7

suppressor of temperature-sensitive mutations of certain cdc2 alleles (Hayles et al,
1986). Like other fundamental regulatory proteins, pl3™ homologues are found in
c;

divergent taxa from yeast to humans. A similar approach was used to isolate the S.
cerevisiae sucl homologue, CKSl, which encodes an 18 kDa protein that is highly
+

related at the amino acid level to the S. pombe pl3 . Interactions between
sucl

p l 3 ™ / p l 8 * and 2>4
c;

c

5;

cdc2/CDC28

V

have been demonstrated in yeast by both genetic and

biochemical approaches (Brizuela et al, 1987; Hayles, 1986; Hindley et al, 1987;
Moreno et al, 1989). The extensive use of S. pombe p\3

sucl

p34

cdc2

affinity columns to isolate

kinase activity from a number of species also attests to a strong, conserved
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interaction between two proteins (Arion et al, 1988; Dunphy and Newport, 1989;
Hindley et al., 1987). In human cells, two homologues of the sucl and CKS1 genes,
+

CKShsl and CKShs2, have been identified, and both are capable of rescuing a null
mutation of the S. cerevisiae CKS1 gene when expressed from the S. cerevisiae GAL1
promoter (Richardson et al., 1990).
pl3™ /pl8
c;

is essential for cell viability in S. pombe (Hayles et al, 1986;

CA:s/

Hindley et al, 1987; Moreno et al, 1989) and in 5. cerevisiae (Richardson et al, 1990).
pl3

i u c /

is necessary for the inactivation of p34

cdc2

at anaphase and for completion of

mitosis in S. pombe. Cells of fission yeast that lack pl3

sucl

become locked in mitosis and

arrest with elongated mitotic spindles that are characteristic of anaphase or telophase
(Moreno et al, 1989). CKS1 deletion and analysis of temperature-sensitive CKS1 mutants
in S. cerevisiae suggest that pl8

activity is required at both the G l / S and G 2 / M

CKS1

transitions and affects bud formation (Hadwiger et al, 1989; Tang and Reed, 1993).
Overexpression of pl3

iUcI

in S. pombe results in highly elongated cells with a G2 D N A

content. Cells grow more slowly and show delayed entry into M-phase (Hayles et al,
1986; Hindley et al, 1987). Experiments in vitro using reconstitued Xenopus egg extracts
suggest that excess pl3

sucl

may cause this delay by blocking Cdc25-dependent Tyrl5

dephosphorylation and subsequent kinase activation (Dunphy and Newport, 1988, 1989).
However, pl3

sucl

binds to active p34

cdc2

kinase suggesting that it does not inhibit catalytic

activity in vitro.
D. Cdks - keeping the cell cycle in order.
In a normal cell cycle, D N A replication and mitosis are coupled and mutually
dependent, thus ensuring their occurrence only once during each cell cycle. This
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dependency between the two events appears to be maintained by checkpoint controls
(Hartwell and Weinert, 1989) that act during the cell cycle to ensure that only one S
phase takes place each cell cycle and that cells do not enter mitosis until D N A replication
is complete. Together these checkpoints maintain the temporal order between S phase
and mitosis, ensuring genome ploidy and integrity. Separate lines of investigations in
different organisms, particularly yeast, frog and fly have demonstrated that these
checkpoint controls act through Cdks.
If D N A replication is not complete during S-phase then the onset of mitosis is
blocked. This restraint is imposed through Tyrl5 phosphorylation by Cdc25. In fission
yeast (Enoch et ah, 1991) and in Xenopus egg extracts (Smythe and Newport, 1992), it
has been shown that arresting D N A replication inhibits the CDK1 (p34

crfc2

) protein kinase

by maintaining the inhibitory phosphorylation of Tyrl5. Mutants that have a reduced
capacity to maintain Tyrl5 phosphorylation enter M phase even if S phase has been
blocked. This view is consistent with the observation in mammalian cells that high level
expression of CDK1 and Cyclin B induces entry into M phase even if S phase is not
complete and that induction is prevented by simultaneous high level expression of the
Weel protein kinase that phosphorylates Tyrl5 (Heald et al., 1993). It is now known in
fission yeast that cells assess whether D N A replication is complete by monitoring if D N A
replication complexes formed at initiation are present, as suggested by the study of
mutants defective in or deleted for various genes encoding components of replication
complexes including D N A polymerase a and initiation factors (D'Urso et al., 1995;
Waseem et al., 1992). If they are present, then cells conclude that S-phase must be in
progress, and so a signal is sent to block Tyrl5 dephosphorylation. A different
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mechanism is applied by cells in G l which have not yet formed the replication complexes
to inhibit the CDK1 protein kinase when cells are blocked in early G l before START
(Moreno and Nurse, 1994). This acts through p25™"' , a C D K inhibitor encoded by ruml.
7

This protein is only present during the G l phase, and it inhibits activation of
p34

crfc2

/cdcl3 complex. The inhibition is due to p25™ directly inhibiting the protein
m/

kinase activity, and also because p25 "
r

ml

promotes cdcl3 proteolysis.

For the genome to remain stable it is important that there is only one S phase each
cell cycle or ploidy will change. This control also involves Cdk kinases (Broek et al.,
1991). A two-state model of initiation of D N A replication has been proposed to explain
why eukaryotic cells replicate the genome once and only once per cell cycle (Nasmyth,
1996; Stern and Nurse, 1996). A detailed examination of the proteins associated with
origins of replication in budding yeast has suggested that there are two different protein
complexes at the origin - a pre-replicative complex which is competent for D N A
replication, present during G l , and a post-replicative complex which is incompetent for
D N A replication, present during the S, G2 and M phases (Li, 1995). In addition to ORC
(origin-recognition complex) common to pre- and post-replicative complexes (Micklem
et al., 1993; L i and Herskowitz, 1993), the former also includes some additional initiation
proteins such as Cdcl8/cdc6 and Mem (mini-chromosome maintenance) family
(Coleman et al., 1996; Kubota et al., 1995; Lopez-Girona et al., 1998). As a cell exits
mitosis mitotic Cdk activity drops to a very low level and the initiation proteins become
unphosphorylated, which leads to the initiation proteins binding to origins and the
formation of pre-replicative complexes. Increase of the protein kinase to a moderate level
at G l / S allows pre-replicative complexes to be activated bringing about D N A replication.
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In addition, it prevents any other pre-replicative complexes from being set up because
phosphorylated initiation proteins cannot bind to origins. Maintenance of moderate
protein kinase activity during G2 prevents reloading of the initiation proteins. Only after
mitosis when protein kinase activity dropped could pre-replicative complexes be reestablished.
However, the dependency between D N A replication and mitosis can be disrupted
during certain developmental processes: the dependency of mitosis upon D N A synthesis
is broken in meiosis, where two successive events of chromosome segregation occur
without an intervening D N A synthesis; and conversely, the dependency of D N A
synthesis upon mitosis is broken in endoreduplication, where multiple rounds of D N A
replication occur in the absence of intervening mitosis, leading to the production of
chromosomes with doubling series of chromatids. During meiosis in clam and Xenopus
oocytes, the mitotic cyclin Bs persist between the two-M phases, perhaps suppressing the
intervening S phase (Kobayashi et al., 1991). In contrast, Drosophila salivary gland cells
appear to lack mitotic cyclin B that could initiate M phase and, as a consequence,
constantly redirect the cell back into G l , leading to repeated rounds of S phase (Lehner
and O'Farrell, 1990).
E . The Ciliate cell cycle.
1. The organisms.
Ciliates are a group of diverse unicellular alveolate organisms that emerged prior
to the appearance of the higher eukaryotes and are phyletically well separated from the
eukaryotic lines that led to plants, animals and fungi. A phylogeny based on small subunit
ribosomal RNAs (ssrRNAs) places ciliates among the 'crown group' of eukaryotes
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(Knoll, 1992; Sogin, 1991). Ciliates are one of the three major groups within the
alveolate superphylum that also includes the dinoflagellates and apicomplexans
(Cavalier-Smith, 1993). In the 10 plus years since the evolutionary establishment of the
9

first progenitor of the group, the ciliates have diverged into a rich assortment of
subgroups containing many thousands of species. Despite their great genetic diversity,
the ciliates remain united by two characteristics: the possession of complexes of cilia
used for swimming or crawling and for phagocytic food capture, and the presence of
nuclear dimorphism (Fig. 1-3). Although micro-and macronuclei develop from the mitotic
products of a single zygote nucleus and reside in a common cytoplasm they differ from
one another in almost every structural and functional characteristic (Karrer, 1986). The
macronuclear D N A content may be several hundredfold that of the micronucleus. The
polygenomic, somatic macronucleus is transcriptionally active and governs the phenotype
in the vegetative cell cycle; the diploid, germline micronucleus is transcriptionally inert
and responsible for maintaining genetic continuity. The macro- and micronucleus
represent one of the simplest forms of soma and germline differentiation. Ciliates differ
from metazoa mainly in that both germinal and somatic nuclei reside in the same cell
throughout the life cycle.
Two holotrichous ciliates, Paramecium tetraurelia and Tetrahymena thermophila,
are used in this study. Though placed within a single major evolutionary lineage, the
Oligohymenophorea, they are very different from each other as exemplified by their
morphological characters and analysis of rRNA sequences. The evolutionary distance
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Micronucleus

Germ-line
Diploid
Transcriptionally inactive
Mitotic

Figure 1-3. A model ciliate cell showing functional differences between two types of
nuclei. While both contain one macronucleus in each cell, P. tetraurelia has two
micronuclei and T. thermpohila has only one.
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between P. tetraurelia and T. thermophila based on ssrRNA sequences exceeds that
between rat and brine shrimp (Frankel, 1999).
P. tetraurelia ranges from 100 to 150 |im in length and 50 \im in maximum
width. Each P. tetraurelia vegetative cell contains two micronuclei and one
macronucleus. In bacterized phosphate-buffered wheat grass infusion the cell divides
about every 6 h at 27°C. When a culture reaches stationary phase (>2,000 cells/ml),
young clones undergo conjugation between two different mating types while older clones
undergo autogamy (Berger and Rahemtullah, 1990; Sonneborn, 1959). At conjugation the
micronuclei undergo meiosis and one meiotic product undergoes mitosis to produce a
stationary and a migratory haploid nucleus (gametic nuclei). Reciprocal nuclear exchange
and subsequent nuclear fusion then occur to produce a diploid zygotic nucleus
(syncaryon) in each conjugant, which divides mitotically twice to produce progenitors for
both new micronuclei and macronuclei while the old macronucleus degenerates.
Autogamy is identical to conjugation except that the process occurs in a single cell, the
migratory and stationary nuclei simply fuse to produce a zygotic nucleus.
T. thermophila is about one third the size of Paramecium, and it has one macroand one micronucleus in each cell. It can be grown in synthetic and chemically defined
media under axenic conditions, with a doubling time of -2.5-3 h at 30°C. Since
conjugation is the only sexual pathway in T. thermophila (i.e. no autogamy), a culture of
high density of ~ 5 x l 0 cells/ml can be easily achieved in rich media.
5

2. Vegetative cell cycles of P. tetraurelia and T. thermophila.
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In both Paramecium and Tetrahymena, macro- and micronuclei synthesize D N A
at different times within the cell cycle, even though both types of nuclei are in the same
cytoplasmic unit. Their D N A replication patterns are also regulated differently (Adl and
Berger 1992; Frankel, 1999; Pasternak 1967; Rasmussen and Berger 1982; Rasmussen et
al., 1986) (Fig. 1-4). In P. tetraurelia, macronuclear D N A synthesis begins at 0.25 of the
cell cycle (Berger, 1971; Berger and Kimball, 1964; Rasmussen and Berger, 1982), and
persists until the beginning of macronuclear elongation at about 0.9 in the cell cycle
(Kaneda and Hanson 1974; Tucker et ah, 1980). There is no macronuclear G2 period. In
contrast, micronuclear D N A synthesis is restricted to a very short period between
approximately 0.35 and 0.65 in the cell cycle (Pasternak, 1967). The macronuclear S
phase of T. thermophila occurs roughly in the middle of the cell cycle and takes about 1 h
under optimal conditions (Frankel, 1999; McDonald, 1962). Micronuclear D N A synthesis
in T. thermophila begins immediately after micronuclear division is completed and ends
shortly after cytokinesis (McDonald, 1962); there is no G l period in the T. thermophila
micronucleus. In both ciliates, the macronucleus divides by amitosis without notable
chromosome condensation and spindle formation while micronucleus divides by a typical
'closed' mitosis without nuclear envelope breakdown.
Given the imprecise nature of the amitotic division process, macronuclear D N A
content is regulated through different but equally unorthodox mechanisms in P.
tetraurelia and T. thermophila. A n incremental mechanism is employed by P. tetraurelia
whereby all cells synthesize a certain amount of D N A regardless of their initial D N A
content, implying that the D N A content increases but does not double in cells with larger
than average macronuclei, and increases more than two-fold in smaller than average
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macronuclei. Because of this, half of the variance in D N A content introduced at each
fission is removed during the course of the subsequent cell cycle (Berger 1979). In
contrast, in T. thermophila, the increased variance in macronuclear D N A content
introduced by amitosis is not removed within each round of D N A replication, which
involves a complete doubling of D N A content (Andersen, 1977; Andersen and Zeuthen,
1971; Cleffmann, 1975; Doerder and DeBault, 1978). Instead, when macronuclear D N A
content falls too low, two successive macronuclear D N A replications take place without
an intervening cell division (Cleffmann, 1968). When macronuclear D N A content gets
too high, two successive cell divisions take place without an intervening macronuclear S
phase (Doerder and DeBault, 1978).
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Fig. 1-4. Model for control of the vegetative cell cycles of P. tetraurelia (A) and T.
thermophila (B). The major control point of the cell cycle, the Point of Commitment to
Division (PCD or physiological transition point/stabilization point), is shown with the
cell cycle events of macronucleus (MAC) and micronucleus (MIC). The timing of the
Initiation of Macronuclear D N A Synthesis (IDS) is determined at PCD in the preceding
cell cycle in P. tetraurelia, but is set just prior to IDS in the same cell cycle in T.
thermophila.
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The major difference in the cell cycle control between P. tetraurelia and T.
thermophila lies in the control of the initiation of macronuclear D N A synthesis (IDS).
Nutrient down/up shift experiments in P. tetraurelia indicated that the temporal locations
of the two major control functions, commitment to IDS and commitment to cell division
(PCD) occur together around 90 min before cell division, rather than widely separated
points as in typical eukaryotic cell cycles. At this point, P. tetraurelia cells become
committed to division in the present cell cycle and the nature of the next cell cycle
(meiotic or vegetative) is set, and the duration of the next G l interval is established
(Berger, 1988). Therefore, the initial cell cycle control point in P. tetraurelia is actually
located prior to fission during the preceding cell cycle, suggesting that from a regulative
standpoint the cell cycles of P. tetraurelia actually overlapped. Unlike the situation in P.
tetraurelia, the timing of IDS in T. thermophila is determined within the same cell cycle,
as suggested by a study on a cell shape mutant (conical) in T. thermophila (Doerder et
al., 1975; Schafer and Cleffmann, 1982). The point of commitment to IDS occurs early in
the T. thermophila cell cycle, about 15 min prior to IDS (Wolfe, 1976). A similar
transition point corresponding to PCD was also identified in T. thermophila by heat shock
arrest experiments, termed the 'physiological transition point' (Rasmussen and Zeuthen,
1962) or the 'stabilization point' (Frankel, 1962). Heat shock treatments, which normally
arrest cell cycle progression if they are administered before this point, cause no delay
after this point.
3. Why study cell cycle in ciliates.
The features that make ciliates attractive models for investigations of cell cycle
regulation can be summarized as follows. First, despite a substantial understanding of the
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molecular mechanisms of cell cycle regulation in yeast, vertebrates and plants, little is
known about ciliates. Given the early evolutionary divergence of ciliates and higher
eukaryotes, it is of interest to examine conservation of higher eukaryotic cell cycle
regulatory machinery in ciliates. Second, each ciliate cell has a very unique cell structure
when compared with most other eukaryotic cells in that two structurally and functionally
distinct nuclei reside in the same cytoplasm. As cell division requires precise
coordination of distinct cell cycle events, this unique cell structure raises a very important
and unique question as to how to coordinate cell cycle events such as D N A synthesis,
nuclear divisions and morphogenesis within the ciliate cell. Third, because of the
relatively imprecise nature of the amitotic macronuclear division process, and the unusual
mechanisms used by either P. tetraurelia or T. thermophila to maintain macronuclear
D N A content, initiation of cell division in both ciliates can not be dependent on the
precise doubling of macronuclear D N A content. This differs from the situation in typical
eukaryotic cells in which checkpoint controls act throughout the cell cycle to ensure that
cells do not enter mitosis until D N A replication is complete and cells will not start
another round of D N A replication before they have undergone mitosis.
Finally, a highly efficient method for synchronizing mass culture of vegetatively
growing P. tetraurelia cells has been developed in which cells are selected based on their
sizes by centrifugal elutriation (Adl and Berger 1995, Tang et al., 1997). This approach
can be adapted for T. thermophila with minimum modifications. The extent of synchrony
achieved by this approach is comparable to that of hand-selected dividing cells. No
interference with cell cycle events has been observed.
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Therefore, ciliates offer unique experimental systems to provide further insights
into the transition point controls and coordination between various cell cycle events.
F. Rationale and research objectives.
Since it is well known that Cdk/cyclin complexes are the central regulators of cell
cycle events, identification and characterization of ciliate Cdks and cyclins are the first
steps in an understanding of the molecular mechanisms underlying these processes.
Moreover, it will be interesting to understand what alterations occur to the basic cell
cycle elements resulting in the lack of interdependency between macronuclear S phase
and cytokinesis during normal ciliate cell cycle.
To uncover the molecular machinery underlying ciliate cell cycle regulation, a
search for Cdk/cyclin homologues in P. tetraurelia was initiated a few years ago in our
laboratory. Western blot analysis with anti-PSTAIRE antibody raised against one of the
most conserved region in Cdks suggested the presence of two classes of Cdk-related
proteins (Tang et al., 1994). A P. tetraurelia Cdk gene homologue, PtCDKl, was cloned
by utilizing a homology-based approach. The gene product corresponded to the larger of
the two peptides recognized by anti-PSTAIRE antibody (Tang et al., 1995). Unlike most
Cdks, PtCdkl does not bind to pl3™ . Its histone H I kinase activity is temporally
c/

associated with IDS and macronuclear D N A replication, and the protein is localized
exclusively in the macronucleus (Tang et al., 1997). In contrast, the smaller Cdk detected
by the PSTAIRE antibody, PtCdk3, binds pl3™ , its histone H I kinase activity peaks at
c7

