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Abstract
I expressed Xenopus laevis cyclin A1 in the cellular slime mould Dictyostelium discoideum to
investigate the currently unclear role of A-type cyclins. Expression o f this cyclin in the
budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pom be
causes a cell cycle arrest. However, overexpression o f wild-type or an ‘indestructible’ form
o f the protein had no effect upon the growth o f Dictyostelium vegetative cells or their
subsequent development when starved. This may be explained by the inability o f Xenopus
cyclin A1 to bind to the two cloned Dictyostelium cyclin dependent kinases (CDKs) in vitro.

A single B-type cyclin has been previously cloned in Dictyostelium. In this thesis, I
describe the identification of two new cyclins from this organism. I constructed a cD N A
library from growing Dictyostelium amoebae and then isolated clones able to complement the
defect o f the {clnl, cln2, clnS) strain of S. cerevisiae.
The rescuing clones fell into three classes. One encoded the already characterised Btype cyclin. The second showed extensive homology to mitotic cyclins from other species
and also contained large runs of asparagine repeats in non-conserved regions of the protein.
The final class o f clone showed weak homology to the S. cerevisiae Cln3, Pho80 and P ell
cyclin-like proteins.
Antibodies were raised against the mitotic cyclin protein overexpressed in bacteria. A
polypeptide o f the correct size was recognised in Dictyostelium extracts. The cyclin had no
effect upon growth or development when overexpressed in Dictyostelium cells in vivo in
either a wild-type or a N-terminally truncated form.
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Chapter One
Introduction
The cell cycle
The two major events found in all cycles o f eukaryotic cell division are the replication o f
chromosomes during S phase and their subsequent segregation during mitosis (M phase). In
rapidly dividing early embryos, rounds o f DNA synthesis and mitosis alternate with hardly
any time lapse in between, most likely because stockpiles o f nutrients exist in the egg which
are sufficient for these early cleavages. However, in somatic cells, which require growth
before cell division, these two events are separated by gap phases - the G 1 interval prior to S
phase and the 0 2 phase before mitosis.
S and M phases must occur in a strict temporal order. Blocking S phase in cells
normally prevents the onset of the subsequent mitosis, which would be lethal if chromosome
replication had not been completed, whilst a block in mitosis usually prevents the initiation of
the subsequent S phase, which would otherwise lead to increased ploidy. The dependency of
S or M phase upon the prior completion of the other is regulated at ‘checkpoints’ which
ensure orderly progression through the cell cycle (Hartwell and Weinert, 1989). A number of
checkpoints exist (reviewed by Murray, 1992), some o f which respond to internal events and
halt the cell cycle due to irregularities such as DNA damage or faulty spindle assembly. For
example, cells arrest at mitotic metaphase if the spindle has not formed correctly. Other
checkpoints respond to cell size or to extracellular signals which integrate cell proliferation
with cell growth and differentiation. Budding yeast, for example, arrest in G1 phase in
response to mating pheromones in order to allow conjugation and nuclear fusion.
In multi-cellular organisms, cells may temporarily or permanently withdraw from the
cell cycle during G1 phase, or in some cases during G2 phase, for a number o f reasons such
as differentiation or the lack of nutrients or growth factors. The cells enter a quiescent state,
known as GO, from which they may later reenter the cell cycle.

The molecular basis of cell cycle regulation
One o f the first entities known to have a role in cell cycle regulation was Maturation
Promoting Factor (MPF). This was a factor found in the cytoplasm of frog eggs arrested in
metaphase which caused meiotic maturation faster than treatment with progesterone when
injected into oocytes arrested in prophase (Masui and Markert, 1971; Smith and Ecker,
1971). MPF was eventually purified (Lohka et a l, 1988) and was found to be a protein
kinase complex, consisting of a Cdc2 and a cyclin B subunit, which was able to
phosphorylate histone HI (reviewed by Murray and Kirschner, 1989b).
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cdc2 and the closely related CDC28 gene had already been identified as genes required
for cell cycle progression in the fission yeast Schizosaccharomyces pom be and the budding
yeast Saccharomyces cerevisiae (see below). Cyclins had also been discovered as proteins
which varied in abundance during the embryonic cell cycles o f sea urchins in a sharply
periodic manner (see below).
Since the identification o f MPF as a cyclin:CDK complex seven years ago, there has
been an explosion in the understanding o f cell cycle regulation. As described below,
cyclimCDK complexes play a central role in cell cycle control and are themselves regulated
by several different mechanisms.
A large number o f CDKs and cyclins have now been identified in many organisms.
Although the original definition o f a cyclin was a protein that was expressed in a sharply
periodic pattern during the cell cycle (Evans et a l, 1983), a looser definition o f cyclins is
now used based upon amino acid sequence. All cyclins share a high degree o f sequence
homology in a region known as the ‘cyclin box’. The size of the cyclin box defined varies
between 100 to 200 residues depending upon the level o f conservation subjectively chosen.
Usually, and for the purposes o f this thesis, the cyclin box refers to a 100 residue region
starting with the conserved ‘MRAEL’ sequence.
Cyclins can be categorised as either G1 or mitotic cyclins, depending upon whether they
act early or late in the cell cycle. They have been assigned to different classes based upon
their relative levels o f homology within the cyclin box. There is usually little sequence
conservation outside o f the cyclin box between cyclins from different classes, although some
conserved motifs have been identified. One o f these motifs, described in more detail later, is
a 9 residue sequence known as the 'destruction box' found near the N-terminus o f mitotic
cyclins which is required for their regulated destruction.
A similarity tree, generated by comparisons between the first 60 residues o f the cyclin
box from many cyclins in different species, is shown in figure 1.1. This region o f the cyclin
box is the most highly conserved and comparisons group the cyclins into their respective
classes. The actual cyclin box amino acid sequences are shown, in the same order, in
figure 1.2.
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s. c erevisia e Clh3
S. cerevisia e Clh4
S. cerevisia e C lh l
S. cerevisia e Clb2
S. p o m b e Cdc 13
A sp erg illu s B
S. p o m b e Cig2
S. p o m b e C ig l
S. cerevisia e Clb5
.V. cerevisia e Clb6
Clam A
Limpet A
Sea urchin A
Frog A 1
M ouse A l
Human A
M ouse A2
Frog A2
Fly A
M aize A 1-1

t

Fungal B-iypes

Animal / Plant
A-types

Snapdragon Bl - 1
Snapdragon B 1-2
Soybean Bl - 1
A ra b id o p sis B2-1
A ra b id o p sis B2-2
A lfalfa 6 2 -2
Rice B2-1
M aize Bl - 1
M aize B l - 2
A ra b id o p sis Bl - 1
D icn o steliu m B

Plant B-types

Chicken B2
Frog B2
Human B2
M ouse B2
Clam B
Sea urchin B
Limpet B
Human B 1
M ouse B1
Frog BI
Froe B4
F ly ^ l

Animal
B 1 / B2-iypes

Human E
Rat E
Frog E
Fly%

Animal E-types

Frog B3
Chicken B3
Fly B3
Nem atode B3

Animal B3-types

D icn o steliu m NrcA
Human D2
M ouse D2
Frog D2
Human D1
M ouse D1
Frog D 1
Human D3
M ouse D3