PCD, when the cell becomes committed to cell division. The gene encoding this protein
has not been cloned. The regulation of PtCdkl kinase activity during the vegetative cell
cycle does not involve oscillations in its transcript or protein level. Major regulatory
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phosphorylation sites equivalent to Thrl4, Tyrl5 and Thrl61 in human C D K 1 , which are
shared among most Cdks, are conserved in the PtCdkl sequence. Regions that are
involved in cyclin binding including the PSTAIRE motif in protein kinase domain III
(Pines and Hunter, 1990) are also present. It seems possible that the regulation of the
kinase activity of the P. tetraurelia Cdk homologue(s) might include binding of cyclins
and phosphorylation/dephosphorylation on conserved residues.
The objectives of this work were to complete the analysis of the Paramecium cell
cycle by: (1), identifying additional Cdk-related protein(s) in P. tetraurelia; (2),
identifying the P. tetraurelia cyclin homologue(s); (3), characterizing roles of Cdks and
cyclins in the P. tetraurelia cell cycle control. A n additional objective was to extend the
studies on the cell cycle in Paramecium to other groups of ciliates.
Since only one stop codon is used by ciliates, and well-characterized cell cycle
mutants are lacking, the high degree of conservation of cell cycle control genes between
species suggested a homology-based approach as the route of choice for cloning Cdk and
cyclin genes in the ciliates. Given that the best sequence conservation among cyclins was
observed in the 'cyclin box' region, PCR primers corresponding to that region were
designed for cloning cyclins. To search for additional Cdks in P. tetraurelia, I decreased
the PCR annealing temperature to amplify any PtCDKl-related sequences in the P.
tetraurelia genome. Following success in cloning both cyclins and the PtCdk2 gene,
specific antibodies against both cyclins and PtCdk2 were generated. These antibodies
were used to biochemically characterize and analyze their roles in P. tetraurelia cell
cycle regulation. I subsequently turned my attention tb a CDK gene in T. thermophila, in
which availability of highly sophisticated homologous recombination gene knockout
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technique makes functional characterization of cell cycle genes in ciliates feasible.
Phenotypic analysis of a TtCDKl knockout clone revealed physiological functions of
TtCdkl in T. thermophila.
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MATERIALS AND METHODS
A . Materials.
All restriction endonucleases and modifying enzymes were purchased either from
GIBCO-BRL (Gaithersburg, MD) or from New England Biolabs (Beverly, M A ) . Plasmid
Preparation Kits, Lambda D N A Preparation Kit, D N A Gel Purification Kit were products
of Qiagen (Santa Clarita, CA). DIG-Labeling and Detection reagents were from
Boehringer Mannheim (Mannheim, Germany). Enhanced Chemiluminescence Kit (ECL),
radioactive isotopes and Hybond membranes were purchased from Amersham (Arlington,
IL). Yeast pl3™ conjugated to CNBr-activated Sepharose CL4B beads was the product
e7

of the Upstate Biotechnology (Lake placid, NY). Protein A agarose beads were from
GIBCO-BRL. Glutathione Sepharose 4B was from Pharmacia (Uppsala, Sweden).
Immobilon-P membrane was from Millipore (Bedford, M A ) .
All the oligonucleotide primers used for gene cloning and sequencing, and the
peptides used for generating antibodies were synthesized by the Nucleic Acid and Peptide
Sequencing (NAPS) unit of the University of British Columbia.
New Zealand White rabbits used for antibody preparation were purchased through
and maintained in the U B C Animal Care Centre.
Unless otherwise specified, all other chemicals were purchased from Sigma (St.
Louis, MO).
B . Cell stocks and culture.
Paramecium tetraurelia wild type stock 51-S cells were grown at 27°C in
phosphate-buffered wheat grass infusion (Sonneborn, 1970) supplemented with
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stigmasterol (5 jxg/ml), and inoculated with Klebsiella pneumoniae (ATCC-27889) as the
food organism one day before use (Sonneborn, 1970).
Tetrahymena thermophila strains CU428.2 [mpr-l/mpr-1 (MPR1, mp-s, VII)] and
B2806.2 (II) were grown in Neff growth medium (0.25% proteose peptone, 0.25% Yeast
extract 0.55% glucose and 33 p,M FeCh) with shaking at 30°C.
Sterkiella histriomuscorum were grown in minimal algal medium supplemented
with bacterized infusion (30% v/v) and an inoculum of Chlamydomonas. Belpharisma
intermedium and Colpoda sp. were grown in bacterized wheat grass infusion medium.
C. Centrifugal Elutriation.
Centrifugal elutriation was used to prepare synchronous samples. It was carried
out as described by Tang et al., (1994). 2-3xl0 Paramecium cells were grown to
6

stationary phase and maintained at 27°C for 5-7 days until more than 90% of the
population had completed autogamy. About 36 h before elutriation, the cells were diluted
to a density of 600-800 cells/ml with fresh medium and refed every 12 h by the addition of
one volume of the freshly inoculated medium. The cell densities were monitored to ensure
that the number cells per ml did not exceed 2000, otherwise cells began to starve and cell
cycle duration was changed. For elutriation, 1-I.5xl0 cells were loaded onto a Beckman
7

elutriator chamber (30 ml) on a JE.5 rotor (Beckman, Palo Alto, CA) at 550 g and at a
pump rate of 75 ml/min. Following a 100 ml wash with fresh medium, the fractions
collected by stepwise increases of the pump speed were pooled until the composite
contained around 5% of the starting cell population. This synchronous population was
reinoculated into the fresh medium and maintained at 27°C and harvested at one-hour
intervals starting 30 min post elutriation. Cells were harvested by centrifugation at 2,500
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rpm for 1 min, washed twice with cold Dryl's buffer (Sonneborn, 1970), and were
immediately frozen at -70°C for R N A or protein extraction.
For T. thermophila, 3 x l 0 log-phase cells were loaded onto the chamber at 650 g
8

and at a pump rate of 35 ml/min. Following a 50 ml wash with Neff growth medium, the
fractions collected by stepwise increase of the pump speed were pooled until the
composite contained around 5% of the initial cell population. This synchronous population
was then kept at 30°C with shaking. Samples were harvested at 30-min intervals starting
30-min post elutriation. After washing twice with phosphate-buffered saline (PBS), cells
were processed for protein lysate preparation.
D. Genomic D N A Preparation.
For genomic D N A isolation, cells were harvested by centrifugation at 2,500 rpm
for 1 min from exponentially growing culture, washed twice with Dryl's buffer/PBS and
lyzed at 65°C in 100 m M Tris, 50 m M E D T A (pH8.0), 200 m M NaCl, 1% SDS and 1
mg/ml proteinase K (Gibco-BRL) for 3-6 h till lysate became clear. The lysate was
extracted three times with phenol: chloroform: isoamyl alcohol (25:24:1), and twice with
chloroform only. D N A was then precipitated by ethanol at -20°C for at least one hour.
The D N A pellet was washed three times with 70% ethanol, dried in the air and redissolved
in T E buffer or sterile distilled water.
E . R N A Preparation.
Total R N A isolation was performed using the TRIzol Reagent from GIBCO-BRL.
Briefly, exponentially growing cells were pelleted by centrifugation and lysed in the
Reagent (1 ml of the Reagent per 5 x l 0 of P. tetraurelia cells or 1.2xl0 of T.
4

5

thermophila cells) by repetitive pipetting. The lysate was incubated at 25°C for 5 min to
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permit the complete dissociation of nucleoprotein complexes. The sample was then
purified with chloroform extraction, and centrifuged at 12,000 g for 15 min at 4°C.
Following centrifugation, R N A was precipitated from the supernatant by mixing with
isopropyl alcohol.
F. Design of Oligonucleotide Primers and P C R Amplification.
The following degenerate oligonucleotides were used to amplify the P. tetraurelia
mitotic cyclins by PCR: Sense primer: 5'A T G A / C G A G C A / T A T T / A T / C T A / G G / A T A / T G A - 3 ' ; Antisense primer: 5'A T T / C T C T / C T C A / G T A T / C TTT/AG/CA/TT/AGC-3'. These primers correspond to two
highly conserved regions within the mitotic 'cyclin box', M R A I L V and A S K Y E E I ,
respectively. P. tetraurelia genomic D N A (1 u,g) was used in a 50 pj PCR reaction
consisting of 50 m M Tris-HCI (pH 8.0), 2.0 mM M g C l , 0.05% Tween 20, 0.05% NP-40,
2

200 u M each of dATP, dTTP, dCTP, dGTP, 100 pmol of each primer, and 2.5 U Taq
D N A polymerase (GIBCO-BRL). After an initial 5-min denaturation at 94°C, 30 cycles of
amplification were carried out (1 min at 94°C, 2 min at 50°C and 3 min at 72°C). PCR
products of the predicted length (-200 bp) were isolated by agarose electrophoresis,
purified with Qiagen Gel Purification Kit, and subcloned into the plasmid pBluescript II
KS+ (Stratagene, Cambridge, UK). The resulting plasmids were subjected to D N A
sequencing by the dideoxy-mediated chain-termination method (Sambrook et al., 1989).
For PtCDK2 and TtCDKl, degenerate oligonucleotide primers were designed
based on the two conserved regions of known Cdk sequences. The sense primer, based on
G E G T Y G (domain I of protein kinases), was 5'G G A / T G A A / G G G A / T A C A / T T A T / C G G - 3 ' . The antisense primer, based on D L K P Q N

41

(domain VI), was 5'-G/ATTT/CTA/GA/TGGC/TTTA/TAA/GG/ATC-3'. For PtCDK2,
PCR was carried out at an annealing temperature of 37°C instead of 50°C with P.
tetraurelia genomic D N A as template. A product of -400 bp was amplified, which was
then purified with Qiagen Gel Purification Kit and subcloned into the plasmid pBluescript
II KS+. The resulting plasmids were subjected to D N A sequencing by the
dideoxynucleotide chain termination method. For TtCDKl,

first strand cDNA synthesized

from total R N A by an oligo-dTn primer (see Appendix I) was used as template. PCR was
run at an annealing temperature of 50°C.
G . D N A library screen.
Two P. tetraurelia D N A libraries were employed to obtain the full-length
sequence of PtCYCla:

a A,gtl 1 cDNA library constructed using poly(A) R N A from
+

vegetative P. tetraurelia cells, kindly provided by Dr. James Forney (Purdue University); a
genomic library constructed in X E M B L 3 with Sau3A partially digested P. tetraurelia
genomic D N A which was a gift from Dr. Eric Meyer (Laboratoire de Genetique
Moleculaire, Ecole Normale Superieure, Paris). Approximately 1,000,000 plaques from
each library were screened with a P-labeled D N A probe corresponding to the initial PCR
32

fragment, as described by Sambrook et al. (1989).
H . 3' and 5' R A C E s .
3' and 5' RACEs (Rapid Amplification of cDNA ends) (Frohman, 1990) were
used to obtain PtCDKl,

PtCYClb,

PtCYC2 and TtCDKl

cDNA full-length sequences.

Briefly, for the 3' end sequence, first strand cDNA was synthesized from total R N A by an
oligo-dTn primer and then was used as template in the PCR reaction primed by oligo-dTn
and a gene specific sense primer derived from the original PCR fragment. For the 5' end
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sequence, first strand c D N A was made from total R N A by a gene-specific antisense
primer, and then tailed with dAs with Terminal d Transferase (Gibco-BRL). The resulting
c D N A was amplified with oligo-dTn primer and an internal gene-specific antisense primer.
Detailed sequence information on these primers can be found in Appendix I. The complete
cDNA and genomic D N A sequences were finally isolated by PCR using primer pairs
derived from both ends of the sequence. D N A sequencing was carried out on both strands.
I. P r e p a r a t i o n o f D N A P r o b e .

The P-labeled D N A probe used in the library screen was prepared using a
32

Random Hexamer Priming kit from Boehringer Mannheim (Mannheim, Germany) in the
presence of [a- P]dATP (Amersham). D I G (Digoxigenin)-labeled D N A probes used in
32

genomic Southern blot analysis were prepared by PCR by including DIG-11-dUTP
(Boehringer Mannheim) in the reaction mix, as described by A n et al. (1992).
J. G e n o m i c S o u t h e r n B l o t A n a l y s i s .

Thirty micrograms of genomic D N A digested with restriction enzymes were
subjected to electrophoresis on 0.7% agarose gel and blotted onto Hybond-N membrane
+

(Amersham) using downward transferring technique in 0.4 M NaOH (Koetsier et al.,
1993). The membrane was hybridized to DIG-labeled D N A probes, detected and stripped
as described by Engler-Blum et dl. (1993). The membrane was washed at 40°C and 65°C
to provide low and high stringency conditions, respectively.
K . Protein Lysate Preparation.

Cells were lysed in 4 volumes of lysis buffer (50 m M Tris-HCl pH 7.5, 250 m M
NaCl, 50 m M NaF, 5 m M E D T A , 1 mM DTT, 0.1% NP-40), supplemented with a
cocktail of protease inhibitors including 50 p.g/ml PMSF (phenylmethyl sulfonyl floride), 2
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u.g/ml leupeptin, 4 ng/ml aprotinin, and 1 p-g/ml pepstatin A. The lysate was incubated on
ice for 15 min, and centrifuged at 18,400 g for 15 min at 4°C. The supernatant was kept at
-20°C. An aliquot was taken for protein quantitation using the Bradford methods
(Bradford, 1976).

L. Generation of Polyclonal Antibodies against Cdks and Cyclins
/. Preparation of antiserum against P. tetraurelia Cdk2.
Polyclonal antiserum was raised against synthetic peptide corresponding to
residues 240-255 of PtCdk2 with additional cysteine at its amino terminus
(CDFKSTFPRWPTPTNPA) to facilitate coupling of the peptide to keyhole limpet
hemocyanin (KLH). Two hundred fifty micrograms of peptide in RIBI adjuvant (Sigma)
was injected intramuscularly into New Zealand White rabbits in the first injection followed
by boosts with 200 p:g of peptide every 4 weeks.
2. Preparation of anti-PtCycl and anti-PtCyc2 antisera.
A BamHl-EcoRl PtCYCla cDNA fragment, containing residues 1-68 of the
coding region, was subcloned in-frame into a pGEX-2T vector (Pharmacia, Uppsala,
Sweden), and the plasmids were transformed into bacteria. GST-PtCycl protein synthesis
was induced by 0.2 m M IPTG, and the protein was purified from bacterial lysates by
affinity chromatography using Glutathione Sepharose 4B (Pharmacia) (Smith and Johnson,
1988). GST-PtCycl fusion protein was emulsified with RIBI adjuvant, and injected
intramuscularly into rabbits. Approximately 0.7 mg of protein was used per injection.
A peptide derived from the carboxyl end of PtCyc2, corresponding to residues
321-336 with an additional cysteine at its amino end (CQEVSRIRVERQIKQQK) was
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synthesized and coupled to K L H (keyhole limpet hemocyanin), and then used for injection
into rabbits for generating anti-PtCyc2 antibody.
3. Preparation of antiserum specific for T. thermophila Cdkl.
A peptide derived from the carboxyl terminus of T. thermophila C d k l ,
corresponding to residues 303-318 with an additional cysteine at its amino end
( C S R E D I A K F E P N Q V H M Y ) was synthesized and coupled to keyhole limpet hemocyanin
(KLH). Two hundred micrograms of peptide in Freund's adjuvant (Sigma) were injected
into rabbits every 4 weeks until anti-PtCdkl immunoreactivity could be detected by
Western blot analysis.
The antibody production was carried out as described by Harlow and Lane (1988).
M . Western Blot Analysis.
Western blotting was carried out as described by Harlow & Lane (1988). Briefly,
proteins were resolved on 12.5% SDS-PAGE and transferred to Immobilon-P membrane
(Millipore). After transfer, membrane was first incubated with blocking buffer (5% non-fat
milk and 0.1% Tween-20 in PBS) for 1 h, and then with primary antibody (1:500 dilution)
for 1 h. After three washes in blocking buffer, the primary antibody was revealed by
enhanced chemiluminescence (ECL, Amersham) using horseradish peroxidase (HRP)conjugated donkey anti-rabbit IgG (1:4000 dilution).
The intensity of bands on X-ray films was quantitated using the public domain N I H
image program (developed by The U.S. National Institutes of Health, Bethesda, MD).
N . Immunoprecipitation.
Protein lysate (500 u,g) was first pre-cleared with 50 u,l of protein A-agarose beads
(Gibco-BRL) (50% v/v in lysis buffer) for 2 h at 4°C. The supernatant was then incubated
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for 4 h with antiserum (5 ul per ml of lysate) or the corresponding pre-irnmune serum,
followed by 1 h of incubation with 40 u.1 of protein A-agarose (50% v/v) with constant
rotation at 4°C. Beads were pelleted by centrifugation and washed three times with lysis
buffer. For immunoblotting, the pellets were resuspended in 20 ul of 2x Laemmli sample
buffer (Laemmli, 1970) and heated at 100°C for 3 min.
O. pl3

sue7

Binding Assay.

Yeast pl3™ conjugated to CNBr-activated Sepharose CL4B was purchased from
c;

the Upstate Biotechnology (Lake placid, N Y ) . The concentration of coupled pl3™ was
c;

3.7 mg/ml. Just before use, 80 ul of pl3™ beads (50% v/v) was washed with 1 ml of
c/

bead buffer (50 m M Tris pH7.4, 250 m M NaCl, 5 m M NaF, 5 m M E D T A , 5 m M E G T A ,
100 m M Benzamidine, 0.1% NP-40) and resuspended in 400 ul bead buffer. The protein
lysate (250 p:g in a volume of 400 ul) was added to the beads and kept under constant
rotation at 4°C for 1 h. After a brief centrifugation, the beads were washed five times with
1 ml of bead buffer. The beads were then resuspended in 40 ul of 2x Laemmli sample
buffer and boiled for 3 min before loading onto the SDS-PAGE.
In the pl3™ immunodepletion experiment, multiple rounds of pl3™ binding
c/

c;

were performed as described above in order to deplete all pl3'™ bound Cdk(s), except
e/

that 40 ul of packed beads was used instead of 80 ul of 50% (v/v) bead suspension. After
each round of the binding, beads were pelleted, washed, and the bound proteins were
eluted by boding in 2x Laemmli sample buffer. In the meantime, an aliquot of 15 ul of
supernatant after each round of the binding was saved, and then a fresh batch of pl3™

c;

beads (40 ul) was added to the remaining supernatant. Three rounds of p l 3 " binding
s

c;
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experiments were carried out. Equal volume (15 pi) from all three bound fractions
(precipitation, P I , P2, P3) and three unbound fractions (supernatant, SI, S2, S3) were
resolved on SDS-PAGE and then immunoblotted with either anti-PSTAIRE, anti-PtCdkl
or anti-PtCdk2 antibodies.

P. Histone HI kinase assay.
Six hundred micrograms of total protein lysate was first pre-cleared with 50 pi of
protein A-agarose beads (GIBCO-BRL) (50% v/v in lysis buffer) for 30 min at 4°C. The
supernatant was then incubated with 2 of of antiserum or corresponding pre-immune
serum on ice for 3 h, followed by 1 h of incubation with 50 pi protein A-agarose beads
(50% v/v) with constant rotation at 4°C. Beads were washed five times in lysis buffer and
twice with l x kinase assay mix (50 m M Tris, pH7.5, 10 m M MgCl , 1 m M DTT, 40 u M
2

ATP, 1 m M E G T A ) . Then, 10 pi of kinase assay cocktail containing 0.2 mg/ml bovine
histone H I (StressGen, Victoria, CA) and 320 pmol (10 uCi) [y- P] A T P (Amersham)
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was added and the reactions were incubated at 27°C for 20 min. The reaction was
terminated by addition of equal volume of 2x Laemmli sample buffer. Aliquots were
separated on SDS-PAGE. Phosphorylated histone H I was detected by autoradiography
and quantitated by liquid scintillation counting of excised histone H I bands.

Q. Expression of G S T - P t C d k 2 fusion proteins in bacteria.
A BamHl-EcoRI cDNA fragment containing residues 212 to 301 of PtCdk2 was
subcloned into a pGEX-2T vector (Pharmacia) and transformed into DH5oc bacteria. The
resulting clones were confirmed by D N A sequencing on both strands. Production of
recombinant GST-Cdk2 fusion protein was induced by 0.2 m M IPTG. Proteins were
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purified by affinity chromotography using Glutathione Sepharose 4B as described by
Smith and Johnson (1988).

R. Indirect Immunofluorescence Microscopy.
Immunofluorescence staining was performed as described by Williams and Nelsen
(1997). For single staining, T. thermophila cells were permeabilized and fixed in 50%
ethanol containing 0.2% Triton X-100 for 30 min on ice. The samples were rinsed twice in
Tris-buffered saline (TBS, pH8.2) containing 0.1% bovine serum albumin (BSA), and then
incubated in anti-TtCdkl antiserum at a dilution of 1:100 in TBS containing 1% B S A for
1 h at room temperature. After three washes in 0.1% BSA-TBS, the samples were
suspended in FITC-conjugated goat anti-rabbit IgG (Amersham) at a dilution of 1:100 for
1 hr. The cells were treated with RNase (10 pg/ml) before being counterstained with
propidium iodide (1 pg/ml). The samples were mounted in 90% glycerol in PBS (pH8.0)
containing 2.5% D A B C O (Sigma).
For double staining, anti-TtCdkl antiserum (1:100) and anti-r. thermophila atubulin monoclonal antibody 15D3 (1:5) (kindly provided by Dr. Joseph Frankel,
University of Iowa, Iowa City, IO) were used as primary antibodies. FITC-conjugated
goat anti rabbit IgG and Texas Red-conjugated donkey anti mouse IgG (1:100 each)
(Amersham) were used as secondary anitbodies.
Immunolabelled cells were observed under a Bio-Rad M R C 600 or Radiance Plus
confocal laser fluorescence microscope equipped with a Kr/Ar laser.

S. Targeted Disruption of Macronuclear TtCDKl by Biolistic Transformation.
A pBluescript-based plasmid, pTtCDKl, containing the 1.7-kb TtCDKl genomic
D N A sequence, was linearized at the single Hindi site within its coding region to
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construct a targeting plasmid for disruption of the TtCDKl gene. The neomycin-resistance
gene cassette that contains the histone H4 promoter region, the neomycin-resistance
coding region, and the transcription terminator of P-tubulin gene was inserted into this site
using the T)4T2-lAHindIII plasmid (a gift from Dr. Martin Gorovsky, University of
Rochester, Rochester, N Y ; Gaertig et al., 1994) to generate the knockout plasmid,
pTtCDKl-neo. Single strand D N A sequencing was performed to select the clones in which
the neomycin-resistance gene cassette was inserted in the transcriptional orientation of the
TtCDKl gene. The disruption plasmid was digested to release the Notl-Hindlll fragment
containing neomycin-resistance cassette flanked by the TtCDKl gene sequences. The
mixture of digestion reaction was used to coat tungsten particles (Sanford et al., 1993).
For Holistic transformation of the macronucleus (Cassidy-Hanley et al., 1997), B2806.2
and CU428.2 were starved in 10 m M Tris-HCl (pH 7.5) for 14 h on a 30°C shaking
incubator prior to mating. Ten hours after the initiation of conjugation, which is the time
of development of new macronuclear anlagen in progeny cells, paired cells were
bombarded with disruption plasmid or control plasmid (pBluescript only) coated tungsten
particles (0.7 um) at 900 psi, using DuPont Biolistic PDS-1000/He Particle Delivery
System (Bio-Rad, Richmond, CA). After bombardment, the cells were recovered in Neff
medium for 7 h at 30°C, then plated into Neff supplemented with paromomycin at a
concentration of 20 ug/ml. Approximately 6-7 days after bombardment, paromomycin
resistant clones were picked up and replated into Neff medium containing increasing
concentrations of paromomycin (ie. 50, 100, 150, 500 and 1000 ug/ml).
T. Flow Cytometry Analysis.
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Logarithmatically growing Tetrahymena cells were lysed in 0.25 M sucrose, 10
m M M g C l , and 0.5% NP-40 at a concentration of 1.5xl0 cells/ml. After cell lysis,
6

2

propidium iodide was then added to 50 pg/ml to stain nuclei for 1 h before flow cytometry
analysis using a Becton Dickinson flow cytometer (BD Biosciences, San Jose, CA) (Wei
et al., 1999). Flow cytometry analysis was performed at the Biomedical Research Centre,
UBC.
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C H A P T E R 1. A N O V E L M E M B E R O F T H E C Y C L I N - D E P E N D E N T KINASE
F A M I L Y IN PARAMECIUM

TETRA

URELIA

1.1 INTRODUCTION
In budding and fission yeast, both the G l - S and the G 2 - M transitions are
controlled by the same p 3 4

cdc2/CDC2S

kinase. Various functions of the p 3 4

ctfc2/CDC2S

kinase are

performed by varieties of the kinase that differ mainly, if not solely, in their cyclin subunit.
In mammals, a variation of this theme is used for cell cycle control. As in yeast, multiple
cyclins (thus far 16) have been identified (Johnson and Walker, 1999; Table 1). In contrast
to yeast, the CDK1 is not the only catalytic subunit that can interact with cyclins. While
CDK1 is essential for the G 2 - M transition in vertebrate cells, at least 8 more related
sequences have been reported, even though functions for some of them remain to be
established. It is clear that each member of this multigene family has separate and distinct
functions in the control of cell growth, division, differentiation and/or development.
Coordination of the activities of these Cdks may be essential to control the varied and
distinct cell cycle events and signaling pathways found within metazoan organisms.
In previous studies, Western blot analysis with anti-PSTAIRE antibodies revealed
the presence of two size classes of Cdk-related proteins in Paramecium tetraurelia and
Tetrahymena thermophila (Fujishima et al., 1992; Tang et al, 1994). In P. tetraurelia,
the major Cdk, PtCdkl, whose encoding gene has been sequenced, does not bind to
pl3™ , whereas the minor one binds to pl3™ . The PtCdkl associated histone H I kinase
c/

c/

activity seems to be involved in the control of macronuclear D N A synthesis (Tang et al,
1997). The pl3™ associated histone H I kinase activity peak was observed at PCD, when
ci

the cell becomes irreversibly committed to division (Tang et al, 1994). This suggests that
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the two kinases are responsible for the control of different cell cycle events in P.
tetraurelia.
In an attempt to identify other CD^T-related genes in P. tetraurelia, I reduced the
stringency of the PCR reaction and cloned PtCDK2. Surprisingly, PtCdk2 does not bind to
pl3™ and exhibits histone H I kinase activity at the end of cell cycle, suggesting it is a
e7

novel class of Cdk in P. tetraurelia.
1.2 R E S U L T S

1.2.1 Primary sequence predicts that PtCdk2 is a cyclin-dependent protein kinase.
Two degenerate oligonucleotide primers representing two conserved regions were
designed by comparison of the amino acid sequences of known Cdks, and used in PCR
with P. tetraurelia genomic D N A as template. The PCR was carried out at low annealing
temperature of 37°C in order to pick up PtCDKl-related genes. On agarose gel, the major
PCR product was observed as a -400 bp band, which was in the size range expected for
products derived from Cdk homologues with this primer pair. After subcloning into
pBluescript KS+ and blue/white selection, 15 positive colonies were obtained. Twelve of
them contained the sequences corresponding to one or the other of the two gene isoforms
of CDK1 identified in previous work (Tang et al., 1995). Three others were novel and
identical. Their putative amino acid sequences contained E G V P S T A I R E I S L L K E
('PSTAIRE') motif characteristic of the Cdk family, suggesting they might encode a novel
Cdk in P. tetraurelia. I tentatively call this new Cdk homologue PtCDKl.
The full-length cDNA sequence for PtCDKl was obtained by 3' and 5' R A C E
anchor PCRs (Frohman, 1990), as described in Materials and Methods. Even though no
in-frame stop codon (TGA) was found upstream of the presumptive initiation codon A T G ,
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the sequence is likely to represent the complete open reading frame (ORF) of PtCDK2,
considering that its size is close to that of PtCDKl. Moreover, a single 1.2 kb transcript
was observed for PtCDKl (data not shown), which is similar to the size of PtCDKl
transcript (1.3 kb) (Tang et al, 1995).
The putative ORF is predicted to encode a protein of 301 amino acids with all
protein kinase catalytic domains, suggesting that PtCdk2 is a protein kinase (Fig. 1-1).
The ' E G V P S T A I R E I S L L K E ' ('PSTAIRE' region) in PtCdk2 matches perfectly with the
canonical sequence in ^2>A

cdc2/CDC28

of yeast whereas one amino acid substitution was

observed in PtCdkl (valine to isoleucine) (Tang et al, 1995). No putative polyadenylation signal near the 3' end was identified, as is the case for most of the
Paramecium genes cloned so far (Prescott, 1994). PtCdk2 is 7 amino acid residues shorter
than PtCdkl. The predicted relative molecular mass of PtCdk2 is 35 kDa, which matches
that of the minor polypeptide recognized by anti-PSTAIRE antibody in a previous study
(Tang etal, 1994).
The Paramecium genetic code is different from the universal genetic code used by
most organisms (Caron and Meyer, 1985; Horowitz and Gorovsky, 1985; Preer et al,
1985), in that it uses U A A and U A G as glutamine codons instead of as stop codons.
Within PtCDKl ORF, there are 10 U A A coded glutamines and 2 U A G coded glutamines,
suggesting a strong preference for U A A (Fig. 1-1). This is consistent with the previous
findings by Martindale (1989).
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Fig. 1-1. Nucleotide sequence of PtCDKl, and the predicted amino acid sequence of the
gene product, PtCdk2. The conserved 'PSTAIRE' region is double underlined. Putative
phosphorylation sites, Thr20, Tyr21 and Thrl65 in PtCdk2, equivalent to Thrl4, Tyrl5
and Thrl61 of human C D K 1 , respectively, are indicated by bold italics. A 24-nucleotide
intron in the sequence is in lower case. Q* is glutamine encoded by T A A or T A G . "*"
indicates the stop codon T G A . The sequence used for designing the antigenic peptide is
single underlined. The region that was expressed as GST fusion protein is in parentheses '[
]'. The GenBank accession number of this sequence is AF126147.
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Comparison of PtCDK2 genomic and cDNA sequences revealed a single intron of
24 bp located just downstream of the 'PSTAIRE' region (Fig. 1-1). Its position does not
correspond to that of either of the two introns in PtCDKl (Tang et al., 1995). Small
introns are very common in the, Paramecium genome (Russell et al., 1994). The PtCDK2
intron has consensus 573' splice sites G T / A G without apparent branch point consensus
sequences.
Phosphorylation and dephosphorylation of specific residues regulate the kinase
activity of Cdks (Krek and Nigg, 1991, 1992; Norbury et al., 1991). Homologues to the
regulatory phosphorylation residues, Thrl4, Tyrl5 and Thrl61 in human C D K 1 , Thr20,
Tyr21 and Thrl65, are conserved in PtCdk2 (Fig. 1-1). Therefore, PtCdk2 has the
potential to be regulated in an analogous fashion to human C D K L
Southern blot analysis of Paramecium genomic D N A digested by EcoRI, Xbal, Pstl
and Hindlll, with the DIG-labeled D N A probe derived from the full-length PtCDK2
coding region showed two hybridizing bands in each lane under high stringency
conditions, suggesting that there are at least two copies of PtCDK2 gene in the
Paramecium genome (Fig. 1-2A). Similarly, there are at least two bands when the same
blot was stripped and reprobed with the PtCDKl D N A probe (Fig. 1-2B). No recognition
sites for the above restriction enzymes were found in both sequences. However, the
possibility of those less intense bands in each lane corresponding to the micronuclear copy
of the genes can not be eliminated. Furthermore, genomic Southern blot analysis results
suggest that PtCDKl and PtCDKl do not reside tandemly in the genome, as thenhybridizing patterns differ greatly.
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Fig. 1-2. Genomic Southern blot analysis of Paramecium CDK genes. Paramecium
genomic D N A was digested with EcoRI (lane 1), Xbal (lane 2), PstI (lane 3), Hindlll
(lane 4), and probed with the DIG-labeled PtCDAT2 probe (A). The membrane was then
stripped and reprobed with the DIG-PtCDKl probe (B). Arrowheads indicate faint bands
on the blot. The 1-kb D N A marker from Gibco-BRL are indicated on the left.
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1.2.2 PtCdkl exhibits extensive homology to Cdk homologues from other eukaryotes
I compared the putative amino acid sequences of PtCdk2 and PtCdkl with Cdks
from humans (Lee and Nurse, 1987), Schizosaccharomyces pombe (Hindley and Phear,
1984), Saccharomyces cerevisiae (Lorinze and Reed, 1984), Zea mays (Colasanti and
Sundaresan, 1991), Dictystelium discoideum (Michaelis and Weeks, 1992), Plasmodium
falciparum (Ross-MacDonald et al., 1994), Entamoebae histolytica (Lohia and
Samuelson, 1993) and Trichomonas vaginalis (Riley et al., 1993) (Fig. 1-3). The highest
similarity of PtCdk2 was found with Z. mays p34

cdc2

(61%) and the lowest was found with

T. vaginalis (33%). The sequence identity between PtCdkl and Cdks from other
eukaryotes ranged from 41% to 60%. Strikingly, the two Paramecium Cdks share only
48% identity with each other, suggesting that the evolutionary separation of PtCdkl and
PtCdk2 is ancient and they may have distinct functions in the Paramecium cell cycle
regulation.
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Fig. 1-3. Comparison of the amino acid sequence of Cdk2 and C d k l from Paramecium
tetraurelia with C D K homologues from Trichomonas vaginalis (Tv), Entamoeba
histolytica (Eh), Plasmodium falciparum (Pf), Dictyostelium discoideum (Dd),
Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Zea mays (Zm), and
Homo sapiens (Hs). The multiple alignment was generated using the C L U S T A L W
program (Higgins et a l , 1994). The boxshade graphic was created with the default
parameters of the B O X S H A D E 3.21 program from ISREC (Swiss Institute for
Experimental Cancer Research). The black shading indicates 50% or greater amino acid
identity, whereas the gray areas 50% or greater amino acid similarity. '*' indicates the
residues involved in pl3™ binding in human C D K l .
e7
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1.2.3 PtCdk2 corresponds to the polypeptide of 35 kDa recognized by anti-PSTAIRE
antibody.
To study the temporal regulation and biological activity of PtCdk2, a rabbit
antiserum was raised against a peptide corresponding to residues 240-255 of PtCdk2 (Fig.
1-1), a sequence not found in PtCdkl, and was used for all subsequent experiments.
Immunoblot analysis of the P. tetraurelia protein lysate showed that the antibody
recognized a protein of 35 kDa, corresponding to the minor polypeptide recognized by
anti-PSTAIRE antibody (Fig. 1-4, lanes 1 and 3) and matching the predicted molecular
mass of PtCdk2. Preincubation of the serum with excess antigenic peptide abolished the
immunoreactivity, implying that the antibody was specific for epitopes within the antigenic
peptide (data not shown). Moreover, the antibody showed no cross-reaction with PtCdkl
(Fig. 1-4, lane 2 and 3).
To further confirm the specificity of the antibody, I expressed a partial PtCDK2
sequence (residues 212 to 301) as glutathione-S-transferase (GST) fusion protein in E.
coli (Fig. 1-1). Within this region, the only U A A / U A G coded glutamine was Q

2 1 6

, which

was later converted to C A A , the conventional glutamine codon by including a mismatch in
the sense primer used for subcloning the D N A fragment into pGEX-2T vector. The
antigenic peptide used for generating anti-PtCdk2 antibody was also located in this region.
After purification on glutathione-Sepharose beads, the fusion protein was resolved on
SDS-PAGE as a large band of predicted molecular mass for fusion protein (36 kDa), and
a small band of 26 kDa representing GST portion after Coomassie Brilliant Blue staining
(data not shown). The presence of GST only protein in the expression products might be
due to the different codon usage for P. tetraurelia and E. coli (Martindale, 1989; Sharp et
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al., 1988). On an immunoblot of the GST-PtCdk2 fusion protein and GST only protein,
anti-PtCdk2 peptide antibody recognized only GST-Cdk2 protein (36kDa), and not GST
(26 kDa) (Fig. 1-5A), whereas anti-GST antibody recognized both proteins (Fig. 1-5B).
These results further support that anti-PtCdk2 peptide antibody is specific for the protein
encoded by PtCDKl,

1.2.4 pl3 -binding property of PtCdkl reveals a novel class of p34
sucl

cdc2

homologue in

P. tetraurelia.
Previous results have shown that PtCdkl does not bind to yeast pl3'™ (Tang et
c7

al., 1994). However, the minor polypeptide of 35 kDa recognized by anti-PSTAIRE
antibody did bind to pl3™ (Fig. 1-6A), and histone H I kinase activity was detected in
c;

pl3

sucl

precipitates, peaking at PCD (Tang et al., 1994). To test whether PtCdk2

corresponds to the p35 polypeptide bound to pl3 , a lysate from exponentially growing
sucl

P. tetraurelia cells was incubated with pl3™ -Sepharose beads. After extensive washing,
c;

proteins from both supernatant and beads were resolved on a SDS-PAGE and transferred
to Immobilon membrane, and then probed with anti-PtCdk2 antibody. Surprisingly, I
found that PtCdk2 remained in the supernatant, as PtCdkl did, suggesting that it is
incapable of pl3™ binding (Fig. 1-6B). As a positive control, p34
c7

only observed on the pl3™

edc2

from S. pombe was

c7
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Fig. 1-4. Detection of Cdk homologues in Paramecium lysate. Lysate prepared from
asynchronous cells was analyzed by immunoblotting with anti-PSTAIRE antibody (lane
1), anti-GST-PtCdkl fusion protein antibody (lane2) and anti-PtCdk2 peptide antibody
(lane 3). Molecular marker from Bio-Rad (Hercules, CA) is indicated on the left.
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Fig. 1-5. Specificity of the antibody against PtCdk2 peptide. Lane 1, purified GST-PtCdk2
protein. Lane 2, purified GST without the attached fusion protein. The immunoblot was
first probed with anti-PtCdk2 peptide antibody (A). Then, it was stripped and re-probed
with anti-GST antibody (B).
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beads, not in supernatant. (Fig. 1-6C).
Based on this observation, it was hypothesized that the p35 polypeptide band
recognized by anti-PSTAIRE antibody might consist of two different classes of Cdk
homologues with very similar molecular masses, one binding to pl3™ , the other not. The
c7

former corresponds to the kinase activity associated with PCD, the latter is PtCdk2. To
examine this possibility, a pl3™ immunodepletion experiment was carried out. As shown
c/

in Figure 1-7,1 observed that only two rounds of incubation with pl3'™ were sufficient to
c7

deplete all p35 associated with pl3™ (Fig. 1-7A: P I , P2, and P3). The third round of
e/

incubation brought virtually no 35 kDa polypeptide down, but a p35 polypeptide could be
detected by anti-PSTAIRE antibody in the supernatants at all steps (Fig. 1-7A: S l , S2,
and S3). These results support the conclusion that p35 band recognized by anti-PSTAIRE
antibody, in fact, contains two classes of polypeptides. The p35 polypeptide retained in the
supernatants corresponded to PtCdk2 (Fig. 1-7C). As a control, PtCdkl could only be
detected in the supernatants (Fig. 1-7B), in agreement with previous results (Tang et ah,
1994).
The pl3' " immunodepletion results suggested that PtCdk2 is a new member of
v

c/

the Paramecium Cdk family in addition to PtCdkl and the p l 3

i u c /

binding kinase. PtCdk2

has similar molecular mass of 35 kDa to the pl3' " binding kinase. However, PtCdk2, like
s

c;

PtCdkl, does not bind to pl3™ . For convenience, the p35 kinase that binds to pl3™
e/

c;

was named PtCdk3, and the one identified in this study that does not bind pl3™ PtCdk2,
c7

consistent with the newly proposed ciliate genetic nomenclature (Allen et al., 1998).
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Fig. 1-6. pl3
affinity of the Paramecium Cdks. Panels A and B show protein lysate
from P. tetraurelia; Panel C shows protein lysate from S. pombe. W: whole lysate; P:
bound fraction eluted from pl3™ beads (pellet); S: unbound fraction (supernatant).
Proteins were resolved on SDS-PAGE and immunoblotted with antibodies as indicated.
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Fig. 1-7. p i 3™'' immunodepletion experiment showing PtCdk2 is a novel Cdk in P.
tetraurelia. Aliquots of resulting bound fractions (PI, P2, P3) and unbound fractions ( S l ,
S2, S3) after each round of pl3
incubation were immunoblotted with anti-PSTAIRE
antibody (A), anti-PtCdkl (B), and anti-PtCdk2 (C). W: whole lysate.
iucl

64

1.2.5 PtCdk2 protein level does not vary during the Paramecium vegetative cell cycl
To study PtCdk2 protein levels during the cell cycle, exponentially growing
Paramecium cells were synchronized by selecting a population of the smallest, newly
divided daughter cells (predominantly in early G l phase) using a Beckman centrifugal
elutriation rotor. Initiation of D N A synthesis routinely occurred about 2-2.5 hours after
elutriation, as determined by monitoring the incorporation of [ H]-thymidine into
3

macronucleus (Berger, 1971; Tang et al., 1997). The median time of cell division in
elutriated samples ranged from 8.5 to 9.5 h post elutriation. The extent of synchrony
obtained by centrifugal elutriation was comparable to that of hand-selected dividing cells
from the same culture (Adl and Berger, 1995; Tang et al., 1997). Immediately after
elutriation, cells were reinoculated into fresh medium and allowed to proceed through one
relatively synchronous cell cycle and were sampled at one-hour intervals, starting 30 min
after elutriation.
To examine the pattern of PtCdk2 protein expression during the vegetative cell
cycle, immunoblot analysis with anti-PtCdk2 antibody was performed at each time point
when samples were collected. PtCdkl was used as an equal loading control (data not
shown). As shown in Figure 1-8A, PtCdk2 appeared as a single band of 35 kDa, and was
expressed at roughly comparable levels throughout the vegetative cell cycle, just like
PtCdkl (Tang et ai, 1997). I also examined PtCdk2 protein expression in starved cells.
Although it was still detectable, PtCdk2 protein was present at much lower level in starved
cells than in exponentially growing cells (Fig. 1-8B), suggesting that PtCdk2 activity is
associated with cell proliferation.