Animal D-iypes

Frog F
Human F

Animal F-types

Figure 1.1 A similarity tree based upon cyclin box sequences from a large
number of cyclins
A similarity tree based upon the first 60 amino acids of the cyclin box from a
variety of animal, plant, yeast, Aspergillus and Dictyostelium cyclins was
generated using the Geneworks program (IntelliOenetics).
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s. cerevisia e Clb3 F R T L I E W IVQVHEKFQLLPETLYLCINIllD RYLCKE-W PVNKF LVGAASLFlAAKYEE
S. cerevisia e Clb4 F R R T M I EW LVQLHFRFQLLPETLYLTINIV/D RFLSKK-TVTLNRF LVGVSALFlAAKFEE
S. cerevisia e C lb l N R DILVN WIIK IH NK FG LLPETLY LA IN I MD RFLCEE-W QLNRL LVGTSCLFIASKYEE
S. cerevisia e C lb2
DILVNsWLVKIHNKFGLLPETLYLAINIM/D RFLGKE-LVQLDKL LVGTSCLFIASKYEE
3 I L T EW LIEVHSRFRLLPETLFLAVNI ID RFLSLR-VCSLNKL LVGIAALFIASKYEE
S. p o m b e Cdc 13
3 I LjVElwILIEVHTRFRLLPETLFLAVNI ID RFL SA E-W A L D R L
A sp erg illu s B
VGVAAMFIASKYEE
S. p o m b e C ig2
E IL N F lVWLVEIHSNFCLMPETLYLAVNI ID RFL SR R -SC SL SK F
iTGITALLIASKYEE
W IVQVQIHFRLLPETLFLAVNL ID R FL S IK -W S L Q K V LVGLSALLIACKYEE
S. p o m b e C ig l
R HMLVCiv
R riL V D WLVEVHEKFQCYPETLFLSINLM D RFLAKN-KVTMNKL LLAVTSLFlAAKFEE
S. cerevisia e Clb5
RALLI ElWLVEVHEKFHCLPETLFLAINLL D RFLSQN-W KLNKL LLCITCLFIACK FEE
S. cerevisia e C lb6 WR
Clam A
MR 3ILV:EWEVEVSEEDKLHRETLFLGVNY ID RFLSKI-SVLRGKL LVGAASMFLAAKYEE
Hr I L VEWW:EVS EEYKLHRETLFLAINY ID RFLSQM-SVLRGKL LVGAASMFIASKYEE
Lim pet A
Sea urchin A
MR : I LjV E W LVEVS EEYRLHNETLYLAAAF ID RFLSQM-SVLRAKL LVGTASMFVASKYEE
Frog A 1
M
m TILjV E W LVEVGEEYKLHTETLYLAMNY ID RFLSCM-SVLRGKL LVGTAAILLASKYEE
^ I L EjWLVEVGEEYKLRTETLYLAVNF ED RFLSCM-SVLRGKL LVGTAAILLASKYEE
M ouse A1
RRz^ILV
4RAILuVEWLVEVGEEYKLQNETLHLAVNY ID RFLSSM-SVLRGKL LVGTAAMLLASKFEE
M
Human A
M ouse A 2
HRt?^ILj V E W LVEVGEEYKLQNETLHLAVNY ID| RFLSSM-SVLRGKL LVGTAAMLLASKFEE
MR A ILjVEWLVEVGEEYKLQNETLYLAVNY ID RFLSSM-SVLRGKL [LVGTAAMLLASKFEE
Frog A 2
M I L I EW LVEVSEEYKLDTETLYLSVFY ID RFLSQM -AW RSKL LVGTAAMYlAAKYEE
Fly A
MR A I L I EW LVEVAEEYRLVPDTLYLTVNY ID RYLSGN-EIRRKRL LLGVACMLlAAKYEE
M aize Al - 1
Snapdragon Bl - 1
MR M L I EW LVQVHHKFELSPETLYLTINIV/D RYLASE-TTIRREL LVGIGAMLIASKYEE
MR M L I E W LVQVHYKFELSPETLYLTINIV/D RYLASK-TTSRREL LLGMSSMLIASKYEE
Snapdragon B l - 2
Soybean Bl - 1
MRZVILV;E W L IDVHTKFELSLETLYLTINI ID RFLAVK-TVPRREL LVGISAMLMASKYEE
A ra b id o p sis B2-1
MRAILED WILIEVHDKFDLMNETLFLTVNLI D RFLSKQ-NVMRKKL LVGLVALLLACKYEE
A ra b id o p sis B 2-2 Hr K
A.ILI
i l i e IwIl lEVHDKFELMNETLFLTVNLI D RFLSKQ-AVARKKL LVGLVALLLACKYEE
lEVHDKFDLMQETLFLTVNLI D RFLAKQ-NWRKKL LVGLVAMLLACKYEE
?^IL
A lfalfa B 2-2
KR&ILVEWL
R ic e B 2 -l
%RzM L I D W LIEVHHKFELMDETLFLTVNIV D RFLEKQ-W PRKKL LVGVTAMLLACKYEE
M aize Bl - 1
MRz^ILAElW IIEVHHKFALMPETLYLTMYI ID 3YLSLQ-PVLRREL
VGVSAMLIACKIEE
M aize B l - 2
M S I l a : EWLIESHRRFQLMPETLYLTIYIV; d RYLSLQ-PTPRREL LVGVAALLIACKYEE
LILV EW LIDVHVRFELNPETFYLTVNI ED RFLSVK-PVPRKEL LVGLSALLMSAKYEE
A ra b id o p sis B 1 D ictyosteliu m B
RAILV:EIWHMAVHVRFKLL S ETF FL S V NI VD RYLAKV-MIPVTKL LVGITAILLACKYEE
RZVILV;EWLVQVHSRFQLLQETLYMCVAVMœ RFLQSH-PVPRKRL LVGVTALLLASKYEE
Chicken B 2
R M Lj V E W LVQVHSRFQLLQETLYMGVAI ND RFLQVQ-PVSRSKL LVGVTSLLIASKYEE
Frog B 2
RZIILV:EWLVQVHSKFRLLQETLYMCVGIMm RFLQVQ-PVSRKKL LVGITALLLASKYEE
Human B2
M ouse B 2
WRAILV:EW|LVQVHSKFRLLQETLYMCIGIM D RFLQAQ-LVCRKKL W GITALLLASKYEE
Clam B
M A.ILI E W LCQVHHRFHLLQETLYLTVAII D RLLQES-PVPRNKL LVGVTSMLIASKYEE
Lim pet B
M I L I E WL CQVHHRFHLLQETLYLTVSI llD RFLQVH-PISRNKL
VGVTSMLLASKYEE
Sea urchin B
M HILVEjVW|LVQ-HLRFHLLQETLFLTVQL ID RFLVDH-AVSKGKL LVGVTAMFIASKYEE
Human B1
MR A I L I EjWL VQVQMKFRLLQETMYMTVSII D RFMQNN-CVPKKML
VGVTAMFIASKYEE
M ouse B 1
MR M L I D W LIQVQMKFRLLQETMYMTVSI ID RFMQNS-CVPKKML
VGVTAMFlASKYEE
Frog B 1
MR M L I EjWL VQVQMKFRLLQETMFMTVGI ID RFLQEH-PVPKNQL LVGVTAMFLAAKYEE
Frog B 4
MR M L V EW VQVQLRFKLLQETMSMTVSIL D RFPQEN-SVPKKLL LAGVSAMFVACKYEE
Fly B1
R W L I EW INEVHLQFHLAAETFQLAVAI ID RYLQWKDTKRTYL LVGVTALFIATKYEE
Human E
R M L L D W|LMEVCEVYKLHRETFYLAQDF FDRYMATQENWKTLL L IG IS S L F IA A K L E E
Rat E
MRW LLD W MEVCEVYKLHRETFYLAQDFF D RYMASQQNIIKTLL L IG IS A L F IA SK L E E
Frog E
MRÏVILLD W LMEVCEVYKLHRETFYLAQDF FD RFMATQKNVIKSRL L IG IT SL F IA A N V E E
Fly E
MR M L L EjW LIEVCEVYKLHRETFYLAVDYL D RYLHVAHKVQKTHL LIGITCLFVAAKVEE
Frog B3
MR M L V EWWEVQENFELNHETLYLAVKMV/D RYLAVS-WMKEKL LIG STA VLIA SK FEE
Chicken B3
MRAILVD WMVEVQENFELNHETLYLAVKLV/D RYLVEV-VSMRDKL LIG STA VLIA SK FEE
Fly B3
M TLLVD W^EVQETFELNHETLYLAVKIV/D YLCRE-VINKEKL QILLGAAAFFIACKYDE
N em atode B3
T R A I L I E W MVEIQETFELNHETLYNAVKL ijD MYLCKTKNVDKNTI Q^LACVAIF IAAKYDE
D ictyosteliu m NrcAM R A I L I E W IV DIG CELG VK NETIYLSINIL t) RYLSLQ-PVTRNEF MIGACAFFlAAKYEE
Human D 2
M RMVA'IW ^LEVCEEQKCEEEVFPLAMNY i Jd RFLAGV-PTPKSHL LLGAVCMFLASKLKE
RMVA'IWÏ4LEVCEEQKCEEEVFPLAMNYL D RFLAGV-PTPKTHL LLGAVCMFLASKLKE
M ouse D 2
RMVA'IW XILEVC E EQRC E E EVF PMAMNYL D RFLAVI-PTRKCHL LLGAVCMFLASKLKE
Frog D 2
NR KIVAIW ^LEVCEEQKCEEEVFPLAMNYL D RFLSLE-PVKKSRL LLGATCMFVASKMKE
Human D1
M ouse D1
MRRIVA IW ^LEVCEEQKCEEEVFPLAMNYL D RFLSLE-PLKKSRL
LGATCMFVASKMKE
Frog D 1
N R KIVAI W I LEVCEEQKCEEEVFPLAMNYL D RFLSVE-PLRKSWL LLGATCMFLASKMKE
Human D3
M
/R KMLA. Y W I LEVCEEQRCEEEVFPLAMNYL D RYLSCV-PTRKAQL LLGAVCMLLASKLRE
M ouse D3
M
IRKMLA#Wf4LEVCEEQRCEEDVFPLAMNYL D RYLSCV-PTRKAQL LLGTVCLLLASKLRE
Frog F
M Y I L I EW LVEVATMKDF S S LC LHMTVGLVIDRYLKLR-SVPRAKL
V G IA C M V IC TR FIS
Human F
M Y I L I EW LVEVATMNDFTSLCLHLTVECV D RYLRRR-LVPRYRL LLGIACM VICTRFIS
C onsensus