1.2.6 PtCdk2 histone HI kinase activity peaks at the end of the cell cycle.
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Since PtCdk2 appears to be a protein kinase based on its primary sequence, I
tested the kinase activity associated with PtCdk2. As PtCdkl has previously been shown
to be able to phosphorylate bovine histone HI in vitro (Tang et al., 1997), histone HI was
chosen as a substrate for testing PtCdk2 kinase activity. As expected, immunoprecipitates
by anti-PtCdk2 antibody of lysate from exponentially growing cells showed significant
bovine histone HI kinase activity whereas immunoprecipitates by pre-immune serum did
not (Fig. 1-9: PI lane).
To examine PtCdk2 kinase activity as a function of cell cycle stage,
immunoprecipitation was performed with anti-PtCdk2 antibody using lysates from
synchronized samples obtained by elutriation. As shown in Figure 1-9, the protein kinase
activity varied periodically throughout the cell cycle, rising to a peak about 9.5 hours after
elutriation (Fig. 1-9A). This peak corresponds to the point at which more than 7 5 % of
cells had completed cytokinesis. The protein kinase activity increased to about 10 times
that observed during early stages of the cell cycle (Fig. 1-9B). This observation suggested
that PtCdk2 function might be associated with cell division or division-associated
morphogenesis. However, the actual relationship between these two events requires
further detailed investigations.
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Fig. 1-8. Expression of PtCdk2 protein. Panel A : PtCdk2 protein level during the
vegetative cell cycle. Paramecium lysates were prepared from synchronized samples
obtained at 1 h intervals, starting from 0.5 h after centrifugal elutriation. Immunoblotting
of equal amount of lysate protein was performed with anti-PtCdk2 antibody. PI was lysate
from asynchronous sample probed with preimmune serum as a control. Panel B : PtCdk2
protein level in exponentially growing and starved cells. Immunoblotting of equal amount
of protein from exponentially growing cells (lane 1) and starved cells (lane 2) was
performed with anti-PtCdk2 antibody.

67

HOURS POST REINOCULATION
0.5 1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5 11.5

PI
Histone H1

100

100

80 +

|eo H
x
<

-Cdk2 H1 activity

-% of cell division

20 +

0

4

3

3

3

3

3-

0.5

1.5

2.5

3.5

4.5

5.5

6.5

7.5

8.5

9.5

10.5 11.5

HOURS POST REINOCULATION

Fig. 1-9. PtCdk2 exhibits protein kinase activity towards bovine histone H I that fluctuates
in a cell cycle-dependent manner. Small early G l cells were selected by centrifugal
elutriation and reinoculated into fresh medium, and aliquots were taken for determination
of cumulative percentage of cell division (B). Equal amounts of protein lysate from
synchronized samples were immunoprecipitated with anti-PtCdk2 antibody. The resulting
immunocomplexes were subjected to histone H I kinase assay, and aliquots of reaction
were run on a SDS-PAGE (A). Quantitation of the kinase activity was performed by
scintillation counting of the excised phosphorylated histone H I bands (B). PI shows the
background activity in the immunocomplexes by pre-immune serum.
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1.3 DISCUSSION
I used PCR techniques to clone and identify a novel gene, PtCDKl, whose predicted
amino acid sequence bears a high degree of similarity with Cdks from other organisms.
Like PtCdkl, the first Paramecium Cdk cloned previously (Tang et al., 1995), PtCdk2
sequence has all catalytic domains of protein kinases and contains the conserved Cdk
hallmark — 'PSTAIRE' region without alteration. Residues equivalent to the regulatory
phosphorylation sites, Thrl4, Tyrl5 and Thrl61 in human C D K 1 , can be found in the
Paramecium sequence at comparable locations, which suggests that regulation of PtCdk2
activity in P. tetraurelia may be similar to human C D K L
While both PtCdkl and PtCdk2 display sequence homology to Cdks from other
species, ranging from 33 to 61%, they share only 48% homology with each other,
suggesting they may have distinct functions in the cell cycle regulation. As comparisons,
human CDK1 (M-phase CDK) and CDK2 (S-phase CDK) share 65% identity while
CDK1 and CDK6 ( G l - C D K ) have 47% identity at amino acid level (Meyerson et al.
1992; Pines 1996). Comparison between Paramecium and human Cdks indicated the
closer relationship of human CDK1 with Paramecium PtCdk2 than with PtCdkl. It seems
to be in agreement with the role of PtCdk2 in cell division.
Previous results suggested the presence of two classes of Cdks in P. tetraurelia that
differed from each other in their pl3' " binding property (Tang et al., 1994). By
v

c7

comparing PtCdk2 with PtCdkl sequences, I found that PtCdk2 had better conservation
of putative pl3

sucl

binding sites than PtCdkl (Fig. 1-3). Specifically, among 14 residues

involved in p l 3 " binding of human CDK1 (Ducommun et al., 1991; Marcote et al.
s

e;

1993), nine can be found in PtCdk2 whereas only six in PtCdkl. However, pl3™ binding
c;
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experiment with PtCdk2 specific antibody shows that PtCdk2 in fact does not bind to
p l 3 " . Therefore, I postulated that the p35 polypeptide recognized by anti-PSTAIRE
4

e/

antibody might contain two different polypeptides with the same migration rate on SDSP A G E , but with distinct pl3

sucl

binding properties. Immunodepletion of pl3

sucl

bound

polypeptide from lysate confirmed that a portion of p35 polypeptide recognized by antiPSTAIRE antibody did not possess affinity for pl3™' , and this might correspond to
;

PtCdk2. That anti-PtCdk2 antibody only recognized this portion of p35, not that bound to
pl3'™ (PtCdk3) further suggests that the unbound form of p35 is PtCdk2. Identification
e/

of PtCdk2 as a new Cdk strengthens the notion that multiple Cdks are present in P.
tetraurelia, and that cell cycle regulation in ciliates may be more complicated than was
thought before. However, it is not yet known whether these Cdks have overlapping
functions or whether each has a distinct stage-specific function in the Paramecium cell
cycle. It is interesting that none of the Paramecium cell cycle mutants isolated so far is
mutated in CDK, which is likely to be attributable to the presence of isoforms of the
Paramecium CDK genes, as suggested by the genomic Southern blotting results and the
isolation of a PtCDKl gene isoform in previous study (Tang et al, 1995).
As predicted from its primary sequence, PtCdk2 immunoprecipitate exhibits histone
HI kinase activity. While PtCdkl kinase activity peaks at the initiation of macronuclear
D N A synthesis (Tang et al., 1997), PtCdk2 activity reaches its maximal level when more
than 75% of cells have divided. This further distinguishes it from the PtCdk3 kinase
activity associated with pl3'™ . The maximum activity level of PtCdk3 was reached -90
c;

min before cytokinesis (Tang et al., 1994), which coincides temporally with PCD, the
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major control point in the Paramecium cell cycle. Thus, the profile of PtCdk2 kinase
activity suggests that it may have a role in the control of cell division-related processes.
Since the abundance of PtCdk2 protein remained relatively constant during the
vegetative cell cycle, it is likely that PtCdk2 kinase activity, like most Cdks, is regulated by
post-translational modifications, given that both cyclin binding domains and regulatory
phosphorylation sites are conserved within the sequence. Consistent with this, two classes
mitotic cyclin homologues have been identified in P. tetraurelia (see Chapter 2; Zhang et
al., 1999). Results from co-immunoprecipitation experiment indicate that PtCdk2 is in a
complex with one of the cyclins (PtCyc2), and that PtCyc2 associated histone H I kinase
activity also reached a maximum at the end of the cell cycle.
Taken together, the results demonstrate that a family of three Cdk-like protein
kinases occurs in P. tetraurelia: PtCdkl, PtCdk2 and PtCdk3. Given that their kinase
activities reach maximal levels at different points during the cell cycle, and that the
proteins exhibit different affinities for p l 3 ' " beads, it is likely that multiple Cdks evolved
w

to regulate different cell cycle events early in the evolutionary history of ciliates. This view
is further supported by the identification of two anti-PSTAIRE reactive proteins from
another ciliate, Tetrahymena thermophila, with different affinities for pl3

sucl

(Roth et al.

1991; Tang et al., 1994; Zhang et al., in preparation; Chapter 3).
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CHAPTER 2. TWO DISTINCT CLASSES OF MITOTIC CYCLIN
HOMOLOGUES, CYC1 AND CYC2, ARE INVOLVED IN C E L L C Y C L E
REGULATION IN CILIATE PARAMECIUM TETRAURELIA
2.1 INTRODUCTION
Cyclins were initially discovered in the cleaving eggs of marine invertebrates and
were named after their pronounced synthesis and accumulation during interphase followed
by abrupt destruction at metaphase/anaphase transition (Evans et al., 1983; Standart et al.,
1987; Swenson et al., 1986). Cyclins have since been identified in a wide variety of
species, and form part of the conserved mechanism of cell cycle regulation. They confer
activity on the associated Cdk partners at appropriate times during the cell cycle, and are
thought to determine the subcellular localization and substrate specificity of these Cdks
(Peeper et al., 1993; Pines and Hunter, 1991). Cyclins are diverse in sequence, sharing
homology only over a region of about 100 amino acids that has been designated the
'cyclin box' (Minshull et al., 1989; Pines and Hunter, 1989). It is this region that is mainly
involved in binding to the Cdk subunits, although binding is also influenced by regions Cterminal to the cyclin box (Kobayashi et al., 1992; Lees and Harlow, 1993).
Previous work has demonstrated the presence of three different Cdks in P.
tetraurelia that exhibit activities associated with different cell cycle stages (Tang et al.,
1994, 1995, 1997; Zhang and Berger, 1999; Chapter 1). The histone H I kinase activity
peak at IDS and the localization of the protein to the macronucleus suggests a role for
PtCdkl in macronuclear D N A synthesis. On the other hand, the kinase activity peak of
PtCdk3, the pl3™ binding Cdk, coincides temporally with the PCD (Tang et al, 1994,
ei

1997). PtCdk2 activity peaks late in the cell cycle (Zhang and Berger, 1999). The
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regulation of PtCdkl and PtCdk2 kinase activity during the vegetative cell cycle does not
involve oscillations in their transcript or protein levels. Major regulatory phosphorylation
sites equivalent to Thrl4, Tyrl5 and Thrl61 in human CDK1, and which are shared
among most Cdks, are conserved in both PtCdkl and PtCdk2. Regions previously shown
to be involved in cyclin binding such as PSTAIRE region in protein kinase domain III and
the threonine residue (Thrl61 in human CDK1) in domain VIII (Pines and Hunter, 1990)
can also be found in both sequences. It seems possible that the regulation of the kinase
activity of the P. tetraurelia Cdk homologues might include binding of cyclins and
phosphorylation/dephosphorylation. As Cdks are associated with cyclin regulatory
subunits in virtually all other instances, I sought to determine whether cyclin homologues
are present in P. tetraurelia, and if so, what roles they play during normal P. tetraurelia
cell cycle.
Here, I describe the identification of two mitotic cyclin homologues, PtCycl and
PtCyc2, from P. tetraurelia, and present evidence for their roles in the vegetative cell
cycle regulation.

2.2 RESULTS

2.2.1 Identification of two distinct mitotic cyclin homologues from P. tetraurelia.
By comparison of the amino acid sequences of known mitotic cyclins in the
respective 'cyclin box' regions, two degenerate primers corresponding to conserved
regions within the cyclin box region, MRAILV and A S K Y E E I were synthesized and used
for PCR with P. tetraurelia genomic D N A as template. Paramecium codon usage was
taken into account to limit redundancy (Martindale, 1989). A 198 bp D N A fragment of
expected size was consistently obtained, which was then gel purified. After subcloning into
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pBluescript II KS+ and blue/white selection, 8 positive clones were obtained. D N A
sequencing analysis revealed two distinct clones. The derived amino acid sequences of
both fragments exhibited extensive homology with known mitotic cyclins. They share
about 71% identity at the amino acid level with each other. These two presumptive cyclin
sequences were named PtCYCl and PtCYC2, respectively.
The PtCYCl D N A fragment was radioactively labeled and used in turn to screen a
Xgtl 1 c D N A library derived from mRNA of vegetative cells and a A.EMBL3 genomic
D N A library. Restriction mapping and D N A sequence analysis of positive clones isolated
from these libraries revealed an open reading frame of 972 bp, expected to encode a
protein of 324 amino acids with a predicted molecular mass of approximately 38 kDa.
B L A S T search of GenBank showed that the predicted open reading frame exhibited a high
degree of homology to known mitotic cyclins. Thus, the protein encoded by PtCYCl was
named PtCycl, standing for mitotic cyclin homologue 1 from P. tetraurelia. PtCycl is
small compared to mitotic cyclins from other eukaryotes (45-60 kDa), but it displays all
the cyclin structural hallmarks (Fig. 2-1 A).
Two independent primer extension analyses, using two different antisense primers
derived from PtCYCl, demonstrated a further 290 bp from the presumptive initiation
codon A U G to the 5' end of transcript. An in-frame stop codon U G A was present
upstream of the translational initiation codon A U G , and no other in-frame AUGs upstream
in between (Fig. 2-1 A). This corresponds well to the size of the transcript revealed by
Northern blot analysis with the PtCYCl probe, in which a single -1.3 kb transcript of
PtCYCl was detected in exponentially growing cells, but not in starved cells (data not
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shown). These results suggest that the PtCYCl

sequence obtained is full-length (GenBank

accession number AF052484).
The full-length cDNA sequence of PtCYCl

was obtained by a combination of 5'

and 3' R A C E (Frohman et ah, 1990). It contains an open reading frame of 1008 bp and it
encodes a protein of 336 amino acids, which is 12 amino acids longer than PtCycl (Fig. 21B; GenBank accession number AF052487). Its predicted molecular mass is 40 kDa.
PtCyc2 exhibits 48.8% overall identity with PtCycl, and 65% identity within the 'cyclin
box' region.
Comparison between respective cDNA and genomic D N A sequences revealed that
PtCYCl

contains two small introns, one is 23 bp and the other 24 bp while PtCYCl

has

only one intron of 23 bp (Fig. 2-1 A, B). They reside just outside of the 'cyclin box'
region. The location of the PtCYCl

intron corresponds to that of the second intron in

PtCYCl.

The abrupt destruction of cyclins at mitosis involves an ubiquitin-dependent
proteolysis that requires a short sequence motif, R x x L x x I x N , the so-called 'destruction
box' (Glotzer et al., 1991), usually located close to the N-terminus. In PtCycl, the
sequence, R C F G K E I A N , corresponding to residues 7-15, bears a single amino acid
substitution (Lysine to Glycine) with respect to the destruction box consensus sequence.
Similarly, in PtCyc2, R F F G K E L V N , in the corresponding region also shows limited
similarity to the destruction box. However, whether they are actually involved in the cyclin
destruction in the Paramecium cell cycle needs further investigation.
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Fig. 2-1. Genomic D N A sequences of P. tetraurelia CYCla (A) and CYC2 (B), and the
predicted amino acid sequences of their gene products. 'Cyclin box' regions are single
underlined. 'Destruction box' regions close to ' R x x L x x I x N ' consensus sequence are
double underlined. Introns are shown in lower case. Potential Cdk phosphorylation sites
(Thr 269 and Thr 274 in Cycl A and Thr 270 in Cyc2) are indicated by '#'. Stop codons
(TGA) in both sequences are indicated by '*'.
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A

B

AAAATTATCCTAAT -277
ACTTAATCATATCAAATGAGAAAATAAGAATATCCTTTTACTTTGACTGATTATAGAATTTGCTCAGTA
-2 0 8
TATTCAATATTAAAAATAACATTTGATTATATGAATCAGAGTGTTTCTTTGTTTCTACCTTTAATGGTT
-13 9
TCTCAATTTCAGATTAAAGAGCGGTAAAATTGAAATAATAAATAAGATAATTAAAAATCCATTTTCACT
-7 0
TTATTTATCACTTTTATATATAAGTGTTTAGTTTTTAACGATAATAATAATTTATTTAATATTAACAGA
-1
ATGATCATCGAAAATCAAAGATGTTTTGGGAAGGAAATAGCAAATTCAACTTTGCATCAATCCAAGGAG
69
M I I E N Q R T F G K F .
T A M
S T L H Q S K E
23
ATAGGCATAATCGTGGAAAAACATAAAAAACCTTTCTCCATAATACCAAAAGTTTTTGCAATGAGTTTG
138
I G I I V E K H K K P F S I I P K V F A M S L
46
GATGATAAAGAAAATAAACTGTTTAGAAGAGAATCAGAAAAATTCTAAATTGAGATAGAAACCGAAAAG
2 07
D D K E N K L F R R E S E K F Q I E I E T E K
69
AGCAAGGATGTTAAAAATCCTTAAAATGTTGAGTTATATTCCAATGAGATCTTACAACACCTACTGATT
27 6
S K D V K N P Q N V R L Y S N E I L Q H L L I
92
G A G G A G g t a a t a t t t t t a g a c t a t t t aagAATAAATATACAATTAACTAGTACATGACACCTGAGTAA
344
E E
N K Y T I N Q Y M T P E Q
107
CAGCCTGATATCAACAT AAAAATGAGAGCTATTCTTGTGGATTGGTTAATTGATGTTCATGCCAAATTC
413
Q P D I N I K M R A I
L V D W L
I D V H A K F
130
GAGTTGAAGGATGAAACACTCTACATTACAATCTCTTTGATTGATCGATACTTGGCTCTGGCTCAAGTC
4 82
E L K D E T L Y I T I S L I D R Y L A L A O V
153
ACAAGAATGAGATTACAGTTAGTAGGTGTGGCTGCCCTGTTTATAGCTTGTAAGTACGAAGAAATCTAC
551
T R M R L O L V G V A A L F
I A C K Y E E
I Y
176
CCTCCTGCTTTGAAGGATTTCGTTTACATAACAGATAATGCGTATGTGAAAAGTGACGTTTTGGAAATG
62 0
P P A L K D F V Y I T D N A Y V K S D V L E M
199
GAAGGTTTAATGTTATAAGCCTTAAATTTCAATATATGCAATCCCACTGCTTATTAATTCTTACAAAAA
689
E G L M L O A L N F N I C N P T A Y O F L O K
222
TACTCAACCAATTTAGATCCGAAGGATAAGGCGTTAGCTTAATATATACTGGAATTGGCTTTAGTTGAA
758
Y S T N L D P K D K A L A O Y I L E L V L V E
245
TAT AAATTT ATTATATATAAGCCTTCTT AAATTGTCC AATCTGTT ATATTTTTAGTT AATAAGATT AGg
827
Y K F I I Y K P S O I V O S
V I F L V N K I R
268
taatacttttatattaatcatagAACACCCACTTATAAAACACCGAACGAGAATCAATTAAAGCCTTGT
896
T # P T Y K T # P N E N Q L K P C
283
GCTAAAGAATTATGCACATTACTTTAAACAGCAGATCTAAGTTCCCTATAAGCAGTAAGGAAGAAATTC
965
A K E L C T L L Q T A D L S S L Q A V R K K F
306
AATGCTTCTAAATTTTTTGAAGTTTCGAGAATTAAAGTAGAAAAAACAAACAAATGATTGTAGTTTTAA
1034
N A S K F F E V S R I K V E K T N K *
324
ATGTCTTGTTTCTTTGACTTTCACTCAAATTTTCCA
107 0
GATATATTTTAAC AGAATATTATATTTTTTACGTATAAT AAA
-1
ATGATCCACGAACAGTATAGATTCTTCGGCAAAGAATTGGTTAATTCATCGGGTGAATTCTAAAAGGAA
69
M
I H E Q Y R F F G K K T ,
V N
S S G E F Q K E
23
AACACAGACAGAAATAAACCAAAGCATCTTACTGTATTACCTAGATATCTCAAACTAAATTTATGGTAG
13 8
N T D R N K P K H L T V L P R Y L K L N L W Q
46
GAAG AGAAAGAAAATAAAATGGAAGTTGAAAATAATACTCAACAATTATGTTCTTTTGATTAACAAATG
207
E E K E N K M E V E N N T Q Q L C S F D Q Q M
69
ATTAAAGACCCTTAATACACTTCTTTATATAATAAGGAGATCTATACTTATTTGTTGACTTAAGAAGAA
27 6
I K D P Q Y T S L Y N K E I Y T Y L L T Q E E
92
AAATATTTAGTTAGTAATAATTACATGAATGAATAATAACAACCTGACTTAAATGCAAGAATGAGAGCA
345
K Y L V S N N I M N E Q Q Q P D L N A R
M R A
115
ATTCTCTTAGATTGGTTGATTGATGTCCATCTCAAATTTAAATTAAGAGATGAGACCTTATATGTTACA
414
I L L D W L I D V H L K F K L R D E T L Y V T
13 8
ACTTATTT AATTGACAGGTTTCTTAATTTT AAG ACT AC AACC AG AT AAT AACTTTAATT AGTTGGAGT A 483
T Y L I D R F L N F K T T T R O O L O L V G V
161
GCTTC ATT ATTTATAGCTTGT AAAT ATGAAGAAAT AT ATCCCCCTG ATTTGAAAGATTTTGTGTAC ATC
552
A S L F T A C K Y E E I Y P P D L K D F V Y I
184
ACTGAC AATGCCTACAC AAAAT AGG ATGTCCTTGAAATGGAAGGAT AAAT ATTATAAACATTAGACTTC
621
T D N A Y T K O D V L E M E G O I L O T L D F
2 07
TCCATAACCCAACCATCAAGTTATTGTTTTCTTTAGAGATTTGGTAGAATTGCAGGATTAGATACTAAG
690
S I T O P S S Y C F L O R F G R I A G L D T K
23 0
AATTTAAGCTTGGCTTAGTATCTTTTAGAGCTATCAATTGTTGACATCAAATTTATGAACTATAAACCA
759
N L S L A O Y L L E L S I V D I K F M N Y K P
253
TCGTTTCTATCTGCAGCAGCTATTTATTTAGTCCACAAAATAAGgtatcagaaatatattttcatagG
827
S F L S A A A I Y L V H K I R
268
AAGACTCCTC AATCTTGGAGTG AAGAAATGC AGAAAATG ACTGGTTAT AATGAATAAGAACTT AGGTAT 896
K T # P Q S W S E E M Q K M T G Y N E Q E L R Y
291
TGTGCTAAAGAAATGTGTCTTGTTTTGCAATCATCAGACAAATCAAATTTATAGGCTGTTAGAAAAAAG
965
C A K E M C L V L Q S S D K S N L Q A V R K K
314
TTTGCTT AGCCTAAATACT AAGAAGT ATCACGTATTAGAGTAGAAAGGC AAATTAAATAATAAAAATG A
1034
F A Q P K Y Q E V S R I R V E R Q I K Q Q K *
336
ATGGTTAATTCATTTCTAGTTAAAATGTTTAACATCTATAAATTTATYATCAATTTTTTTAA
1096
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2.2.2 Genomic organization of the P. tetraurelia cyclin genes.
As an independent pursuit of the complete sequence of PtCYCl,

5' and 3' RACEs

were carried out. D N A sequence analyses of RACE-PCR products revealed another
sequence which displayed overall 90.4% identity at the amino acid level and 85.9%
identity at the nucleotide level with PtCYCl

that was cloned by the library screening

approach. Of 123 altered codons, 92 were silent changes and 31 resulted in amino acid
changes, of which 13 were conservative substitutions (GenBank accession number
AF052486; Appendix II). To distinguish them, I designated the gene cloned from the
libraries as PtCYCla

and this second gene as PtCYClb.

The corresponding protein

products were named PtCycl A and PtCyclB, respectively.
A Southern blot analysis of genomic D N A digested with five restriction enzymes,
EcoRI, Hindlll,

Pstl, Xbal and BamHI, was carried out with PtCYCla

and

PtCYClb

probes from the cyclin box region under high- and low-stringency conditions (Fig. 2-2).
No recognition sites for any of these enzymes were found in the sequences. Single
hybridizing bands were detected in all five restriction digests under high-stringency
conditions (Fig. 2-2B, C). Under low-stringency conditions, on the other hand, two bands
were visible in each lane. The weaker hybridizing bands detected with PtCYCla
low-stringency conditions corresponded to the bands detected with PtCYClb

under
under high-

stringency conditions (Fig. 2-2A), and vice versa (data not shown). Therefore, P.
tetraurelia appears to carry one copy for each of the PtCYCla

and PtCYClb

genes.

When the blot was stripped and re-probed with the PtCYC2 probe corresponding
to the cyclin box region, single hybridizing bands were detected in each lane under both
high-and low-stringency conditions (Fig. 2-2D). I concluded that the PtCYC2 gene is also
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present as single copy genes in the Paramecium genome. Moreover, the discrete patterns
of hybridization for PtCYCla, CYC lb and CYC2 indicate that they are not tandemly
arranged in the genome. As PtCYCla and PtCYClb have the same 5' and 3' flanking
sequences and a high degree of homology, it is likely that they represent two isoforms of
the same gene. Similarly, PtCDKl from P. tetraurelia also has two closely related
isoforms (Tang et al., 1995).
No other hybridizing bands were observed with PtCYCla, PtCYClb and PtCYC2
probes when washes were carried out at 37°C (data not shown), indicating the absence of
additional cyclins with strong cyclin box sequence similarity with PtCYCl and/or PtCYC2.
These results, however, do not exclude the possibility that there are other cyclin families in
P. tetraurelia that can not be detected by hybridization to these probes.
2.2.3 Paramecium mitotic cyclins do not belong to either A- or B-type cyclins
GenBank search has shown that the "cyclin box" sequences of the Paramecium
PtCycl and PtCyc2 proteins are more homologous to those of mitotic cyclins than to
those of G l cyclins. Furthermore, sequences resembling the "destruction box" consensus
can be found in the N-termini of both cyclins. Therefore, PtCycl and PtCyc2 are clearly
homologues of mitotic cyclins.
Appendix III shows an alignment of PtCycl and PtCyc2 sequences with A - and B type cyclins from other eukaryotes in the cyclin box region. The Paramecium cyclins show
significant homologies to both A and B cyclins but do not appear more closely related to
either type in terms of overall amino acid identity in this region. They both exhibit 42—
51% identities with both A- and B-type cyclins. Nor is it easy to assign the Paramecium
cyclins to either A or B types by using sequence motif. The PtCycl sequence differs in
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19/70 positions from the consensus established previously for A-type cyclins, as opposed
to 25/69 positions from the consensus for B-type cyclins (Hata et al., 1991). As for
PtCyc2, it differs in 21/70 positions from A-type cyclin consensus sequence whereas 24/69
from B-type cyclin consensus sequences. None of the Paramecium cyclins has the
E V X E E Y K L motif (amino acids 11-18 of the cyclin box) found in all A-type cyclins.
Similarly the F L R R X S K motif that is found in all B-type cyclins (amino acids 105-111 of
the cyclin box) is not conserved in any the Paramecium cyclins. Therefore, PtCycl and
PtCyc2 are almost equally related to cyclins of the types A and B in the cyclin box region.
A phyletic tree was constructed based on the sequence alignment, as shown in
Figure 2-3. While A- and B-type cyclins from other eukaryotes form their respective
groups as expected, the Paramecium cyclins do not fit into either A or B-type mitotic
cyclins and constitute a separate group. Therefore, PtCycl and PtCyc2 may represent a
novel and distinct type of cyclin.

2.2.4 PtCycl and PtCyc2 protein levels display distinct cell cycle-dependent
fluctuations in the vegetative cell cycle.
To characterize the cyclin gene products, antisera were prepared against PtCycl A
and PtCyc2, respectively. The sequence similarity of the PtCycl A and PtCyclB proteins is
sufficiently great that it is very unlikely that they could be distinguished by the polyclonal
antibody I made here. Therefore, the antibody against PtCycl A has been denoted as antiPtCycl antibody. On an immunoblot of total lysate from exponentially growing P.
tetraurelia cells, anti-PtCycl antibody recognized a protein of apparent molecular mass of
38 kDa, while anti-PtCyc2 recognized a protein of 40 kDa. Both their sizes agreed with
the predicted molecular masses determined from respective primary sequences. These
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proteins were not detected when pre-immune serum was used (Fig. 2-4A and B, PI lanes).
The immunoreactivities were specific to their cognate antigens, since preincubation of the
immune sera with antigens at 4°C for 3.5 h abolished the appearance of the bands (data
not shown). Sometimes, anti-PtCyc2 serum also detected a faint band of 45 kDa on the
western blot (Fig. 2-6B, lysate lane), however, this band did not exhibit any cell cycledependent fluctuation in its abundance, indicating that it may be due to a non-specific
cross-reaction of the anti-peptide antibody.
To determine whether PtCycl and PtCyc2 display a periodic pattern of synthesis
and destruction during the vegetative cell cycle, P. tetraurelia cells were synchronized by
centrifugal elutriation. The median time of cell division in elutriation sample ranged from
8.5 to 9.5 h post elutriation. Protein samples were prepared at 1 h intervals and subjected
to immunoblot analysis. As shown in Figure 2-4, both PtCycl and PtCyc2 protein levels
varied during the cell cycle. PtCycl level was low immediately after elutriation, began to
increase at about 5.5 h, reached a peak at -7.5 h, and then decreased gradually upon the
onset of cytokinesis (Fig. 2-4A). The timing of the peak, observed at 1-2 h before most
cells entered cytokinesis, coincides with the PCD. On the other hand, PtCyc2 was almost
not detectable until 6.5 h after elutriation. The maximal level of PtCyc2 expression was
found late in the cell cycle after most of cells had completed cytokinesis (Fig. 2-4B). By
this time, PtCycl level has declined. By the time that all cells finished division, the PtCyc2
protein level had dropped to an almost undetectable level. As expected, both PtCycl and
PtCyc2 protein levels were dramatically reduced in starved cells (Fig. 2-5), suggesting that
the roles of PtCycl and PtCyc2 are associated with cell proliferation.
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Fig. 2-2. Genomic Southern blot analysis of Paramecium genomic D N A with probes
derived from PtCYCla, CYClb, and CYC2, respectively. Genomic D N A was digested
with EcoRI (lane 1), Hindlll (lane 2), Pstl (lane 3), Xbal (lane 4), and BamHI (lane 5),
then probed with DIG-labeled CYCla D N A probe under low stringency conditions (A).
The membrane was then stripped and reprobed under high stringency conditions with
PtCYCla (B), PtCYClb (C), and PtCYC2 (D) probes sequentially. The 1-kb marker from
Gibco-BRL is indicated on the left.
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— Paramecium PtCyc2
— Paramecium PtCycl B
— Paramecium PtCyd A
Drosophila DmCYCA
I

—

Spisula SsCYCA
I

Xenopus XICYCA1

:

i

Homo HsCYCA
Spisula SsCYCB

I

Xenopus XICYCB1
Homo HsCYCBI
Dictyostelium DdCYCB
Drosophila DmCYCB

Fig. 2-3. Evolutionary tree of cyclins from P. tetraurelia (Pt), Spisula solidissima (Ss)
(Swenson et al., 1986; Westendorf et al, 1989), Drosophila melanogaster (Dm) (Lehner
and O'Farrell 1989; 1990), Xenopus laevis (XI) (Minshull et ai, 1989; 1990), Homo
sapiens (Hs) (Pines and Hunter 1989; Wang et al. 1990), and Dictyostelium discoideum
(Dd) (Luo et al., 1994). It was based on the alignment of whole cyclin box (see Appendix
III). The scale bar represents 0.1 nucleotide substitutions per site.
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Fig. 2-4. Oscillation of PtCycl and PtCyc2 protein levels during the vegetative cell cycle
of P. tetraurelia. Small cells in early G l were selected by centrifugal elutriation and
reinoculated into fresh medium. After 0.5 h, aliquots were taken at 1 h intervals to
determine protein levels by Western blot analysis using anti-PtCycl and anti-PtCyc2
antibodies. PI: preimmun serum controls.

PtCyc2

PtCycl

A

B

Fig. 2-5. Western blot analysis of protein levels of PtCycl (A) and PtCyc2 (B) in P.
tetraurelia cells that were exponentially growing or starved. Equal amounts of protein
were loaded on each lane.
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2.2.5 PtCycl and PtCyc2 associate with different Cdks in P. tetraurelia.
To determine whether a physical interaction occurred between P. tetraurelia
cyclins and Cdks, I examined the ability of PtCycl and PtCyc2 antibodies to
coirnrnunoprecipitate Cdks. Both PtCycl and PtCyc2 immunoprecipitates were separated
by SDS-PAGE and analyzed by immunoblot analysis for the presence of PtCdkl and
PtCdk2 with respective antibody. I found that PtCdk2, but not PtCdkl coprecipitated with
PtCyc2 (Fig. 2-6A), and that neither PtCdkl nor PtCdk2 coprecipitated with PtCycl.
However, when the same blot was probed with anti-PSTAIRE antibody, a protein of -34
kDa was identified in the PtCycl immunoprecipitate, suggesting that PtCycl associates
with a Cdk other than PtCdkl and PtCdk2 (data not shown). Furthermore, a cell cycledependent histone H I kinase activity was detected in the PtCycl immunoprecipitate,
confirming that a Cdk was associated with PtCycl (see below). The converse experiment
was also carried out to confirm the association of PtCyc2 with PtCdk2. PtCdk2
immunoprecipitate were probed with PtCycl and PtCyc2 antibodies, only PtCyc2, not
PtCycl, was detected (Fig. 2-6B).
As maximal expression of PtCycl was observed at around PCD, and the histone
HI kinase activity associated with PtCdk3 also peaks at PCD, I suspected that PtCycl
might be associated with PtCdk3, as PtCdk3 is the only known Cdk that can bind to yeast
pl3 "
i

c7

in P. tetraurelia, If it is true, I predict that the PtCycl protein should be

precipitated by pl3™ beads. As expected, I found that PtCycl was present in the p l 3
c7

OTe/

bound fraction (Fig. 2-6C). Hence, it is inferred that PtCycl associates with pl3™ by
c7

virtue of its association with PtCdk3. However, without a specific antibody against
PtCdk3, direct evidence is not yet available to support this possibility.
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2.2.6' PtCycl and PtCycl form active histone HI kinases with respective Cdk partners.
Since all three Cdks in P. tetraurelia have been demonstrated in the previous
studies to have histone H I kinase activity (Tang et al., 1994, 1997; Zhang and Berger,
1999), I assayed PtCycl and PtCyc2 immunoprecipitates for histone H I kinase activity to
determine if cyclin forms active complexes with Cdk in P. tetraurelia.
Both PtCycl and PtCyc2 immunoprecipitates displayed kinase activity towards
bovine histone H I , whereas immunoprecipitates using preimmune sera did not have such
activity (Fig. 2-7). Since PtCycl and PtCyc2 do not contain any known protein kinase
sequences, it is almost certain that associated Cdk homologues are the kinases (Hanks et
al., 1988).
To determine if the histone H I kinase activities in the cyclin immunoprecipitates
were cell cycle-dependent, PtCycl and PtCyc2 immunoprecipitates prepared from lysates
of synchronous cells by elutriation were assayed for histone H I kinase activity as a
function of stage in the cell cycle. As expected, based on the periodicities of the PtCycl
and PtCyc2 protein amounts, a kinase activity peak for the PtCycl immunoprecipitate was
observed at approximately the PCD in the elutriated cell population (Fig. 2-7A), while the
PtCyc2 associated kinase peak was at the end of the cell cycle during cytokinesis (Fig. 27B). The PtCycl immunoprecipitate showed a peak of kinase activity about 2 h earlier
than that of the PtCyc2 immunoprecipitate. The PtCycl associated kinase activity had
fallen to 15% of its maximal level by the time the kinase activity of PtCyc2
immunoprecipitates reached its peak. These results suggest that the Paramecium cyclins
can form active complexes with Cdks and distinct Cdk/cyclin complexes may fulfill
different functions in cell cycle regulation.
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Fig. 2-6. Interaction between Cdk and cyclin proteins in P. tetraurelia. More than 2.5 mg
of total proteins from exponentially growing Paramecium cells was used in each coimmunoprecipitation experiment. Interaction between PtCyc2 and PtCdk2 was
demonstrated by reciprocal coimmunoprecipitation experiments. PtCdk2 was detectable in
the PtCyc2 immunoprecipitates (A) while PtCyc2 was detectable in the PtCdk2
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by anti-PtCycl antibody (C). Bands below 34 kDa might be attributed to degraded
products of the proteins of interest.
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2.2.7 Conservation of cyclin-like sequences in ciliates
Blepharisma intermedium, Sterkiella histriomuscorum, Colpoda sp. and
Tetrahymena thermophila were chosen as representatives of Heterotrichia, Spirotrichea,
Colpodea and Oligohymenophorea, respectively. By utilizing the degenerate primer pair
used for cloning the P. tetraurelia cyclins, PCR was carried with genomic DNAs of these
ciliates as templates. PCR products of expected size (180 bp) were gel purified and
subcloned into pBluescript II KS +. D N A sequencing analysis of resulting clones revealed
that one class each from B. intermedium, S. histriomuscorum, C. sp. and T. thermophila
exhibited high degree of homology to mitotic cyclins from both P. tetraurelia and higher
eukaryotes, suggesting that they were all homologues of mitotic cyclins (Fig. 2-8;
GenBank accession numbers: TtCyc, AF165220; B i C y c l , AF165222; ShCyc, AF165223;
CsCyc, AF165224). Another cyclin-like sequence with an internal U G A stop codon was
also identified from B. intermedium, presumably representing a pseudogene (BiCyc2,
AF165221). Within this conserved region within cyclin box, the amino acid identity shared
by the cyclin-like sequences from B. intermedium, S. histriomuscorum, C. sp., T.
thermophila and P. tetraurelia range from 59 to 98%.
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Fig. 2-7. Oscillation of PtCycl and PtCyc2 associated histone H I kinase activity during
the vegetative cell cycle of P. tetraurelia. Small cells in early G l were selected by
centrifugal elutriation and reinoculated into fresh medium. After 0.5 h, aliquots were taken
at 1 h intervals to determine cumulative percentage of cell division; histone H I kinase
activity present in PtCycl (A) or PtCyc2 immunoprecipitates (B). Aliquots of kinase assay
reaction were run on SDS-PAGE, and dried gels were exposed to X-ray films (the upper
panels in A and B). Protein levels in Fig. 2-4 were quantitated using the N I H Image
program, and quantitation of the kinase activities was carried out by scintillation counting
of the excised phosphorylated histone H I bands. Results are shown as percentage of
maximum (the lower panels in A and B) (Note: this figure presents composite results
derived from different batches of synchronized samples due to the limited amount of
protein available from each elutriation.
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Fig. 2-8. Alignment of cyclin-like sequences from B. intermedium, S. histriomuscorum, C.
sp. and T. thermophila with corresponding cyclin box region of PtCyclA, B and PtCyc2
from P. tetraurelia. Dashes indicate identity with PtCyclA.
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2.3 D I S C U S S I O N
I have shown that cyclins, the activating subunits of Cdk kinase activity, are also
present in P. tetraurelia. This is the first time that cyclin homologues have been
unambiguously identified, cloned, and characterized in ciliates, although a protein that
exhibited a cell cycle-dependent oscillation in abundance was observed in Tetrahymena
thermophila (Williams and Macey 1991), and a sequence that displayed a hmited degree
of homology to B-type cyclins was reported earlier in Stylonychia lemnae (Maercker and
Lipps 1994). M y study not only extends the omnipresence of cyclins to this unique and
diverse, unicellular group, but also lays the foundations for further investigation of the
molecular basis of the unusual cell cycle control system in ciliates.
The assignment of PtCycl and PtCyc2 as P. tetraurelia mitotic cyclins is based
upon their sequence similarity to other mitotic cyclins and their cell cycle-dependent
oscillation at both protein level and associated histone H I kinase activity. The sequence
similarity is restricted to the cyclin box regions, and to the ubiquitin specific 'destruction
box' sequences near the N-termini.
Like most mitotic cyclins examined thus far, both PtCycl and PtCyc2 display
periodic oscillation in their protein levels during the vegetative cell cycle, but with
different kinetics. PtCycl was maximally expressed at around PCD, about 90 min before
cytokinesis, whereas PtCyc2 was maximally expressed at the end of the cell cycle. This
difference in periodicity implies that PtCycl and PtCyc2 may have different functions
during the Paramecium cell cycle.
The presence of multiple cyclins has been well documented in higher eukaryotes.
Human cells have at least 16 cyclins with 9 partner kinases (Johnson and Walker, 1999;
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Pines 1996), and each cyclin appears to bind to specific kinase partner(s), resulting in
cyclin/Cdk complexes that play distinct roles during the cell cycle. This also seems to be
the case for P. tetraurelia.
Reciprocal immunoprecipitation experiments with anti-PtCdk2 and anti-PtCyc2
antibodies demonstrated that PtCyc2 was physically associated with PtCdk2 in vivo,
consistent with the coincidence of PtCyc2 protein maximal expression and PtCdk2
associated histone H I kinase activity at the end of the cell cycle. The binding of PtCycl to
pl3'™ raised the possibility that PtCycl was in association with PtCdk3, which has an
e/