N R M L .E W LV E V . . . F . L . .E T L Y L .V N . .D ^ F L . . . - . V . . . .LQLVG. .A . . lA SK Y EE

Figure 1.2 Alignments of the first 60 residues of the conserved cyclin box from a
large number of cyclins
The first 60 amino acids of the cyclin boxes used for the similarity tree of figure 1.1
were aligned by the Geneworks program (IntelliOenetics) and a consensus sequence
was derived. Shaded residues are well conserved, whereas boxed residues are
invariant.
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The role of cyclin: CDK complexes in the budding yeast
Saccharomyces cerevisiae
Much o f our understanding o f cell cycle control has been elucidated from the genetic analysis
of the yeasts S. cerevisiae and S. pombe, which are only distantly related to each other. The
main cell cycle checkpoints differ between the yeasts so that the G l/S transition is
particularly well understood in S. cerevisiae, whilst in S. pombe, the G2/M transition is better
characterised. As described below, yeast offer a simplified view o f the cell cycle in higher
eukaryotes.
The cell cycle o f S. cerevisiae (reviewed by Pringle and Hartwell, 1981; Schwob and
Nasmyth, 1996) has a long G1 phase and a short G2 phase. Cells are usually diploid. Some
confusion has arisen over the boundaries of S, G2 and M phases due to the lack o f clear
markers to differentiate these parts of the cycle, but distinct phases do occur (Nasmyth,
1993). The end of mitosis is associated with the separation of chromosomes at anaphase and
the completion of cytokinesis.
Shortly before S phase, haploid cells become refractory to cell cycle arrest caused by
pheromone and no longer require nutrients for completion of the cell cycle. This point,
known as Start, divides G1 into two phases and only occurs when cells have reached a
critical size. Commitment to the mitotic cell cycle at Start leads to bud emergence, spindle
pole body duplication and DNA replication.
One CDK and nine cyclins have been identified that are known to have a definite cell
cycle role.

CDKs
CDC28
A single kinase subunit, Cdc28, is essential for entry into both S and M phases (Hartwell et
a i, 1974; Surana et a l, 1991). It is the only CDK known to be required for cell cycle
progression. The specificity of CDC28 function at different points o f the cell cycle is
believed to be achieved by interaction with different classes o f cyclin subunits.
Although as discussed below, the dephosphorylation o f Tyrl5 o f the S. pom be CDK,
Cdc2, is essential for its kinase activity, mutation of the equivalent T yrl9 residue in Cdc28 to
a non-phosphorylatable amino acid has no effect on growth or division (Amon et a l , 1992;
Sorger and Murray, 1992). Phosphorylation of Thrl69 though is important for the mitotic
activity o f Cdc28 but dephosphorylation of this residue is not required for exit from mitosis
(Lim et a l, 1996). A Ccll:Kin28 CDK complex has been identified in S. cerevisiae which
shares sequence homology with CDK-activating kinase (CAK) subunits responsible for the
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phosphorylation of threonine residues equivalent to Thrl69 in CDKs from other organisms
(Cismowski et a l, 1995). However, a kin28 deletion has no effect upon the phosphorylation
state o f Cdc28. Recently, a novel protein kinase, Cakl, has been identified as the enzyme
responsible for Thrl69 phosphorylation in S. cerevisiae (Espinoza et a l, 1996; Kaldis et a l,
1996; Thuret et a l, 1996).

Cyclins
The G1 cyclins: CLNl^ CLN2 and CLN3
The C LN l and CLN2 genes were discovered as multi-copy suppressors o f a cdc28 mutant
(Hadwiger et a l, 1989). The encoded proteins are closely related to each other with 58%
sequence identity. A dominant mutation of CLN2 expressed at moderate levels gives rise to
very small cells which enter S-phase prematurely (Hadwiger et a l, 1989).
CLN3 was originally identified as the WHIl-1 or D A F l-1 dominant mutations which
either reduced the critical cell size for Start (Nash et a l , 1988) or conferred resistance to a factor induced cell cycle arrest (Cross, 1988). Cln3 is much more distantly related to the
C lnl and Cln2 proteins with only 23% sequence identity. Deletion o f all three CLA genes
causes cell arrest before Start and is lethal (Richardson et a l, 1989; Cross, 1990). However,
expression o f any one o f these three genes is able to rescue the defect giving fully viable
cells, indicating a degree of redundancy. Additionally, as discussed in this chapter and
Chapter Four, a large number of cyclins from other species, including those not involved in
G1 phase regulation, are also able to rescue the triple cln defect.
The patterns of CLNl and CLN2 transcription, protein expression and associated kinase
activity are very similar and highly periodic, being absent during early G l, appearing
suddenly around Start and disappearing as cells enter G2 (Wittenberg et a l , 1990; Tyers et
a l, 1993). By contrast, CLN3 transcriptional and protein levels have been reported to vary
only slightly during the cell cycle. All three Cln cyclins can bind to and activate Cdc28,
although Cln3:Cdc28 HI kinase activity is significantly lower, probably due to either the
lower abundance of the Cln3 cyclin subunit in cells or different subunit specificity, and has
not been accurately measured through the cell cycle (Tyers et a l, 1993).
The Cln proteins are extremely unstable so that levels become effectively dependent
upon transcriptional regulation. In the case o f Cln2 and Cln3, this instability is due to the Cterminal third o f the protein since deletion of this region leads to protein accumulation
(Hadwiger et a l, 1989; Cross, 1990; Tyers et a l, 1992; Cross and Blake, 1993). This portion
of all three Cln proteins is rich in Pro, Glu, Ser and Thr (PEST) sequences which have been
implicated in protein instability (Rogers et a l, 1986). Phosphorylation o f Cln2, which is
dependent upon Cdc28 activity, provides a signal that targets the protein for rapid
degradation and could render it self-limiting (Lanker et a l, 1996).
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The transcriptional complexes SBF (a Swi4:Swi6 heterodimer) and M BF/D SC l (a
M bpl:Sw i6 heterodimer) are responsible for the activation o f a large family o f genes whose
transcription is confined to late G l and S phases including CLNl and CLN2 (reviewed by
Schwob and Nasmyth, 1996). CLNl and CLN2 transcription is dependent upon SBF, which
is itself activated due to phosphorylation by Cln:Cdc28 (Nasmyth and Dirick, 1991; Ogas et
a l , 1991; Tyers e t a l , 1993).
A cln l cln2 mutant fully activates both SBF and MBF regulated genes at the critical cell
size for Start, whilst a cln3 mutant is unable to do so until a much larger size is reached
(Dirick et a l , 1995). This shows that only ClnS is required to activate these genes and acts
upstream o f Clnl and Cln2. S phase and budding are greatly delayed in both cln3 and
c ln l cln2 mutants whilst moderate expression o f Cln2 in early G l phase causes premature
entry into S-phase and budding, demonstrating that functional CLN l and CLN2 are required
for these events and are rate limiting activators of Start (Dirick et a l, 1995).

The mitotic cyclins: CLBl, CLB2, CLB3 and CLB4
C LB l, CLB2 and CLB4 were identified as genes which were able to suppress a mitotically
defective cdc28 allele but could not suppress a Start defective cdc28 allele, whilst CLB3 was
isolated by use of the polymerase chain reaction (PCR) (Ghiara et a l, 1991; Surana et a l,
1991). They all show strong homology to B-type cyclins from other organisms but share at
most only 21% sequence identity with the Cln proteins.
The four genes can be divided into two pairs according to sequence similarity and
patterns o f expression (Fitch et a l, 1992; Grandin and Reed, 1993). C lbl and Clb2 are 62%
identical and more related to B-type cyclins from other organisms whilst Clb3 and Clb4 are
50% identical. CLBl and CLB2 mRNA and protein appear in G2, peak in M phase and
disappear at the end o f mitosis. CLB3 and CLB4 mRNA and protein levels accumulate
earlier and peak in late S phase. C lb l-4 have Cdc28-dependent kinase activities which are
tightly cell cycle regulated (Grandin and Reed, 1993). Clb2:Cdc28 kinase activates
expression o f the CLBl and CLB2 genes in what appears to be a positive feedback loop
(Amon et a l , 1993).
Deletion o f all four genes is lethal, but strains kept alive by ectopic expression o f a
single Clb arrest prior to mitosis if this expression is then repressed (Fitch et a l,
1992; Richardson et a l , 1992). If all the genes are singly deleted, only clb2 demonstrates a
phenotype by retarding mitosis and all double and triple deletions not involving CLB2 are
viable. This suggests that the cyclins have partially overlapping functions, with CLB2 being
the most important.
Clb 1-4 all contain the destruction box consensus sequence o f mitotic cyclins (see
below). Mutation or deletion of this motif from Clbl or Clb2 causes stabilisation o f the
protein and arrest in telophase (Surana et a l, 1993). Although the destruction o f Clb2 is
important to exit mitosis, the proteolytic mechanism responsible remains active during G l
until it is switched o ff by accumulation o f Cln:Cdc28 complexes (Amon et a l, 1994).
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Transcriptional repression during G2 and M phases o f CLN l, CLN2 and other SBF
regulated genes, but not of MBF regulated genes, is dependent upon Clb 1-4 (Amon et a l ,
1993). Swi4 is a substrate for Clb2:Cdc28 kinase activity in vitro and can interact, when
overexpressed, with Clb2 during M phase in vivo (Amon et a l, 1993; Siegmund and
Nasmyth, 1996). The repression of SBF regulated genes by Gibs is dominant to their
activation by Cln kinases since ectopic activation of Cln:Cdc28 kinase activity during G2
does not reactivate these genes (Amon et a l, 1993). Thus, the Clns and Clbs regulate each
others presence.
CLB2 is able to rescue the clnl cln2 cln3 deletion and thus is capable o f triggering D NA
synthesis in addition to its mitotic role (Amon et a l , 1994).

The S-phase cyclins: CLB5 and CLB6
Two other B-type cyclins, CLB5 and CLB6, whose gene products are 50% identical and
contain destruction boxes, have been isolated from S. cerevisiae. CLB5 was initially isolated
as a gene able to rescue the triple cln mutation (Epstein and Cross, 1992) whilst CLB6 was
isolated as a neighbouring gene o f CLB2 (Schwob and Nasmyth, 1993). CLB5 and CLB6
transcriptional levels peak in late G l, disappear soon after S phase and are regulated by the
MBF complex.
Single deletions of either gene give viable cells, although clb5 mutants are slow to
complete S phase. A double clb5 clb6 deletion delays entry into S phase with respect to bud
emergence but is still not lethal. However, a cln l cln2 clb5 clb6 strain arrests as large cells
with unreplicated DNA, indicating a block on entry into S phase and an important role for
CLB5 and CLB6 in the initiation of DNA synthesis. A clb3 clb4 clb5 mutation is also lethal,
causing arrest with large budded cells, and shows that CLB5 can perform a mitotic role in the
absence of CLB3 and CLB4 (Schwob and Nasmyth, 1993).

CDK inhibitors
FARl
Farl was the first cyclin-dependent kinase inhibitor (GDI) to be identified, as a protein
required to arrest cells at a checkpoint before Start in response to mating pheromone (Chang
and Herskowitz, 1990). a-factor triggers a signal transduction cascade resulting in the
phosphorylation o f Farl, which allows the protein to bind to Cln2:Cdc28 and inhibit its
kinase activity, required to pass Start (Peter et a l, 1993). The Farl protein, at 120 kDa in
size, is much larger than most other GDIs.

SICl
S icl was initially identified as a 40 kDa protein that could bind to and inhibit the kinase
activity of Cdc28 (Mendenhall, 1993) and was also later isolated as a suppressor o f a dbf2
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mutation (Donovan et a l , 1994). sic l mRNA and protein levels peak during late mitosis and
then disappear at Start and the protein specifically inhibits Clb:Cdc28 complexes (Donovan
e t a l , 1994; Schwob e t a l , 1994).
A class o f cdc mutants exists which arrest after Start but before the initiation o f D NA
replication, suggesting that Cln:Cdc28 kinase activity alone is not sufficient for S phase entry
(Pringle and Hartwell, 1981). The arrest of one o f these mutations, cdc34, can be overcome
by an additional sic l mutation (Schwob et a l, 1994). Since cdc34 mutants maintain the
same expression o f S icl during G l as wild-type cells, it means that loss o f S icl is crucial for
entry into S phase. A s ic l mutation is also able to eliminate the S phase delay o f cln l cln2
mutants and rescue the inviability o f the triple cln deletion (Dirick et a l, 1995; Tyers, 1996).
Although Clb5:Cdc28 and Clb6:Cdc28 complexes are present during G l phase, they are
initially inactive due to interaction with S icl (Schwob et a l , 1994). Activation o f these
kinases occurs after S icl is phosphorylated, dependent upon Cln:Cdc28 activity, and is
targeted for proteolysis by a ubiquitin-conjugating enzyme encoded by cdc34. Premature
expression o f Clb5:Cdc28 during G l in the absence o f S icl advances entry into S phase.

Regulation of the cell cycle in 5. cerevisiae
A working model for the S. cerevisiae cell cycle is presented in figure 1.3. The proteolysis of
Clbs at the end of mitosis relieves potential repression o f the CLN l and CLN2 genes. The
late G 1-specific transcription program, initiated by Cln3 activity, is then required to start the
yeast cell cycle. Although CLN3 mRNA and protein levels do not appear to vary much
during the cell cycle, the amount o f Cln3 does increase during G l as cells get larger and may
need to reach a threshold level in order to activate transcription, thus allowing Start to be
regulated by cell size.
Cln3 activates the SBF and MBF complexes, which in turn induce all the genes required
for S phase including CLN l, CLN2, CLB5 and CLB6. The accumulation o f Cln:Cdc28
complexes represses the mechanism responsible for the proteolysis o f the Clbs, thereby
preparing the cell for de novo Clb expression. Destruction of S ic l, also due to Cln:Cdc28
activity, activates the Clb5:Cdc28 and Clb6:Cdc28 kinases and allows entry into S phase.
The amount o f Clbl and Clb2 increases rapidly in a positive feedback loop involving
Clb2:Cdc28, whose presence represses further expression o f the CLN genes. Clb2 and
perhaps other Clb proteins are required for entry into mitosis and their subsequent destruction
signals exit from mitosis, allowing the cycle to start again.
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Figure 1.3 A schemati: representation of the S. cerevisiae cell cycle
S. cerevisiae has a long, variable G 1 phase dependent upon growth conditions and a
short 0 2 phase. CyclinODK complexes and the Sicl inhibitor known to act at
particular points of the cell cycle are shown. Question marks denote CDK
complexes whose precise role at that point of the cell cycle is unknown.

20

A role for cyclimCDK complexes outside the cell cycle: PH085 and its
cyclin partners
Although cyclimCDK complexes are best known for their role in cell cycle regulation, such
complexes have been discovered in S. cerevisiae which are involved in transcriptional
regulation. A number o f PHO genes have been identified which respond to phosphate
concentration in a medium (reviewed by Cross, 1995). The Pho5 acid phosphatase is
induced in low phosphate concentrations by the binding o f the Pho4 transcription factor to its
promoter. In turn, Pho4 binding is regulated by a CDK complex. Pho85 has 51% sequence
identity to Cdc28 whilst Pho80 has a weak cyclin box consensus sequence (Kaffman et a l,
1994). Pho80 and Pho85 interact and phosphorylate Pho4 in vitro and Pho4 is not
phosphorylated in either a pho80 or pho85 mutant strain in vivo.
A further gene, P H 0 8 1 , encodes a protein with homology to the INK4 class o f inhibitors
described below (Schneider et a l, 1994). It is able to inhibit Pho80:Pho85 kinase activity in
vitro at very low concentrations. The level of Pho80:Pho85 kinase activity in a pho81 mutant
is no longer repressed by high phosphate concentrations, indicating its important role in
negatively regulating this complex.
These results show that in the presence of high phosphate concentrations, the
Pho80:Pho85 complex binds to Pho4 and phosphorylates it to inhibit binding to the P H 0 5
promoter. This is prevented in low phosphate medium by the inhibitory binding o f Pho81 to
the complex. A cln l cln2 pho85 mutation is lethal, can be rescued by ectopic expression of
Pho85, but a G l arrest occurs if this expression is then repressed (Measday et a l, 1994).
Thus, P H 0 8 5 may have a possible additional role in the cell cycle.
Two other proteins are known to bind to Pho85. P C L l, formerly known as HCS26, was
identified as a high copy number suppressor o f a swi4 mutant (Ogas et a l , 1991). PCL2,
formerly known as ORFD, was cloned as a neighbouring gene o f CDC48 (Frohlich et a l,
1991). The two proteins show weak homology to the Cln proteins and also 33% identity to
the Pho80 protein, with which they form a cyclin subclass, over a 120 residue region.
Immunoprecipitates o f either cyclin from cells are able to phosphorylate Pho4 in vitro but
this reaction does not occur in pho85 deleted strains (Espinoza et a l, 1994; Measday et a l ,
1994). Both P ell and Pcl2 can bind to Pho85 in vivo but no interaction was detected between
Pcl2 and Cdc28 and additionally. Pell-associated kinase activity is not altered in a cdc28
mutant strain. Both P C L l and PCL2 transcription and associated kinase activities are
dependent upon CLN activation and peak around Start (Tyers et a l , 1993). Although a
p e ll pcl2 deletion shows no obvious cell cycle defect, it causes a lethal G l arrest when CLN l
and CLN2 are also mutated (Measday et a l, 1994). Thus, these complexes may have some
cell cycle role, perhaps integrating phosphate metabolism into the cell cycle.
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The role of cyclin: CDK complexes in the fission yeast
Schizosaccharomyces pombe
The cell cycle o f S. pom be (reviewed by Forsburg and Nurse, 1991a; Woollard and Nurse,
1995) bas a short G l phase and a long 0 2 phase, in contrast to that o f S. cerevisiae. This
means that the S. pom be cells, which are haploid under normal growth conditions, carry two
DNA copies for most o f the cycle, allowing the repair o f DNA damage by recombination
mechanisms. Regulation is mainly at the G l/S and the G2/M transitions, with both control
points requiring a critical cell mass before cell cycle progression can occur. At the G l/S
control point, cells become committed to either the mitotic cycle, stationary phase or to
sexual development involving conjugation and meiosis. In rapidly growing cells, cell
division produces daughter cells with a mass already greater than the minimum required to
initiate S phase, making G l phase extremely short and control at the G2/M transition
predominant.
There are two known CDKs and five cyclin genes in S. pom be (reviewed by Fisher and
Nurse, 1995). Three of the cyclins, o d d 3, cig l and cig2 (also known as cyclT ), are related
to B-type cyclins and another, p u d , has weak homology to the S. cerevisiae Clns.