activity peak at PCD and is the only known Cdk in P. tetraurelia that binds to pl3'™ .
c/

However, further work is required to clarify this point.
As predicted on the basis of the physical association between Cdks and cyclins in
P. tetraurelia, the immunoprecipiates prepared by antisera against both cyclins displayed
protein kinase activity towards histone H I . Moreover, cyclin-associated histone H I kinase
activities showed fluctuations during the vegetative cell cycle: PtCycl-associated histone
H I kinase peaked at PCD whereas PtCyc2-associated kinase activity reached the
maximum at the end of the cell cycle. Coincidence of the cyclin associated kinase activity
with previously described Cdk histone H I kinase activity further confirmed the
immunoprecipitation results with antisera and pl3™ , that is, PtCyc2 binds to PtCdk2
c7

whereas PtCycl binds to PtCdk3.
As there is no specific antibody against PtCdk3, it was not possible to verify the
physical interaction between PtCdk3 and PtCycl. I cannot exclude the possibility that
PtCycl forms a complex with an unidentified Cdk that also associates with p l 3 '

suc/

and

which has an activity peak at PCD. However, the parallel oscillation of the cyclin protein
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levels with the kinase activity of their respective Cdk partners indicates that PtCycl and
PtCyc2 function as Paramecium Cdk activators.
Histone H I kinase activities of the resulting cyclin/Cdk complexes reach maxima at
different stages of the cell cycle, suggesting functional separation between the
Paramecium cyclins. Given the unique cellular structure of ciliates, with temporally and
spatially different regulated cell cycle events in macronucleus, micronucleus, and
cytoplasm, it is perhaps not surprising to find the presence of multiple Cdk/cyclin
combinations with distinct functions in P. tetraurelia.
Thus far, a cyclin that associates with PtCdkl, the kinase associated with
macronuclear D N A synthesis, has not been identified. Previous evidence from glycerol
density gradient centrifugation experiment indicated that PtCdkl might function as a
monomer (Tang et al., 1997). Further study is necessary to clarify whether this kinase
complexes with a cyclin that has very limited sequence identity to the primers that were
used to isolate PtCycl and PtCyc2 or whether it does, in fact, function without a cyclin. It
is known that human G l cyclins exhibit great divergence from mitotic cyclins in the cyclin
box, and the identity between different classes of human cyclins can be as low as 18%
(Cyclin C vs. Cyclin A) (Lew et al., 1991). It is therefore not surprising that the primers
used to clone PtCYCl and PtCYCl did not recognize PtCdkl-binding cyclin, given that
the function of PtCdkl is more likely to be Gl-related.
In spite of small size of the PCR region used for amplifying cyclin-like sequences
of other ciliates, it is the most conserved stretch within the 'cyclin box', and all the
important residues that are involved in the interaction with Cdk subunits as suggested by
crystal structural studies on the CyclinA/Cdk2 complexes can be located within this region
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(De Bond et al., 1993; Jeffery et al., 1995). Database searches indicated that they showed
homology with nothing but mitotic cyclins. Therefore, it seems reasonable for us to
conclude that cyclin-like sequences are conserved across major groups within this phylum,
despite great diversity suggested by phylogenetic studies.
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CHAPTER 3. FUNTIONAL CHARACTERIZATION OF A CYCLIN-DEPENDENT
PROTEIN KINASE HOMOLOGUE, TtCdkl, IN ANOTHER HOLOTRICHOUS
CILIATE TETRAHYMENA

THERMOPHILA

3.1 INTRODUCTION
In spite of the accumulating molecular and biochemical evidence, presented in previous
two chapters, suggesting the presence of Cdk and cyclin homologues and their association with
major cell cycle events in P. tetraurelia, in-depth functional characterization of the physiological
roles of these Cdk and cyclin homologues in P. tetraurelia is difficult. This is mainly due to the
difficulty in D N A transformation as a result of random integration and/or episomal propagation
of transforming D N A and the lack of well-characterized cell cycle mutants. In contrast, targeted
gene disruption techniques are now available in another holotrichous ciliate, Tetrahymena
thermophila (Cassidy-Hanley et al., 1997; Gaertig et al., 1994; Tondravi and Yao, 1986). This
organism has a high level of inherent homologous recombination in the macronucleus that
permits replacement of the endogenous copies of genes. Moreover, phenotypic assortment
(Sonneborn, 1974), a unique feature of T. thermophila, allows the relative abundance of
macronuclear D N A molecules carrying the transgene or its endogenous allele to be shifted by
selection for or against the paromomycin resistance marker carried in the knockout cassette.
Ultimately, with prolonged selection, the endogenous alleles in the polygenomic macronucleus
can be completely replaced if they are not essential.
Even though T. thermophila and P. tetraurelia are placed in the order
Oligohymenophorea that represents a monophyletic group of organisms (Harnmerschrnidt et al.,
1996), the evolutionary distance between P. tetraurelia and T. thermophila is far greater than
that between rat and brine shrimp, based on molecular phylogeny studies on small subunit
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ribosomal R N A (ssrRNA) gene sequences (Frankel, 1999; Greenwood et al., 1991). Therefore,
by exploring the molecular basis of cell cycle control in T. thermophila, I can determine to what
degree information that has been gathered with P. tetraurelia in previous two chapters can be
applied to other ciliates, and can be a further step toward understanding the physiological roles
that these conserved elements play in ciliate cell cycle regulation.
In the study described in this chapter, I isolated the TtCDKl gene and determined the
subcelluar localization of its encoded protein. I also partially replaced the endogenous copies of
the TtCDKl gene in the somatic macronucleus with a knockout construct containing a
paromomycin selection cassette and demonstrated various abnormalities associated with
reduced expression of the TtCDKl gene.
3.2 R E S U L T S
3.2.1 TtCDKl encodes a homologue of cyclin-dependent kinases.
I used a combination of degenerate and anchored PCR approaches, similar to those used
in cloning PtCDKl and cyclins, to isolate a cDNA clone of 1156 bp that encoded a product with
a high degree identity at the amino acid level to that of Cdks from other eukaryotes, including P.
tetraurelia (Table 4). The largest open reading frame (ORF), starting from the first A T G codon,
encodes a protein of 318 amino acids with a predicted molecular mass of -37 kDa (GenBank
accession number AF157636, Fig. 3-1). The gene was designated T. thermophila CDK1
(TtCDKl) and its predicted protein product TtCdkl. While it contains the 11 catalytic domains
characteristic of protein kinases of all types (Hanks et al., 1988) and shows conservation of all
of the regulatory phosphorylation sites in corresponding locations to other Cdks, the
'PSTAIRE' region in TtCdkl has two conservative substitutions out of 16 amino acids,
including Ile56-Leu and Leu61-Ile.
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Table 4. Percentage of amino acid identity between ciliate Cdks and Cdks from other
eukaryotes.
T. thermophila

P. tetraurelia

P. tetraurelia

Cdkl

Cdkl

Cdk2

H. sapiens CDK1

53%

55%

58%

Z. mays Cdc2ZmA

55%

59%

61%

S. pombe Cdc2

51%

53%

58%

S. cerevisiae CDC28

53%

56%

57%

D. discoideum Cdc2

52%

55%

56%

P. falciparum Cdc2

51%

60%

51%

E. histolytica Cdc2

47%

46%

45%

T. vaginalis Cdc2

37%

41%

33%

P. tetraurelia C d k l

46%

100%

48%

P. tetraurelia Cdk2

56%

48%

100%

T. thermophila C d k l

100%

46%

56%
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Fig. 3-1. Nucleotide sequence of TtCDKl, and the predicted amino acid sequence of the gene
product, TtCdkl. The conserved 'PSTAIRE' region is double underlined. Putative
phosphorylation sites, Thr21, Tyr22 and Thrl73 in TtCdkl, equivalent to Thrl4, Tyrl5 and
Thrl61 of human C D K 1 , respectively, are indicated by bold italics. "*" indicates the stop codon
T G A . The GenBank accession number of this sequence is AF157636.
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Two introns were found within TtCDKl coding region by comparing its c D N A and
genomic sequences. They all possess the consensus 573' splicing sites, G T / A G . Their sizes are
265 bp and 547 bp, respectively, much larger than those in P. tetraurelia genes (Russell et al.,
1994; Tang et al., 1995; Zhang and Berger, 1999). The first intron is located in the same
position as the second of two introns in PtCDKl.
3.2.2 TtCDKl is a member of the multi-gene family of CDKs in T: thermophila
(a). There are at least two Cdk-relatedproteins in T. thermophila.
Anti-PSTAIRE antibody detected two polypeptides of 35 kDa and 37 kDa, respectively,
on a Western blot of T. thermophila total protein lysate (Fig. 3-2). The smaller peptide is much
more abundant than the larger one. p35 is unlikely a proteolytic cleavage product of p37,
considering their distinct pl3™ binding properties (see below). This result is in accord with
c/

previous results (Fujishima et al., 1992), and suggests the presence of at least two classes of
Cdks in T. thermophila.
A polyclonal antibody was generated against a carboxyl terminal peptide of TtCdkl in
order to characterize functions of the TtCdkl protein. This specific anti-TtCdkl antibody
recognized a peptide that comigrated with the larger p37 peptide recognized by the antiPSTAIRE antibody (Fig. 3-2). This is in agreement with the predicted molecular mass for
TtCdkl based on its primary sequence, suggesting TtCdkl is the large polypeptide recognized
by anti-PSTAIRE antibody. This anti-Cdkl antibody recognizes only p37 and shows no crossreaction with p3 5.
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Fig. 3-2. T. thermophila contains two anti-PSTAIRE reactive polypeptides: p37 and p35. Total
cell lysate was resolved on SDS-PAGE, and transferred to Immobilon-P membrane. The
membrane was probed with either anti-PSTAIRE antibody (anti-PSTAIRE lane) or anti-TtCdkl
polyclonal antibody (anti-TtCdkl lane).
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Fig. 3-3. T. thermophila Cdks exhibit different affinities for yeast p i 3
protein. After
incubating cell lysate with excess amount of pl3™ agarose beads, both bound (P: precipitate)
and unbound fractions (S: supernatant) along with total lysate (W: whole cell lysate) were
loaded onto SDS-PAGE and then immunoblotted with either anti-PSTAIRE (Panel A) or antiTtCdkl antibodies (Panel B).
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(b). T. thermophila Cdks have different affinities for yeast pi3

SUC

protein.

As shown in Fig. 3-3A, among the two peptides recognized by anti-PSTAIRE antibody,
only p37 could be precipitated by yeast pl3™ . p35 remained in supernatant after p37 was
e7

precipitated. These results indicate that p35 and p37 differ in their pl3

sucl

binding affinities.

In order to test directly the affinity of TtCdkl for pl3' " , I substituted the antiv

cy

PSTAIRE antibody used in the previous experiment with the anti-TtCdkl specific antibody. As
shown in Fig. 3-3B, TtCdkl protein is retained on yeast pl3' " -Sepharose beads. This result
s

indicates that TtCdkl is the p l 3

SHe/

c/

binding Cdk in T thermophila, and confirms that TtCdkl

corresponds to the p37 recognized by anti-PSTAIRE antibody.
3.2.3 Periodic expression of TtCdkl protein correlates with activation of its histone HI
kinase during the vegetative cell cycle.
The expression of Cdk proteins in cells of most of eukaryotes including yeast,
vertebrates and P. tetraurelia is not regulated in a cell cycle stage-specific manner (Draetta et
al, 1989; Tang et al, 1997; Zhang and Berger, 1999). Periodic activation of Cdk kinase
activity is determined by post-translational modifications, such as cyclin binding, reversible
phosphorylation and association with Cdk inhibitors (CKIs). With the anti-TtCdkl specific
antibody, the protein level of TtCdkl was monitored in elutriation synchronized cell
populations. Macronuclear D N A synthesis, as detected by the incorporation of [ H] thymidine
into macronuclei, in the mass synchronized cell populations occurred normally in the middle of
the cell cycle and took about 1 h at 30°C, suggesting no interference occurred during elutriation
process on the cell cycle progression (Berger, unpublished data). The median time of cell
division was about 3.0 h post elutriation (Fig. 3-4C). A total of 8 samples were collected at 30
min intervals, starting 30 min after elutriation. Protein lysates were prepared for each sample,
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and analyzed by Western blotting with anti-TtCdkl antibody. To my surprise, the TtCdkl
protein exhibited cell cycle-stage dependent expression during the vegetative cell cycle. As
shown in Fig. 3-4A, TtCdkl was barely detectable early in the cell cycle. Its protein level began
to increase gradually, starting from 2 h post elutriation, and reached a peak at ~3 h. At 3.5 hr
when cells had entered a new cell cycle, TtCdkl protein level declined dramatically. This
observation is in sharp contrast to the situations in most other eukaryotic cells including P.
tetraurelia where the Cdk proteins are kept at approximately constant level over the vegetative
cell cycle (Tang et al., 1997; Zhang and Berger, 1999).
Consistent with this finding, a similar pattern of increase and decrease was also observed
for the amount of TtCdkl protein retained by the yeast pl3™ beads over the course of the cell
e;

cycle (data not shown). This result also implies that the pl3' -binding affinity of TtCdkl does
sm;

not change appreciably over the course of the cell cycle.
Moreover, I noticed the TtCdkl protein could be resolved into two closely-spaced
bands between 2.5 to 3 hr post-elutriation when its level was high (Figs. 3-4A). The appearance
of the doublet may represent alternatively phosphorylated forms of the TtCdkl protein, as seen
for human C D K 2 and CDK1 (Elledge et al, 1992), and imply that changes in the TtCdkl
phosphorylation state occur during the cell cycle. However, no appreciable signal was detected
in an attempt to examine phosphotyrosine in TtCdkl precipitated by p l 3