CDKs
cdc2
An active Cdc2 kinase complex is required at both the G l/S and the G2/M transitions o f the
cell cycle (Nurse and Bissett, 1981). It is the only CDK known which is required for cell
cycle progression in S. pombe. The level of Cdc2 protein remains constant throughout the
cell cycle (Moreno et a l , 1989). S. cerevisiae CDC28 can complement a cdc2 mutation,
indicating strong conservation o f the function of these CDKs (Beach et a l , 1982).
Cdc2 is known to be required at the G l/S transition because nitrogen starved cells
arrested at Start which are returned to the mitotic cell cycle are unable to enter S phase in a
cdc2 mutant (Nurse and Bissett, 1981). Certain cdc2 mutants, when heat-treated in G2,
become reset to the G l phase of the cell cycle and undergo S phase without mitosis, showing
the importance o f cdc2 in maintaining an orderly alternation o f these events (Broek et a l,
1991).

The regulation of Cdc2 activity by phosphorylation
The involvement of cdc2 in the G2/M transition is well characterised with the
phosphorylation state o f Cdc2 playing a crucial role in the onset o f mitosis (reviewed by
Nurse, 1990). Phosphorylation of Tyrl5 is inhibitory, preventing entry into mitosis when
DNA replication is not completed (Enoch and Nurse, 1991). This was shown by replacement
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o f T yrl5 with a non-phosphorylatable residue which caused cells to enter mitosis
prematurely. The w eel gene encodes a protein kinase which phosphorylates T yrl5 o f Cdc2
and is a dose dependent negative regulator of entry into mitosis (Russell and Nurse,
1987; Featherstone and Russell, 1991; Parker et a l , 1992). The M ikl protein co-operates
with W eel in the negative regulation of Cdc2 and also phosphorylates T yrl5 (Lundgren et
a l , 1991; Lee e t a l , 1994). At mitosis, the activity o f both W eel and M ikl kinases is downregulated by phosphorylation, in part by the N im l kinase which can phosphorylate W eel in a
cell-free extract (Coleman et a l , 1993; Tang et a l , 1993).
The final step in the activation of the mitotic kinase is the dephosphorylation o f T yrl5
by Cdc25, a highly specific tyrosine phosphatase (Gould et a l , 1990; Millar e t a l , 1991).
Competition between W eel and Cdc25 is a critical determinant o f mitotic timing (Russell
and Nurse, 1987).
The phosphorylation o f another Cdc2 residue, Thr 167, is essential for activity at mitosis
and its dephosphorylation may also be required for exit from mitosis (Gould e t a l , 1991).
Ectopic expression of Cdc2 in a cdc2 deleted strain gave elongated cells with single nuclei
when Thr 167 was mutated to non-phosphorylatable residues, but cells with multiple
septations and mitotic-like nuclei when Thr 167 was mutated to a glutamate residue which is
thought to mimic a phosphorylated residue.

A putative CAK: crkl
crk l was originally identified as mcs6, an extragenic suppressor o f the cdc2-3w w e e l-50
mitotic catastrophe phenotype (Molz et a l, 1989), and more recently by PCR (Buck et a l,
1995). It is an essential gene whose product is most closely related to the S. cerevisiae
KIN28 protein and the Xenopus MO 15 CAK subunit. It associates with the Mcs2 cyclin
described below, to form a complex which can activate human cyclin A:Cdc2 in vitro by the
phosphorylation o f Cdc2 on Thr 160. Overexpression o f crkl is able to rescue a mcs2 cdc2
cdc25 mutated strain. These results suggest that Mcs2:Crkl acts as a CAK that can
phosphorylate Thr 167 o f Cdc2.

Cyclins
cdcl3
cdc 13 is the best understood S. pombe cyclin. It was first identified as a mutant which caused
cells cycle arrest with condensed chromosomes but no mitotic spindle (Nurse et a l,
1976; Nasmyth and Nurse, 1981). It was cloned and found to have strong homology to Btype cyclins (Hagan et a l, 1988; Booher and Beach, 1988).
The G2/M transition is controlled by the activation of the Cdcl3:Cdc2 complex, roughly
in parallel to an increase in Cdc 13 protein level in late G2, which brings about the onset of
mitosis (Moreno et a l, 1989; Booher et a l, 1989). The subsequent rapid degradation of
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Cdc 13 leads to inactivation of the kinase which is a prerequisite for mitotic exit (Moreno et
a/., 1989; Yamano et a l , 1996). Cdc 13 contains a destruction box motif near its N-terminus
and overexpression o f a form o f the protein containing mutations at highly conserved
residues within this m otif causes cells to arrest in anaphase (Yamano et a l , 1996).
Other experiments discussed here and below demonstrate a role for Cdc 13 in the G l/S
transition as well as its defined role in mitosis and point to its requirement for an orderly
alternation between S and M phase. Deletion o f c d c l3 is lethal and promotes re-replication,
that is continuing rounds o f DNA synthesis in the absence o f mitosis (Hayles et a l , 1994).
Overexpression o f c d c l3 and cdc2 in cells blocked in G l in a cdclO-129 mutant can also
induce premature entry into mitosis without preceding D NA synthesis. c d c l3 mutants, when
heat-treated in G2, can become reset to the G l phase o f the cell cycle as was the case with
cdc2 mentioned earlier (Hayles et a l, 1994). This is due in each case to the loss o f a
component o f the Cdcl3:Cdc2 kinase complex.

cig2
cig2 was cloned by complementation of the S. cerevisiae triple cln deletion (Bueno and
Russell, 1993; Connolly and Beach, 1994) and as a multi-copy suppressor o f the p a tl-1 1 4
meiotic kinase mutant (Obara-Ishihara and Okayama, 1994). It encodes a B-type cyclin
containing a destruction box. cig2 mRNA levels peak at the G l/S transition and are also
strongly induced during nitrogen starvation and conjugation (Obara-Ishihara and Okayama,
1994; Connolly and Beach, 1994). A cig2 deletion mutant can still undergo normal cell cycle
progression, though G l arrest due to starvation is much more rapid than in wild-type cells
(Obara-Ishihara and Okayama, 1994). Deletion o f cig2 in a w eel background, which gives
small cells that have an increased G l phase and do regulate Start with respect to cell size,
causes an additional delay in the onset of S phase and specifically reduces Cdc2-associated
kinase activity around the G l/S transition (Martin-Castellanos et a l, 1996). Cig2 protein
levels and associated kinase activity are highest around the G l/S transition and vary in a
periodic manner (Martin-Castellanos et a l, 1996; Fisher and Nurse, 1996).
A c d c l3 cig2 double deletion causes a severe delay of the re-replication found in a c d c l3
mutant indicating a role for both genes in G l control (Fisher and Nurse, 1996). Since a cig2
single deletion had no cell cycle phenotype, c d c l3 is capable o f substituting for the loss o f
cig2.

cigl
cig l was cloned by PCR and its gene product shares homology with B-type cyclins, though it
does not contain a destruction box (Bueno et a l, 1991). Its mRNA is expressed at constant
levels throughout the cell cycle (Forsburg and Nurse, 1994). C igl associated kinase activity
peaks in mitosis and decreases after mitosis with similar kinetics to Cdcl3-associated kinase
activity (Basi and Draetta, 1995). A cig l deletion has no effect upon growth or cell cycle
progression (Bueno and Russell, 1993; Forsburg and Nurse, 1994). Although the deletion o f
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cig2 and c d c l3 described above severely delays re-replication, the additional deletion o f cig l
completely abolishes re-replication and cells arrest in G l, suggesting a minor role in G1 for
this gene (Fisher and Nurse, 1996).

pud
p u d was originally cloned by restoring resistance to a-factor arrest o f a S. cerevisiae cln3
mutant and it also rescues the triple cln deleted strain (Forsburg and Nurse, 1991b). It has
weak homology to S. cerevisiae G l cyclins and A-type cyclins from other organisms. N o G l
role for this cyclin has been found. Deletion o f the gene gives no cell cycle phenotype, either
as a single deletion or in combination with other S. pom be cyclin-like genes (Forsburg and
Nurse, 1994). Overexpression o f wild-type protein or an N-terminally truncated version
lacking PEST sequences causes a G2 delay and is lethal in a

7 background

(Forsburg and Nurse, 1991b).
p u d mRNA increases in response to nitrogen starvation. Diploid strains deleted for
p u d are slightly accelerated into meiosis and overexpression o f p u d delays meiosis and
conjugation and can also rescue a p a t 1-114 meiotic kinase mutant by suppressing haploid
meiosis (Forsburg and Nurse, 1994). These finding suggest a role in the regulation o f sexual
differentiation.

mcs2
mcs2 was first identified as an extragenic suppressor of the cdc2-3w wee 1-50 mitotic
catastrophe phenotype (Molz et a i , 1989). It shares greatest homology with S. cerevisiae
C C L l and is also the closest known relative o f cyclin H, the partner o f CAK (see below). It
is an essential cyclin whose gene product is expressed in the nucleus at constant levels
throughout the cell cycle (Molz and Beach, 1993). Deletion o f the gene causes cells to arrest
two or three generations after spore germination with division septa and multiple compact
nuclei. A mcs2 deletion is suppressed in high copy number by the csk l kinase, whose gene
product shares weak homology with CDKs, suggesting an interaction o f Mcs2 with C skl as
w ell as with Crkl.

CDK inhibitors
ruml
The rum l gene is likely to play a key role in defining the pre-Start G l interval and also in
inhibiting mitosis in pre-Start cells (Moreno and Nurse, 1994). The deletion o f rum l in a
w e e l background causes the loss of pre-Start G l, whereas overexpression o f Rum l protein
causes a cell in G2 phase to reset itself to pre-Start G l phase and then undergo re-replication
in the absence of mitosis. Cdc2 activity during G l phase is increased in a rum l deletion
(Labib et a l , 1995) and Ruml is a strong inhibitor o f Cdc2-associated kinase activity in vitro
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in complexes containing Cig2 and Cdcl3 but not C igl (Correa-Bordes and Nurse,
1995; Martin-Castellanos et a l, 1996). ruml mutants are able to inappropriately enter
mitosis when blocked at Start by a cdclO mutation suggesting the loss o f a checkpoint control
(Moreno and Nurse, 1994). Thus, Ruml appears to block mitosis in early G l phase, a
function performed later in the cell cycle by the phosphorylation o f TyrlS on Cdc2 (Hayles
and Nurse, 1995).
The role o f the rum l gene resembles that of the S. cerevisiae SIC l inhibitor, which can
complement the rum l deletion and shares weak sequence homology (Martin-Castellanos et
a l , 1996).

Regulation of the cell cycle in S, pombe
The results presented above show that a Cdcl3:Cdc2 complex alone appears capable of
allowing cells to passage through the entire cell cycle. To explain this, a quantitative model
of kinase activity has been proposed by which a low threshold level o f Cdcl3:Cdc2 kinase
activity promotes S-phase, increased levels inhibit further S phase and then promote mitosis
and loss o f the kinase activity allows both exit from M phase and the removal o f S phase
inhibition (Fisher and Nurse, 1996). The involvement o f different genes at different cell
cycle stages is detailed in figure 1.4. Whilst a d d 3 is the most important cyclin involved in
the G2/M transition during normal cell growth, cig2 is the most important cyclin involved in
the G 1/S transition. The ruml inhibitor appears to define a cell as being in G l, probably by
inhibiting the Cdcl3:Cdc2 and/or Cig2:Cdc2 complexes. The most critical control on entry
into mitosis is the phosphorylation state of Tyrl5.

Comparisons between cell cycle control in 5. cerevisiae and S, pombe
The regulation of the S. cerevisiae and S. pombe cell cycles serve as paradigms for cell cycle
control in higher eukaryotes, as discussed below. Universal mechanisms o f CDK complex
regulation are found in both of these yeasts. CDK activation requires cyclin binding, is
controlled by the phosphorylation state of the CDK subunit and can be inhibited by the
binding o f specific proteins. The destruction of cyclins or CDIs at certain points in the cell
cycle are irreversible events which maintain orderly cell cycle progression.
In both yeasts, a CDI (Sicl/R um l) appears to define G l phase as a part o f the cell cycle
when B-type cyclin kinases are inactive. B-type cyclins have diverse roles at different points
of the cell cycle in both organisms - a single complex, Cdcl3:Cdc2, seems able to perform
the whole cell cycle in S. pombe whilst Clb5 can perform a mitotic role as well as promoting
S phase in S. cerevisiae.
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However, the mechanism of phosphorylation of Cdc28 residues, although conserved,
does not play an important role in S. cerevisiae, which probably reflects the small proportion
of time spent in G2 phase when this form of control is exerted.
Pho85-containing complexes, involved in phosphate metabolism in S. cerevisiae,
demonstrate that not all cyclin:CDK complexes have a direct cell cycle role.

Cig2:Cdc2
(Cdcl3:Cdc2)

Cig2:Cdc2
Cdcl3:C dc2

Rum l

$&<^:Cdc2
M
C dcl3;C dc2

Figure 1.4 A schematic representation of the S. pom be cell cycle
S. pom be has a short G l phase (in the case of rapidly growing cells, even shorter
than is shown here) and a long G2 phase. Cyclin:CDK complexes known to be
involved at particular points of the cell cycle are shown. Regulation by
C dcl3:C dc2 is sufficient to undergo mitosis and is also involved in the G l/S
transition although Cig2:Cdc2 is the major complex acting here. The R um l
inhibitor defines pre-Start G l phase, probably by inhibiting C dcl3:C dc2 and/or
Cig2:Cdc2 kinase activity during this period.
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Cell cycle regulation in animal cells
A typical mammalian cell cycle (reviewed by Sherr, 1993; Nigg, 1995; Pines, 1995) has a
long, variable G l phase and a relatively short 0 2 phase, thus resembling the cell cycle o f S.
cerevisiae more than that o f S. pombe. A restriction point exists during the cell cycle at
which cells become committed to DNA synthesis and completion o f the cell cycle, which
may be equivalent to Start in S. cerevisiae (Pardee, 1989). The genetic approach o f cell cycle
study in yeast has been very successfully complemented by a biochemical approach to study
regulation o f the cell cycle in animals. This has shown that the higher eukaryotic cell cycle is
more complex than that of the yeasts, because the cells o f multi-cellular organisms must
interact and are constrained by complex developmental processes.

CDKs
A human cdc2 homologue (also known as C D K l) was isolated by the complementation o f a
S. pom be cdc2 strain and shows 63% amino acid identity to cdc2 and 58% identity to S.
cerevisiae CDC28 (Lee and Nurse, 1987). The strong conservation at both sequence and
functional levels was the first demonstration that the basic mechanism o f cell cycle control
has been conserved throughout evolution from yeast to humans.
As described earlier, only one CDK subunit is required in yeast for progression through
the entire cell cycle. A more complex picture emerges in higher eukaryotes with the
identification o f a whole family of CDKs (currently CDKs 1 to 8), which share sequence
homology with Cdc28 and Cdc2 and associate with different classes o f cyclins (reviewed by
Nigg, 1995). A protein kinase is designated as a CDK when a cyclin partner is identified or
if it is able to complement a yeast cdc28/cdc2 mutation. The expression o f dominant
negative, kinase dead, mutant CDKs in cells has shown that animal Cdc2 has a role in the
G2/M transition but not the G l/S transition, whilst other CDKs such as CDK2 and CDK3 are
involved in passage from G l to S phase (van den Heuvel and Harlow, 1993).