sue7

using the 4G10, the

monoclonal antibody that has been used extensively for detecting tyrosine phosphorylation
(Upstate Biotechnology, Lake Placid, NY).
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Fig. 3-4. TtCdkl protein level and its histone H I kinase activity during the vegetative cell cycle.
Aliquots of synchronized cells were taken at 0.5-h intervals, starting from 0.5 h post elutriation,
to determined the cell density of the samples (C); protein level by western blot analysis using
anti-TtCdkl antibody (A) and histone H I kinase activity present in TtCdkl immunoprecipitates
(B). AS: TtCdkl protein level in asynchronized sample. Protein level and kinase activity were
quantitated as described in Materials and Methods (C). (Note: this figure presents composite
results derived from different batches of synchronized samples).
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In accord with its kinase-like sequence, TtCdkl immunoprecipitate displayed
phosphorylation activity towards bovine histone H I . No activity was observed when
immunoprecipitation was performed with preirnmune serum (data not shown). To investigate in
greater detail the dynamic changes of TtCdkl kinase activity during the cell cycle, I performed
immunoprecipitation with anti-TtCdkl antibody in the lysates of elutriation synchronized
samples. As shown in Fig. 3-4B, the TtCdkl kinase activity displayed cell cycle-stage dependent
oscillation that is correlated with its protein level. The kinase activity, shown as the extent of
phosphorylation of bovine histone H I , was barely detectable at the beginning of the cell cycle.
An activity peak was observed at about 3 h post-elutriation when most cells had undergone
cytokinesis. By judging from the quantitative data, TtCdkl kinase activity is closely correlated
with its protein level (Fig. 3-4C). Whether and how post-translational modifications including
cyclin binding and reversible phosphorylation contribute to TtCdkl kinase activation remains
unknown.
3.2.4 TtCdkl protein is spatially associated with basal body domains in the cell cortex
The TtCdkl specific antibody was used to visualize the localization of TtCdkl in
vegetative T. thermophila cells by indirect immunofluorescence microscopy. Unlike most Cdks
from other eukaryotic cells examined so far, TtCdkl was not detectable in micronuclei,
macronuclei or cytoplasm under the resolution that could be achieved by the techniques used in
this study (Fig. 3-5A, B). The anti-TtCdkl immunostaining signal appeared to be limited to
more or less circular halo-like domains associated with the basal bodies of the ciliary rows of the
cortex (Fig. 3-5A). The TtCdkl protein appeared to be localized to a region adjacent to, but not
within basal bodies. The circular TtCdkl domains have a non-staining center, presumably
corresponding to the basal body region. This circular TtCdkl staining zone was typically thinner
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at the anterior edge and in some cases incomplete, giving a horseshoe-shaped appearance. In
dividing cells smaller faintly staining dots were observed in positions at which newly formed
basal bodies were expected, lying between basal bodies with fully developed TtCdkl staining
domains. The TtCdkl protein was also associated with the polykineties (membranelles) and the
haplokinety (undulating membrane) of the oral apparatus, an association that is clearest in oral
structures of dividing cells (Fig. 3-5B, F). No staining was observed along the fission line in
dividing cells where no basal bodies are located (Fig. 3-5B). No change was observed in the
TtCdkl localization throughout the vegetative cell cycle.
Double staining with anti-TtCdkl and anti-a-tubulin antibodies revealed a general
correspondence between the sites of the basal bodies of the ciliary rows and the TtCdkl staining
domains (Fig. 3-5D). Some basal bodies associated with the peripheral TtCdkl staining
appeared yellowish due to overlap of the red (a-tubulin revealed by Texas Red-conjugated
secondary antibody) and green (TtCdkl revealed by FITC-conjugated secondary antibody)
fluorescing signals. These double-stained basal bodies all possess red-staining transverse
microtubule bands extending to the cell's left, which are usually found in association with
mature basal bodies. Other basal bodies, presumably those associated with the faintly staining
dots seen in early dividers, were stained mostly red, due to little TtCdkl antigen associated with
those basal bodies. These single-stained basal bodies, more abundant in the central and posterior
regions of the cortex than anterior region, are usually located one or two positions anterior to
double-stained basal bodies and generally do not possess transverse microtubule bands, although
occasionally the posterior of two has a short one. I believe that the basal bodies without
significant amounts of TtCdkl antigen associated with them are newly developed basal bodies.
The weak signals around nascent basal bodies compared to the much stronger ones in the
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domains surrounding mature basal bodies suggest that the deposition of TtCdkl occurs as basal
bodies and associated cytoskeletal structures undergo their maturation.
3.2.5 Functional characterization of TtCDKl gene by targeted gene knockout in somatic
macronuclei
(a). Selection and characterization of the TtCDKl knockout cell lines
Following bombardment, cells were resuspended in Neff growth medium and plated in
96-well microtiter plates. Paromomycin was added to final concentrations of 20 ug/ml, 50
rig/ml or 100 ug/ml 7 h after bombardment following incubation of cells at 30°C. While no
paromomycin-resistant clones were observed in either 50 or 100 ug/ml paromomycin, more
than a dozen drug-resistant clones were picked up in 20 ug/ml paromomycin 6-7 days after
bombardment when all control cells that were bombarded with pBluescript vector sequence had
died. I chose one drug-resistant cell line, T t C D K I K O , for further analysis.
Southern blot analysis using a specific probe for the TtCDKl gene was performed with
AWe/-digested genomic D N A isolated from T t C D K I K O grown in 50 ng/ml and 100 ug/ml
paromomycin (Figs. 3-6; 3-7A, B). In wild-type cells, the expected single band of 1.7 kb was
detected. In T t C D K I K O in either concentration of paromomycin, the intensity of the wild-type
band was reduced and a larger band of 3.1 kb, resulting from neomycin-resistance cassette
integrated into the TtCDKl locus, was present. The neomycin resistance-specific probe
hybridized with only the larger band in each case, suggesting that neomycin-resistance cassette
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Fig. 3-5. Localization of the TtCdkl protein in both wild-type and T t C D K l K O cells. Vegetative
growing T. thermophila wild-type cells were stained with anti-TtCdkl (A and B) or preimmune
serum (C), or double-stained with anti-TtCdkl antiserum (green) and anti-a tubulin monoclonal
antibody 15D3 (red) (D). The TtCdkl protein is localized to circular domains associated with
mature basal bodies of the ciliary rows and associated with the polykineties (membranelles) and
the haplokinety (undulating membrane) of the oral apparatus. T t C D K I K O cells were stained
with anti-TtCdkl antiserum (E and F), displaying specific phenotypes including bending of
ciliary rows in the cell cortex, chromatin decondensation in both nuclei and decreasing intensity
of TtCdkl stain. Nuclei in A, B , C, E and F were counter-stained with propidium iodide.
Images were viewed and photographed under a confocal microscope.
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was inserted only in the targeted gene. Comparing the intensities of the knockout and wild-type
bands, more than 50% of macronuclear TtCDKl gene copies were disrupted in T t C D K I K O .
Increasing the paromomycin concentration from 50 ug/ml to 100 ixg/ml resulted in further
replacement of endogenous wild-type copies with the knockout construct (lane KO50 vs
KO100). The observation that the endogenous TtCDKl alleles could not be completely replaced
in T t C D K I K O even after prolonged selection in paromomycin suggests that the TtCDKl gene
is essential for cell survival and, therefore, T t C D K I K O is a partial knockout transformant.
Consistent with this, the wild-type alleles were fully restored in T t C D K I K O cells after
prolonged growth without selection pressure (data not shown).
Co-integration of the transforming fragment into the flanking sequences of the target
locus has been observed in several cases, leaving the endogenous gene functional (Brown et dl.,
1999; Gaertig et al, 1994, 1995; Kahn et al, 1993). Therefore, to verify that T t C D K I K O was
a true transformant resulting from gene replacement, Southern blot analysis using the TtCDKl
gene probe was carried out with Bstl-digested T t C D K I K O genomic D N A (Figs. 3-6; 3-7C). In
addition to 3.0 kb and 0.8 kb wild-type bands, a 2.2 kb band expected from gene replacement
appeared in T t C D K I K O , suggesting gene replacement, not co-integration, occurred in
TtCDKIKO.
Western blotting of protein lysate with anti-TtCdkl specific antibody showed -20% and
-70% reduction in the expression of the T t C D K l gene in T t C D K I K O cells grown in 50 ug/ml
and 100 ug/ml paromomycin, respectively, which is in accord with the partial knockout of the
endogenous T t C D K l gene (Fig. 3-8).
(b). Multiple deficiencies of the TtCDKIKO cells upon the reduction of TtCDKl expression
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Since the TtCdkl protein was localized to the domains associated with the basal bodies
of ciliary rows in the cortex, immunofluorescence microscopy using anti-TtCdkl antibody was
employed to examine possible phenotypic effects upon partial TtCDKl knockout in the
T t C D K I K O cells. As expected from reduced expression of the TtCDKl gene in T t C D K I K O
based on western blot analysis data, the overall intensity of the TtCdkl protein staining was
weaker in the T t C D K I K O cells than that in wild-type cells (Fig. 3-5E, F). Moreover, in contrast
to the relatively straight alignment of basal bodies in wild-type cells, some degree of bending
and buckling of ciliary rows was observed in most of the T t C D K I K O cells. No decrease in the
number of basal bodies was noticed in the knockout cells, suggesting the TtCdkl protein might
not be involved in the duplication of basal bodies.
Moreover, a consistent correlation between the reduced TtCDKl expression and an
increase of propidium iodide-stained areas in both types of nuclei was found in T t C D K I K O
cells. Both macro- and micronuclear D N A contents of T t C D K I K O cells are almost
indistinguishable from those of wild-type cells as determined by flow cytometry of propidium
iodide-stained nuclei (Fig. 3-9). Thus, the increase in the propidium iodide-stained area in both
nuclei in T C D K 1 K O cells is most likely due to the chromatin decondensation that accompanies
the reduced expression of TtCDKl. No D N A fragmentation was detected on agarose gels (data
not shown). This observation is reminiscent of the phenotypes of AH1 (macronuclear linker
histone HHO gene knockout) and A M i c L H (micronuclear linker histone MLH gene knockout)
cells, in which decondensation of either macro or micronuclear chromatin was detected (Shen et
al, 1995).
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Fig. 3-6. Diagram of portions of the macronuclear wild-type TtCDKl gene (top) and the
knockout construct (bottom). The sites of the enzymes used to digest genomic DNAs are
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sequences.
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Fig. 3-7.Genomic Southern blot analysis to demonstrate partial disruption of the TtCDKl gene
in T t C D K I K O cells. Genomic DNAs from wild-type cells (lane WT ) and a knockout cell line
grown in 50 ug/ml (KO50) and 100 ug/ml paromomycin (KO100) digested with Ndel were
separated on agarose gel and probed with the TtCDKl-specific probe (panel A) and neomycinresistance gene probe (panel B), respectively. Genomic DNAs from wild-type (WT) and the
knockout cells (KO) digested with BstBl were resolved on agarose gel and probed with the
TtCDKl-specific probe to demonstrate the gene replacement event (panel C).
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Fig. 3-8. The TtCdkl protein level detected by western blot analysis in wild-type (WT) and
T t C D K I K O cells grown in 50 ug/ml (KO50) and 100 ug/ml paromomycin (KO100). Total
protein lysates were resolved on SDS-PAGE and probed with anti-TtCdkl antibody.
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D N A Content
Fig. 3-9. Macronuclear and micronuclear D N A contents of both wild-type (WT) and
T t C D K l K O (KOI00) cells, as measured by flow cytometry. No apparent difference of their
respective D N A content between wild-type cells (upper panel) and T t C D K I K O cells grown in
100 pg/ml paromomycin (lower panel) was observed in either macro- or micronuclei.
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3.3 D I S C U S S I O N
Although Tetrahymena was the first eukaryotic cell to be successfully synchronized
through serial heat shock treatment (T. pyriformis: Scherbaum and Zeuthen, 1954; T.
thermophila: Holz et al., 1957), and T. pyriformis was used in many early cell cycle studies
(Frankel et al., 1976; 1977), Tetrahymena was later replaced by more morphologically 'typical'
eukaryotic cells such as yeast and mammalian cells, partially due to the complexity resulting
from the nuclear dimorphism of ciliates. With the identification of Cdk/cyclin as conserved
central regulators of cell cycle in these 'typical' eukaryotic cells, several groups have returned to
this ciliate and identified both Cdk- and cyclin-like proteins in T. thermophila but without
obtaining gene sequences of either class (Roth et al., 1991; Williams and Macey, 1991).
The reason for exploring the molecular mechanisms of the T. thermophila cell cycle
following the isolation and characterization both Cdks and cyclins in P. tetraurelia is not simply
an issue of documenting species variation. T. thermophila offers a more convenient model
system to work with in a sense of feasibility of examining in vivo functions of cloned genes,
thanks to the recent development of targeted gene disruption techniques in T. thermophila
(Cassidy-Hanley et al., 1997; Garetig and Gorovsky, 1992, Garetig et al., 1994; Tondravi and
Yao, 1986).
In this study, I have cloned a gene that encodes a Cdk-like protein from the T.
thermophila genome using a homology based cloning approach. The striking overall homology
of the TtCdkl protein with Cdk homologues from other eukaryotes, and in particular, the
presence of the PSTAIRE region (GVPSTALREISILKE in TtCdkl), which is the hallmark of
Cdks, leaves no doubt that TtCdkl is a Cdk homologue in T. thermophila. Variations in the
PSTAIRE region were observed in the Cdk homologues from Dictyostelium discoideum
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(Michaelis and Weeks, 1992), Plasmodium falciparum (Ross-MacDonald et ah, 1994),
Entamoeba histolytica (Lohia and Samuelson, 1993), Trypanosoma brucei (Riley et al., 1993),
and P. tetraurelia (Tang et al., 1995).
Homologues of the typical regulatory phosphorylation sites, including Thrl4, Tyrl5 and
Thrl61 in human C D K 1 , are located in corresponding positions within TtCdkl, suggesting the
involvement of phosphorylation/dephosphorylation in regulating TtCdkl kinase activity. In
agreement with this, the migration rate of TtCdkl protein on SDS-PAGE changed during the
cell cycle, implicating possible changes in its overall phosphorylation state. The failure of the
anti-phospho tyro sine antibody (4G10) to detect any phosphorylation on tyrosine residues on
TtCdkl associated with pl3™ could be due to phosphorylation on residues other than tyrosine,
c7

such as threonine(s).
Almost all the Cdks identified so far need to bind to cyclin partners to become active. In
P. tetraurelia, two classes of distinct mitotic cyclin homologues have recently been identified
(Zhang et al., 1999; Chapter 2). They form complexes with different Cdk catalytic subunits, and
activate kinase activity at different specific cell cycle stages. In the TtCdkl sequence, most of
the residues and domains essential for cyclin binding are conserved, suggesting the possible
interaction with a cyclin. In fact, a sequence has been identified in T. thermophila, displaying
high homology with the 'cyclin box' in other eukaryotic cyclins (Zhang et al., 1999). However,
the close correlation between the profile of the TtCdkl protein expression and that of its kinase
activation during the vegetative cell cycle raises the question as to roles of post-translational
modifications such as cyclin binding and phosphorylation in TtCdkl enzymatic activation.
Roth et al. (1991) reported an anti-PSTAIRE reactive peptide (p36) that bound to yeast
pl3' " and exhibited protein kinase activity towards both bovine histone H I and macronuclear
v

e;
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linker histone. Based on the pl3™ binding property, it seems likely that this p36 polypeptide
c

corresponds to TtCdkl in this study. The absence of the smaller anti-PSTAIRE-reactive
polypeptide (p35, non- pl3'™ binding) in their study may be because their protein lysates were
c;

from macronuclei, not whole cells. Based on their results, it seems that TtCdkl should be, if not
exclusively, localized in macronucleus. Contrary to my expectation, TtCdkl protein appears to
be associated with cytoskeletal regions adjacent to basal bodies in the somatic cortex and is also
found within the oral apparatus, but not in either nucleus, as revealed by indirect
immunofluorescence microscopy with anti-TtCdkl antibody. However, the contradiction may
be resolved if there are additional Cdks other than p35 and p37 present in T. thermophila. This
is not completely unlikely, considering two Cdks (PtCdk2 and Cdk3) are present in P.
tetraurelia with similar molecular weights but distinct pl3™ -binding properties.
c/

The more-or-less circular halo-like domains of the TtCdkl protein associated with
somatic basal bodies appear very similar to the K-antigen domains decorated by mAb 424A8
antibody (Williams et al. 1990). These domains were demonstrated by immunogold binding and
electron microscopy to be localized within the membrane-skeletal layer (Williams et ah, 1990).
The detailed similarity between the K-antigen and TtCdkl domains strongly suggests that the
TtCdkl protein, like the K antigens, is localized to the specialized regions of the membrane
skeleton (epiplasm) that surround the basal bodies of the ciliary rows. The similarity also
extends to the development of these domains. Williams et al. (1990) found that the K-antigen
domains associated with newly formed basal bodies are much smaller than those of more mature
basal bodies. The results with both single staining with anti-TtCdkl antibody and double
staining with anti-TtCdkl and anti-a-tubulin antibodies are very similar. The possession of
transverse microtubule bands suggests the double-stained basal bodies are mature basal bodies
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with a full complement of accessory structures, whereas the lack of full-length transverse
microtubule bands and their localization relative to double-stained basal bodies suggests that the
basal bodies staining only with anti-a-tubulin are newly formed. The probable association of
TtCdkl protein with the epiplasmic domains that surround mature basal bodies suggests that
TtCdkl may be involved in the maturation of the complex membrane-skeletal layer within which
all cytoskeletal structures are embedded (Williams et al., 1990; Frankel, 1999). It may also play
a role in the development of the oral apparatus. Consistent with these suggestions, the fairly
broad peak of TtCdkl histone H I kinase activity associated with timing of division-related
cortical morphogenesis encompasses the period of formation of the oral primordium and the
maturation of many new somatic ciliary units (Frankel, 1981; Williams et al., 1990).
The role of protein kinases in the establishment of morphogenetic patterns in
Tetrahymena or other organisms is not well understood. However, the association of Cdk/cyclin
complexes with centrosomes and the apparent requirement for CDK2/cyclin E activity for
centrosome duplication in animal cells (Bailly et al., 1989; 1992; Hinchcliffe et al., 1999)
indicates that the association of a Cdk with basal body domains in Tetrahymena may represent a
common rather than a unique phenomenon. In the ciliate case, TtCdkl might play a role in the
differentiation of the complex membrane-skeletal layer that may be involved in cortical
morphogenesis in this organism (Frankel, 1999). The buckling of ciliary rows observed in the
T t C D K l partial knockout cells may reflect deficiencies in the formation of this layer.
Recent studies of the distribution of a serine/threonine kinase activity in the cortex of T.
thermophila, and the effects of inhibitors of protein kinases on division associated
morphogenesis suggest that in Tetrahymena, as in other organisms, protein kinases play a
specific and important role in establishing the morphogenetic pattern (Kaczanowska et al.

118

1999). Phosphorylation of basal body associated structures located in the cortex and the oral
apparatus has been observed throughout the vegetative cell cycle in both T. thermophila and P.
tetraurelia, as demonstrated by staining cells with M P M - 2 antibody, an antibody which
recognizes phosphorylated epitopes in microtubule organizing centers (MTOCs) in variety of
organisms (Huelsman et al., 1992; Keryer et al., 1987). Direct evidence has been gathered for
cell cycle-dependent phosphorylation of the structural proteins in the cortex including the ciliary
rootlets (Sperling et al., 1991). However, the nature of the protein kinase(s) responsible for the
phosphorylation events and their roles in ciliate morphogenesis remains an issue of speculation.
My demonstration of the probable association of TtCdkl with the membrane-skeletal domains
surrounding the basal bodies in the cell cortex and the buckling of ciliary rows upon reduced
expression of the TtCDKl gene provides the first evidence for the involvement of a Cdk kinase
in the cortical morphogenesis of ciliates prior to cell division.
It has been demonstrated that both pl3™ -bound p36 and TtCdkl exhibit protein kinase
c/