Regulation of CDK activity by phosphorylation
The mechanism of regulation of yeast Cdc2/Cdc28 kinase activity by phosphorylation is also
conserved in higher eukaryotes (reviewed by Dunphy, 1994).
In addition to phosphorylation of Tyrl5, animal Cdc2s are also phosphorylated on the
adjacent Thrl4 residue and phosphorylation o f either residue inhibits kinase activity (Krek
and N igg, 1991a; Krek and Nigg, 1991b; Norbury et a i, 1991). Human W eel is able to
phosphorylate Tyrl5 (and possibly Thrl4) of human Cdc2 causing inactivation o f the kinase
and it also arrests cells before mitosis if overexpressed (Parker and Piwnica-Worms,
1992; McGowan and Russell, 1993).
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Cyclin B:Cdc2 complexes are strongly phosphorylated on tyrosine residues but
cyclin A:Cdc2 complexes are only weakly so and are more rapidly activated when added to
Xenopus egg extracts, suggesting that different CDK complexes may utilise this form o f
regulation to differing extents (Clarke et a l , 1992). Additionally, tyrosine phosphorylation
o f Cdc2 is not detectable during cleavages 2-12 o f a Xenopus embryo even though mitotic
regulation is maintained, demonstrating that this mechanism is not always important, as was
the case with S. cerevisiae (Ferrell et a l, 1991).
There are at least three types o f Cdc25 in animal cells (Galaktionov and Beach, 1991).
Cdc25 is both a threonine and tyrosine phosphatase which is likely to specifically
dephosphorylate both Thrl4 and TyrlS residues (Millar and Russell, 1992). Cdc25 is
activated near the onset o f mitosis by phosphorylation on multiple residues (Kumagai and
Dunphy, 1992).
The phosphorylation o f Thrl61 is also essential for the activity o f animal Cdc2, CDK2
and CDK4 (Ducommun et a l, 1991; Fisher and Morgan, 1994; Kato et a l , 1994). This is
performed by CAK, which is itself a cycliniCDK complex composed o f cyclin H, CDK7
(formerly known as MO 15) and a 32 kDa unidentified protein (Poon et a l, 1993; Fisher and
Morgan, 1994; Tassan et a l, 1994). Phosphorylation sites corresponding to Thrl4, TyrlS
and Thrl61 exist on nearly all CDKs (Nigg, 1995).

Cyclins
A- and B-type cyclins
The first cyclins to be discovered were the A- and B-type cyclins o f fertilised, marine
invertebrate eggs (Evans et a l, 1983; Swenson et a l, 1986). These were called mitotic
cyclins because they were rapidly destroyed at the end of each mitosis. A- and B-type cyclin
proteins share a relatively high level of sequence similarity, as shown in figure 1.1. The
patterns o f mRNA and protein expression do differ however - cyclin B first appears during S
phase, peaks in level around the G2/M transition and disappears abruptly at the end of
mitosis, whilst cyclin A oscillates slightly earlier in the cycle, first appearing at the G l/S
transition and disappearing slightly before cyclin B during mitosis (Luca and Ruderman,
1989; Minshull et a l, 1990; Whitfield et a l, 1990). Both classes of cyclin bind to Cdc2
(Draetta et a l, 1989).
The injection of cyclin A or B mRNA into Xenopus oocytes causes meiotic maturation,
demonstrating that both cyclin classes can control the G2/M transition (Swenson et a l,
1986; Pines and Hunt, 1987). The addition o f cyclin A or B mRNA to Xenopus RNase
treated cell-free extracts is also sufficient to drive multiple mitotic cell cycles (Murray and
Kirschner, 1989a; Roy et a l, \9 9 \). A G2/M arrest in Drosophila embryos is caused by a
lack o f both cyclins A and B and can be overcome by expression of just one o f these cyclins
(Knoblich and Lehner, 1993).
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In addition to its role in mitosis, cyclin A is also involved in S phase regulation. This is
due to its association with CDK2 rather than Cdc2 (Pines and Hunter, 1990; Tsai et a l ,
1991; Pagano et a l , 1992). Microinjection of anti-cyclin A antibodies into human cells
during different parts o f the cell cycle can inhibit either DNA synthesis or mitosis (Girard et
a l , 1991; Zindy et a l, 1992). Overexpression o f human cyclin A advances entry into S
phase, demonstrating that it is a rate-limiting factor for this transition (Rosenberg et a l,
1995). Both cyclin A and CDK2 are specifically localised at subnuclear sites o f ongoing
D N A replication in vivo (Cardoso et a l , 1993). Complexes involving cyclin A and the
growth-promoting transcription factor E2F-1 have been shown to repress E2F-1 expression
during S-phase (Krek et a l, 1994) and cyclin A also interacts with other proteins implicated
in G l or S phase control (reviewed by Bréchot, 1993).
Mitotic cyclin:Cdc2 complexes have virtually identical substrate specificities in vitro
and are likely to depend upon subcellular localisation for specificity (reviewed by Pines,
1995). In mammalian cells, cyclin A is found only in the nucleus whilst cyclins B1 and B2
are cytoplasmically localised and are only translocated to the nucleus at mitosis (Pines and
Hunter, 1991; Pines and Hunter, 1994). However, cyclin B3, which is more related to B-type
than A-type cyclins in terms o f sequence identity and patterns o f protein expression, is found
in the nucleus throughout the cell cycle and can bind to CDK2 as well as Cdc2 (Gallant and
N igg, 1994).

The destruction of A- and B-type cyclins
A- and B-type cyclins, like the yeast mitotic cyclins C lbl-6, C dcl3 and Cig2, contain
destruction box consensus sequences near their N-termini. As previously discussed, the
expression o f truncated or mutated forms of the C lbl, Clb2 or C dcl3 proteins lacking a
functional destruction box causes an arrest near the end o f mitosis. This is also true o f animal
A- and B-type cyclins - indeed, the importance o f cyclin destruction was first demonstrated
by using N-terminally truncated forms of sea urchin cyclin B and clam cyclins A and B
which could not be proteolysed and caused mitotic arrest in cell-free systems (Murray et a l,
1989; Luca et a l, 1991). Also, expression of truncated cyclins in Drosophila caused
metaphase arrest in the case of cyclin A, early anaphase arrest by cyclin B and late anaphase
arrest by cyclin B3, indicating an orderly sequence o f cyclin degradation during mitosis
(Sigrisi et a l, 1995).
Detailed analyses demonstrated that point mutations at highly conserved residues within
the destruction box motif of A- and B-types were sufficient to prevent the proteolysis o f these
cyclins (Glotzer et a l, 1991; Kobayashi et a l, 1992). The mechanism o f proteolysis involves
their ubiquitination which is dependent upon an intact destruction box (Glotzer et a l, 1991).
Ubiquitination is performed by a large multi-subunit complex known as the Anaphase
Promoting Complex which is also involved in the separation o f sister chromatids (Imiger et
a l , 1995; Sudakin et a l , 1995). Destruction o f Xenopus cyclin A l and cyclin B2, but not o f
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sea urchin cyclin B or, in some cases, of Xenopus cyclin B l, also requires CDK binding
(Glotzer e t a l , 1991; Stewart era/., 1994).
In cleavage state embryos, the mitotic cyclin proteolytic machinery is only activated for
a very short period of time at the end of metaphase (Hunt et a l , 1992). This differs from the
destruction mechanism in S. cerevisiae described earlier, which continues to destroy Clb2
during G l phase until Start. B-type cyclin destruction is not required for the metaphase /
anaphase transition, since this can still occur in the presence o f cyclin B:Cdc2 complexes in
Xenopus cell free extracts (Holloway et a l , 1993).
Cell cycle arrest with colchicine, which destabilises the mitotic spindle, causes cyclin B
but not cyclin A destruction to be severely delayed (Whitfield et a l, 1990; Hunt et a l, 1992).
Additionally, cyclin B:Cdc2 complexes are able to trigger mitotic cyclin destruction in a
putative positive feedback mechanism, whereas cyclin A:Cdc2 complexes actually inhibit
destruction (Luca e t a l , 1991; Lorca e t a l , 1992).