activity towards the macronuclear histone H I protein (Roth et al., 1991; Mizzen, personal
communication). Disruption of the macronuclear copies of the histone H I genes leads to
decondensation of the macronuclear chromosomes. It is believed that phosphorylation of the
macronuclear histone H I is essential for chromosome condensation/decondensation. The
decondensation of both macro and micronuclear chromosomes observed in the T t C D K I K O
cells suggests an indirect role of TtCdkl in chromatin condensation, possibly through
phosphorylation of linker histones in both nuclei. The localization of the TtCdkl protein in
epiplasmic domains associated with the basal bodies in the cell cortex throughout the cell cycle
ehminates the possibility of direct involvement of TtCdkl in this process. However, a protein
kinase activated by TtCdkl could be directly responsible for linker histone phosphorylation.
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DISCUSSION AND FUTURE PROSPECTS
A. GENERAL DISCUSSION
The ciliate cell cycle typically consists of an initial period of growth, followed by a
period of growth and morphogenesis (macronuclear and micronuclear D N A synthesis,
stomatogenesis and somatic cortex morphogenesis) and ending with cell division
(macronuclear amitosis, micronuclear mitosis, stomatogenesis and cytokinesis) (Adl and
Berger, 1996). In contrast to the situation in higher eukaryotic cells where various cell
cycle events are tightly coupled with each other through various checkpoint controls, all
these processes occur independently within the ciliate cell and can be unlinked both with
inhibitors and in mutants. Of particular interest is the question how the ciliate coordinates
the cell cycle events occurring in different compartments of the single cell.
While the jury is still out on this broad question, the supposition that the basic
molecular workings of the cell division cycle are similar in all eukaryotic cells has
provided a convenient starting point for characterizing the molecular nature of cell cycle
control in ciliates. As the master regulators of the eukaryotic cell cycle, Cdks have been
demonstrated to play vital roles in controlling and coordinating various cell cycle events,
ensuring that cells progress through sequential stages of the division cycle in an orderly
fashion (Stern and Nurse, 1996). The activity and specificity of Cdks are controlled at
many levels, making them versatile regulators that are capable of integrating diverse
cellular and extracellular signals. This makes Cdks excellent candidates for mediating
control of the cell cycle in ciliates. Therefore, as a first step to elucidate the molecular
basis of the ciliate cell cycle regulation, the Berger's lab has focused on demonstrating
the presence of Cdks and cyclins and characterizing their roles in the ciliate cell cycle.
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By taking advantage of high degree of conservation of both Cdks and cyclins in
their amino acid sequences, I utilized homology-based cloning approaches including
degenerate PCR, anchor PCR and library screening, to identify a novel Cdk gene and two
classes of mitotic cyclin genes from ciliate P. tetraurelia in this study. Combined with
previous results (Tang et al., 1994; 1997), at least three classes of Cdks and two classes
of mitotic cyclins have been demonstrated in P. tetraurelia. This is the first time that
cyclins have been cloned in ciliates, and is also the first case, to my best knowledge, that
multiple Cdks have been shown to engage in cell cycle control in unicellular lower
eukaryotes. In order to characterize the functions of the ciliate Cdk(s) in vivo, another
holotrichous ciliate T. thermophila was introduced into the study, due to availability of
highly efficient D N A transformation techniques in this particular ciliate. Following the
isolation of a Cdk-like sequence, TtCDKl, in T thermophila, a partial knockout cell line
was constructed using the somatic biolistic transformation technique. Detailed analysis of
this knockout cell line revealed the possible involvement of the TtCdkl protein in the
maturation of the membrane-skeletal domains associated with basal bodies of the ciliary
rows in the cortex and in D N A condensation in both types of nuclei.
Considering the divergence between ciliates and typical eukaryotic cells in both
evolutionary history and cell cycle organization, my results not only extend the
omnipresence of Cdk/cyclins to this unique, diverse, unicellular group and confirm that
evolution of Cdk/cyclins occurred before the separation of ciliates from the lineage that
then gave rise to higher eukaryotes, but also reveals some interesting roles that ciliate
Cdk(s) play in the cell cycle and lays the foundations for further investigation of the
molecular basis of the unusual cell cycle control system in ciliates.
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1. Multiple Cdk/cyclin complexes involved in the unicellular cell cycles of ciliates.
In the yeasts, S. pombe and S. cerevisiae, a single Cdk controls different cell cycle
events through sequential association with stage-specific cyclin subunits. The
identification of multiple Cdks in the ciliates, P. tetraurelia and T. thermophila, along
with two different classes of mitotic cyclin homologues in P. tetraurelia poses the
question as to why this unicellular organism requires multiple Cdks and cyclins for the
control of the cell cycle. The unique cellular structure of ciliates, with different
temporally and spatially regulated cell cycle events in macronucleus, micronucleus,
cytoplasm and cell cortex, seems to partly justify my findings. The coincidence of the
timing of the kinase activities associated with PtCdkl, PtCdk2 and PtCdk3 with IDS, cell
division, and PCD, respectively, clearly supports this notion. Moreover, it seems more
likely that multiple Cdks are the norm, and that yeasts with only one Cdk are the
exception. Coordination of the Cdk kinase activities must be essential for the integration
of various cell cycle events occurring in different compartments within the ciliate cell at
cell division.
Until now, little is known about the control of cell cycle events in the
micronucleus. The cell cycle events such as D N A replication and mitosis occurring in
micronuclei seem to be typical of higher eukaryotic cells. Surprisingly, studies on the
linker histones in T. thermophila have shown that macronuclear histone H I but not
micronuclear linker histone contains sequences resembling Cdk consensus
phosphorylation sites whereas each of the micronuclear linker histone proteins (a, p\y,
and 8) contain only typical cAMP-dependent protein kinase A (PKA) phosphorylation
sites in their carboxyl termini (Wu et al., 1994). This leads to the tentative conclusion that
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the micronuclear cell cycle events are controlled by P K A instead of Cdk(s). In agreement
with this conclusion, no Cdk activity was found in either P. tetraurelia or T. thermophila
in association with micronuclear cell cycle events. However, this point still requires
further examination, given the unusual structural properties of the micronuclear linker
histones in T. thermophila (Allis et al., 1979; 1984).
2. Coordination of the cell cycle events occurring on the cell cortex and within nuclei
through a cyclin-dependent protein kinase.
The striking similarity of the ciliate Cdks with their counterparts in higher
eukaryotes in terms of sequence and biochemical properties leaves no doubt that they
belong to the Cdk family. Furthermore, the correlation between their associated protein
kinase activities with IDS, PCD or cell division in P. tetraurelia clearly suggests their
involvement in ciliate cell cycle regulation. However, the question remains open as to
what, exactly, these Cdks do in the ciliate cell cycle.
To address this question, T. thermophila was introduced into the study. With the
recent development of targeted gene disruption techniques, T. thermophila has become a
more favorable organism as opposed to P. tetraurelia for characterizing gene function,
due to its unique characteristic of phenotypic assortment (reviewed in Sonneborn, 1974).
One of the most striking results in the study of the TtCdkl protein of T.
thermophila was its association with the membrane skeletal domains of the basal bodies
in ciliary rows and the polykineties and the haplokinety of the oral apparatus. No
detectable protein was observed in macronucleus, micronucleus or cytoplasm in this
study. Similar observations were made for PtCdk2 (Zhang and Berger, unpublished data).
The association of Cdk/cyclin complexes with centrosomes and the apparent requirement
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for CDK2/cyclin E activity for centrosome duplication in animal cells (Bailly et al.,
1989; 1992; Hinchcliffe et al, 1999) indicates that the association of a Cdk with basal
body domains in Tetrahymena may represent a common rather than a unique
phenomenon. Preferential binding of the TtCdkl protein to the epiplasmic domains
associated with mature basal bodies in the cell cortex, as revealed by double labeling of
TtCdkl and a-tubulin, suggests the possible involvement of the TtCdkl in the maturation
of the complex membrane-skeletal layer within which all cytoskeletal structures are
embedded.
To examine this hypothesis, I constructed a T. thermophila cell line, T t C D K I K O ,
in which more than 50% of endogenous TtCDKl gene copies in the macronucleus were
replaced by a neomycin knockout construct. Complete replacement of wild-type alleles
could not be achieved even after prolonged selection in paromomycin, suggesting that
TtCDKl is an essential gene. Consistent with the proposed role of TtCdkl in the
maturation of the membrane-skeletal layer, some degree of bending and buckling of
ciliary rows was observed in the TtCDKl knockout cells, which may be due to
deficiencies in the formation of this layer. Moreover, the defects in the basal body
alignment within ciliary rows became more severe as paromomycin concentration
increased. Detailed study of the basal bodies in T t C D K I K O cells by electron microscopy
is needed to clarify this point.
In spite of the absence of any detectable amount of the TtCdkl protein in either
macro- or micronucleus, reduced expression of TtCdkl leads to the increase of propidium
iodide-stained areas in both nuclei without the increase in D N A content, suggesting that
TtCdkl may have a role in chromatin condensation in vivo. Cdk-mediated histone
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phosphorylation has long been believed as a trigger to chromatin condensation (Bradbury
et al, 191'4; Inglis et al, 1976; Matsumoto et al, 1980). The absence of the TtCdkl
protein in both nuclei suggests that the involvement of TtCdkl in chromatin condensation
must be indirect in T. thermophila. Previous studies have shown that macronuclear
histone H I can be phosphorylated by the pl3™ -binding Cdk (TtCdkl) in vitro whereas
c7

micronuclear linker histone appears to be phosphorylated by cAMP-dependent protein
kinase A (PKA), as only P K A but not Cdk putative phosphorylation sites was found in its
sequence (Roth et al, 1991; Sweet and Allis, 1993; Wu et al, 1994). The discrepancy
between localization of the TtCdkl protein and nuclear chromosome phenotypes in
T t C D K I K O cells could be reconciled if there were two separate pathways (possibly
protein kinase cascades) mediating TtCdkl activity towards nuclei, with TtCdkl as the
common component shared by the two pathways. In the macronucleus, TtCdkl might
activate an unknown Cdk or pro line-directed protein kinase through unknown mechanism
which in turn causes D N A condensation. On the other hand, TtCdkl might be responsible
for P K A activation by an unknown mechanism and this in turn results in chromatin
condensation in micronucleus. However, this hypothesis needs to be further tested by
examining phosphorylation changes of linker histones of both macro- and micronuclei in
T t C D K I K O cells.
The involvement of a single TtCdkl in both maturation of basal-body domains in
the cell cortex and chromatin condensation in nuclei suggests that it might play a role in
the coordination of cell cycle events occurring in different compartments of the ciliate
cell, which is very important for ciliate cell cycle controls.

3. Variations in the regulatory mechanisms for ciliate Cdks.
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While the universality of the Cdk/cyclin motif has been demonstrated in ciliates,
and the general picture of their involvement of the ciliate cell cycle control looks similar
to that in other eukaryotic cells, the mechanisms required to regulate the ciliate Cdks
appear to vary from enzyme to enzyme and in some cases seem to differ from those of
typical Cdks.
While the domains responsible for cyclin binding are conserved in PtCdkl
sequence, no cyclin has been found so far in association with PtCdkl. Even though it is
possible that the homology-based cloning approach failed to detect a less conserved and
distinct class of cyclin complexed with PtCdkl (e.g. a G l cyclin), glycerol density
gradient centrifugation data suggested that PtCdkl might exist as a monomer that exhibits
kinase activity towards bovine histone H I (Tang et al., 1997).
The TtCdkl protein exhibits higher sequence homology to PtCdk2, than to
PtCdkl. In addition, both TtCdkl and PtCdk2 display maximal histone H I kinase
activities late in the cell cycle. However, the TtCdkl protein exhibits affinity for the yeast
pl3™ protein, while the PtCdk2 protein does not. More strikingly, unlike PtCdkl and
c/

PtCdk2, and most of other Cdks identified in other eukaryotes, the TtCdkl protein
abundance is regulated in a cell cycle-dependent manner. Furthermore, the close
correlation between protein level and kinase activity of TtCdkl raises the question as to
whether the 'universal' post-translational modifications typically required for Cdk
activation are necessary for TtCdkl activity. Similar observations have only been made
on one other cell cycle-related protein kinase, the Aspergillus NimA (never-in-mitosis in
Aspergillus nidulans), which encodes a 79 kDa protein kinase without significant
sequence homology with Cdks. NimA functions as a positive regulator of CDK1 and
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mitosis in that particular fungus (Ye and Osmani, 1997). A NimA homologue has been
identified recently from T. thermophila (Wang et al., 1998).
Despite the high degree of sequence identity between ciliate Cdks/cyclins and their
counterparts in other eukaryotic cells, the mechanisms that regulate Cdk are not well
conserved, suggesting that the regulatory mechanisms are a more recent evolutionary
event than the acquisition of the gene itself. The issue here is that there are potentially
lots of ways to regulate enzymatic activity. While higher organisms have settled on a
precise and limited set of regulatory mechanisms, it is conceivable that in the very wide
spectrum of lower eukaryotes there is range of regulatory processes active in regulation
of their cell cycles. M y work has supplied some intriguing 'snap shots' of regulation of
Cdks in lower eukaryotic cells. Unfortunately, we do not yet have a good view of the
whole range of regulatory processes.

B. CONCLUSIONS
Based on the observations I have made in this study, some important conclusions
can be drawn:
1. In spite of the unusual cellular structure and cell cycle organization, the central
components including Cdks and cyclins of the conserved cell cycle regulatory
machinery across eukaryotic cells examined so far have been identified in two
holotrichous ciliates, Paramecium tetraurelia and Tetrahymena thermophila.
2. Like their counterparts in higher eukaryotic cells, all the Cdks identified so far in
ciliates exhibit histone H I protein kinase activity in vitro and each has a distinct
activity profile, coinciding temporally with the major cell cycle events occurring over
the course of the vegetative cell cycle. Likewise, the two mitotic cyclin homologues
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isolated from P. tetraurelia display the classical cell cycle-dependent oscillations in
their protein levels and each was found to be associated with distinct Cdk partner and
resulted in the activation of kinase activity.
3. While the universality of Cdk/cyclin motifs in eukaryotic cell cycle control has been
extended to ciliates by this study, the detailed mechanisms of regulating the ciliate
Cdk kinase activities can vary somewhat from Cdk to Cdk, and differ in some respects
from those in higher eukaryotic cells. This observation is consistent with the
evolutionary divergence between ciliates and higher eukaryotes and within the ciliate
phylum itself.
4. Phenotypic analysis of a TtCDKl partial knockout cell line has provided initial
insights into the roles of a ciliate Cdk in vivo. The possible involvement of TtCdkl in
the cortical morphogenesis prior to cell division and in chromatin condensation in both
nuclei has been demonstrated through the analysis of a T. thermophila CDK1
knockout cell line by immunofluorescence microscopy. The fact that the two cell cycle
events occurred in different compartments within a cell are regulated by a single Cdk
suggests a possible mechanism employed by the ciliate cell to coordinate different cell
cycle events within the ciliate cell.
C. FUTURE PROSPECTS
As a further step towards a more complete understanding of the molecular nature
of the ciliate cell cycle, it is necessary to identify all the 'players', namely Cdks and
cyclins, which are involved in its control. So far the PtCDK3 gene has not been cloned.
Since the PtCdk3 kinase activity is associated with the PCD (Tang et al., 1994), the major
control point of the P. tetraurelia cell cycle, identification of this Cdk could give us more
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insights into the molecular basis underlying the commitment to cell division in P.
tetraurelia. While homology-based cloning could still be a method of choice for isolating
the PtCDK3 gene, the more direct approach would be to purify the protein by virtue of its
unique pl3

sucl

binding property, and then sequence it to obtain the related D N A sequence

information necessary for PtCDK3-specific PCR amplification. Similarly in T.
thermophila, the isolation of additional Cdk genes including the one encoding p35 from
its Cdk family and any further cyclin-like gene(s) would give a more complete picture
about the molecular basis of cell cycle control in this organism. So far a partial cyclinlike sequence has been obtained in T. thermophila (see Chapter 2).
The functional characterization of each Cdk and cyclin that has been and will be
isolated from ciliates will continue to be the main story of ciliate cell cycle studies.
Considering the recent emergence of several D N A transformation techniques in P.
tetraurelia including homology-dependent gene silencing (Ruiz et al., 1998a, b) and
antisense oligodeoxynucleotide (ODN) injection (Fraga et al., 1998; Hinrichsen et al.,
1992), it should not take long before Paramecium researchers can find a way to routinely
characterize essential genes in vivo in P. tetraurelia. Functional analysis of the
Paramecium Cdks and cyclins coupled with characterization of additional Cdks and
cyclins from T. thermophila may help us to explain the difference of cell cycle control in
this two ciliates.
One of the ultimate goals of the ciliate cell cycle studies is to investigate how cell
cycle events occurring in different compartments of the ciliate cell are coordinated with
one another, and the construction of double or even triple knockout cell lines should
make it possible to dissect the interrelationship between various Cdks. The highly
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sophisticated gene knockout techniques developed in T. thermophila have made this goal
technically achievable. Therefore, identification and isolation of the whole cast of Cdk
family members in T. thermophila should be an immediate goal in any follow-up studies.
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A P P E N D I X I.
DESCRIPTION OF OLIGONUCLEOTIDES
Oligo 1: 5 A T G A / C G A G C A / T A T T / A T / C T A / G G / A T A / T G A - 3 '
Oligo 2: 5 A T T / C T C T / C T C A / G T A T / C T T T / A G / C A / T T / A G C - 3 '
Degenerate sense and antisense primers based on mitotic cyclin box consensus sequences
M R A I L V and A S K Y E E I , respectively, for cloning CYC1 and CYC2 from P. tetraurelia,
and cyclin-like sequences from Blepharisma intermedium, Sterkiella histriomuscorum,
Colpoda sp. and Tetrahymena thermophila.

Oligo 3: 5 ' - G G A / T G A A / G G G A / T A C A / T T A T / C G G - 3 '
Oligo 4: 5 ' - G / A T T T / C T A / G A / T G G C / T T T A / T A A / G G / A T C - 3 '
Degenerate sense and antisense primers based on the two conserved regions of known
Cdk sequences G E G T Y G (protein kinase domain I) and D L K P Q N (domain VI),
respectively, for cloning CDK2 from P. tetraurelia and CDK1 from T. thermophila.

Ada: 5 ' - G A C T C G A G T C G A C A T C G - 3 '
dTn: 5 ' - G A C T C G A G T C G A C A T C G A T T T T T T T T T T T T T T T T T - 3 '
Universal primers for 3' and 5' RACEs

Oligo 5: 5 ' - T A T G A T G A A T C A A G A T T A - 3 '
Oligo 6: 5 ' - T A G T T A G A T A G A A T G C A A - 3 '
Outer and internal primers for 3' R A C E to clone 3' end sequence of PtCDK2.
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Oligo 7: 5 A T A G T T T A A G G C T T G T A T C A T - 3 '
Specific reverse transcription primer for 5' R A C E of PtCDKl.

Oligo 8: 5 - T T G C A A T T C T A T C T A A C T A - 3 '
Oligo 9. 5 '-T A A T C T T G A T T C A T C A T A - 3 '
Outer and internal primers for 5' R A C E to clone 5' end sequence of PtCDKl.

Oligo 10: 5 ' - T C T T T G G C T C A A G T C A C - 3 '
Oligo 11: 5 ' - T A G G T G T G G C A G C C T T G - 3 '
Outer and internal primers for 3' R A C E to clone 3' end sequence of PtCYClb.

Oligo 12: 5 ' - C A C T A G A A T G G C T C T C A T C T T - 3 '
Specific reverse transcription primer for 5' R A C E of PtCYClb.

Oligo 13: 5 ' - C C T G C A G C A G G T G T C A T A T A C T A - 3 '
Oligo 14: 5 ' - T C C A T C A G C A A G T G T T - 3 '
Outer and internal primers for 5' R A C E to clone 5' end sequence of PtCYClb.

Oligo 15: 5 ' - A A C T T A T A T G T T A C A A C T T A T - 3 '
Oligo 16: 5 ' - A G T T G G A G T A G C T T C A T T A - 3 '

Outer and internal primers for 3' R A C E to clone 3' end sequence of PtCYCl.

Oligo 17: 5 ' - T A T A A A T A A T G A A G C T A C T C C A - 3 '

Specific reverse transcription primer for 5 ' R A C E of PtCYC2.

Oligo 18: 5 ' - G T T A T T A T C T G G T T G T A G T C T T - 3 '
Oligo 19. 5 '-AT A A G T T G T A A C AT AT A A G - 3 '
Outer and internal primers for 5' R A C E to clone 5' end sequence of PtCYC2.

Oligo 20. 5 ' - C T T C G T C C T T A C C A A A T - 3 '
Oligo 21: 5 - T G C C A C A A G C C G T A G A A T - 3 '
Outer and internal primers for 3' R A C E to clone 3' end sequence of TtCDKl.

Oligo 22: 5 ' - G T C T T G A T A G G A A C A C C A - 3 '
Specific reverse transcription primer for 5' R A C E of TtCDKl.

Oligo 23: 5 ' - A T T C T A C G G C T G T G G C A - 3 '
Oligo 24: 5 ' - A T T T G G T A A G G A C G A A G - 3 '
Outer and internal primers for 5' R A C E to clone 5' end sequence of TtCDKl.
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APPENDIX IV.
SINGLE A N D TRIPLE L E T T E R CODES OF A M I N O ACIDS
Single-letter code

Triple-letter code

Alanine

A

Ala

Arginine

R

Arg

Asparagine

N

Asn

Aspartic acid

D

Asp

Cysteine

C

Cys

Glutamic acid

E

Glu

Glutamine

Q

Gin

Glycine

G

Gly

Histindine

H

His

Isoleucine

I

He

Leucine

L

Leu

Lysine

K

Lys

Methionine

M

Met

Phenylalanine

F

Phe

Proline

P

Pro

Serine

S

Ser

Threonine

T

Thr

Tryptophan

W

Trp

Tyrosine

Y

Tyr

Valine

V

Val

Amino acid
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