Other cyclins in animal cells
As well as A- and B-type cyclins, cyclin classes C to I have now been discovered in animals.
C-, D - and E-type cyclins were isolated in humans by their ability to complement the S.
cerevisiae triple cln deletion (Koff et a l, 1991; Lew et a l , 1991; Xiong et a l, 1991).
Cyclin D was also identified as the putative proto-oncogene PR ADI (Motokura et a l , 1991)
and as a Colony Stimulating Factor 1 inducible gene in macrophages (Matsushime et a l,
1991).
Levels o f cyclin C remain fairly constant throughout the cell cycle and its role is
unknown. D-type cyclins are synthesised during early to m id-Gl phase in a highly growth
factor dependent manner after re-entry to the cell cycle from GO (Matsushime et a l, 1992;
Matsushime e t a l , 1991). Their levels do not then significantly fluctuate during the rest of
the cell cycle. They bind to CDK4 and CDK6 in vivo (Matsushime et a l , 1992; Bates et a l,
1994; Meyerson and Harlow, 1994). Overexpression of cyclin D reduces the length o f G l
phase before entry into S phase (Quelle et a l, 1993).
Cyclin E levels, cyclin E:CDK2 complexes and their associated kinase activity peak near
the G l/S transition (Dulic et a l, 1992; K off et a l, 1992). In Drosophila embryos, loss o f
cyclin E prevents progression through S phase once maternal stores are exhausted whilst its
overexpression causes post-mitotic cells to enter S phase (Knoblich and Lehner, 1993).
Depletion o f CDK2 from Xenopus egg extracts, where cyclin E is the main partner, blocks
D NA replication (Fang and Newport, 1991). Overexpression o f cyclin E also shortens G l
phase (Ohtsubo and Roberts, 1993). Cyclin E:CDK2 is able to activate cyclin B:Cdc2
complexes and overcome a block on entry into mitosis in Xenopus cycling extracts due to
inhibition o f CDK2 complexes (Guadagno and Newport, 1996). This suggests a role for
CDK2 kinase in co-ordinating S phase and mitosis.
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Both D- and E-type cyclins are extremely short lived proteins and whilst neither class
contains the destruction box consensus sequences o f mitotic cyclins, they do contain the Cterminal PEST sequences found in the Cln proteins.
Human cyclin F was isolated by complementation o f the S. cerevisiae cdc4 and cdc34
mutations, which arrest cells after Start but before S phase (Bai et a l , 1994). It is the largest
known cyclin, at 87 kDa, and is periodically expressed with levels peaking in 0 2 . Cyclin F
overexpression causes an increase in the proportion o f cells in 0 2 phase.
Cyclin O was isolated by the cross-hybridisation o f c-src proto-oncogene probes with a
rat fibroblast cDNA library and resembles S. pom be c/g7(Tamura et a l, 1993). Cyclin H, as
mentioned above, was isolated as part of the CAK complex but is also involved in
transcriptional regulation as part of this complex by phosphorylation o f the C-terminal
domain o f RNA polymerase II (Roy et a l, 1994). Finally, cyclin I was isolated from human
brain and is expressed at constant levels in post-mitotic cells pointing to a role outside o f the
cell cycle (Nakamura et a l , 1995).

CDK inhibitors
A number o f CDIs have been identified in higher eukaryotes and fall into two classes
(reviewed by Elledge and Harper, 1994; Sherr and Roberts, 1995). The INK4 class o f
inhibitors includes pl6^NK4a (Serrano et a l, 1993) and pl5^^K4b (Hannon and Beach, 1994).
Both o f these proteins contain four ankyrin motif structural repeats and appear to specifically
compete for binding of D-type cyclins in complexes with CDK4 or CDK6, resulting in G l
arrest. Transcription o f p 15 is strongly induced by the negative growth factor TGF-P
(Hannon and Beach, 1994).
The second class o f inhibitors includes p21^lPl (Harper et a l, 1993; Xiong et a l , 1993)
and p27^P^ (Polyak et a l, 1994; Toyoshima and Hunter, 1994) which have close sequence
homology. These inhibitors preferentially bind to cyclin:CDK complexes but are less
specific than the INK4 class and are able to interact with most CDK complexes involved in
G l and S phase. p21 is induced by the tumour suppressor p53 and is upregulated in
quiescent and senescent cells (El-Deiry et a l, 1993). Mice lacking p27 have increased body
growth due to higher levels of cell proliferation but cells still arrest due to TGF-p or contact
inhibition, which had earlier been thought to be mediated by p27 (Kiyokawa et a l,
1996; Nakayama et a l , 1996). The level o f p27 does not vary in cells and it appears to inhibit
cyclin E:CDK2 complexes only if insufficient cyclin D:CDK4 complexes are present to
sequester it, which may indicate a role in co-ordinating G l to S progression (Polyak et a l,
1994).
A reversible binding, inhibitory activity associated with cell membranes in Xenopus is
able to inactivate cyclin B:Cdc2 complexes containing a mutated Cdc2 subunit which cannot
be regulated by Thrl4 and Tyrl5 phosphorylation (Lee and Kirschner, 1996).
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It appears though that the higher eukaryotic CDIs identified so far are mainly involved in
blocking the cell cycle in response to external factors, similar to the role o f the S. cerevisiae
Farl protein, than to the co-ordination o f cell cycle phases as performed by the S. cerevisiae
S id and S. pom be Ruml inhibitors.

Regulation of the cell cycle in animal cells
D-type cyclins, bound to CDK4 or CDK6, are key and rate-limiting regulators o f G l
progression and may play a similar role to Gins in S. cerevisiae. Cyclin E:CDK2 is required
for the G l/S transition and is also rate-limiting whilst cyclin A:CDK2 is involved in
progression through S phase. Entry into mitosis requires the accumulation o f cyclin B, its
binding to Cdc2, and the subsequent phosphorylation o f Thrl61 and dephosphorylation of
T hrl4 and TyrlS residues in the Cdc2 subunit. Cyclin A:Cdc2 also promotes entry into
mitosis whilst the sequential destruction o f A-type and then B-type cyclins is required to exit
mitosis. The presence o f these complexes during the cell cycle is shown in figure 1.5.
The CDIs have been proposed to act as part o f a ‘dams and sluices’ model o f cell cycle
progression (Nasmyth and Hunt, 1993). The binding of a CDI to a cyclin:CDK complex
forms a barrier to kinase activity until sufficient levels o f the complex are synthesised to
overcome the inhibition. These surplus complexes are then thought to trigger the rapid
destruction of the CDI, leading to a rapid increase in kinase activity until the next ‘dam’ is
met.

The structure of cyclin: CDK: CDI complexes
Crystallographic studies have shed light on the interactions between cyclins, CDKs and CDIs
(reviewed by Morgan, 1996). These show the structures o f inactive human CDK2 monomer
(De Bondt et a l, 1993), a partially active cyclin A:CDK2 complex (Jeffrey et a l , 1995), a
fully active cyclin A:CDK2 complex due to phosphorylation o f Thrl60 in CDK2 (Russo et
a l , 1996b) and an inactive cyclin A:CDK2:p27 complex (Russo e t a l , 1996a).
The CDK2 protein contains a small N-terminal lobe, which consists mainly o f 6-sheet,
and a larger C-terminal lobe, which is mainly a-helical, separated by a cleft containing the
ATP-binding active site. However, in monomeric form, two regions well conserved
throughout CDKs, the PSTAIR helix and the T-loop (which contains Thrl60), impede the
binding o f ATP and the substrate protein respectively.
The cyclin A subunit contains two repeats of a structure o f five a-helices, the first of
which corresponds to the conserved cyclin box. The conformation of cyclin A does not
change when bound to CDK2, but it does reorient the PSTAIR helix and T-loop so that ATP
is able to bind and the binding of substrate is less impeded.
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Figure 1.5 A schematic representation of the higher eukaryotic cell cycle
The higher eukaryotic cell cycle has a long, variable G l phase and a shorter 0 2
phase. The requirement for certain cycliniCDK complexes or destruction of cyclin
subunits at certain points in the cell cycle is shown. The INK4 and p27/p21 class of
inhibitors known to be able to inhibf certain complexes are also shown.

34

However, full activation is achieved only by phosphorylation o f Thrl60 which reorients
the T-loop further, strengthening the interaction between cyclin and CDK and allowing the
substrate to readily bind.
p27 binds strongly to both cyclin and CDK subunits in the complex. Binding to cyclin A
occurs in the strongly conserved region at the start of the cyclin box which anchors the
inhibitor to the complex but does not alter the conformation o f the cyclin. In contrast, the
inhibitor does significantly alter the conformation o f the N-terminal lobe o f CDK2 once it
has bound to it and also occupies the ATP-binding cleft.
Changes in conformation due to the phosphorylation of Thrl4 and TyrlS residues or
binding o f the INK4 class o f protein inhibitors remain to be elucidated. T hrl4 is located
extremely close to the y-phosphate of bound ATP whilst TyrlS is more distant, suggesting
that the mode of inhibition by these two residues may be different. Supporting this view,
phosphorylation o f TyrlS in Cdc2 does not prevent ATP binding (Atherton-Fessler et a l,
1993).

Cell cycle regulation and cancer
Abnormalities in the cell cycle regulatory machinery that controls the progression o f cells
from a quiescent to a growing state would be expected to contribute to the development of
cancer, the uncontrolled proliferation of cells in multi-cellular organisms. There is ample
evidence that the control pathway that includes the INK4 inhibitors and cyclin D:CDK4 and
cyclin D:CDK6 complexes is often disrupted during the development o f many human
cancers (Weinberg, 199S). Gene amplification and mRNA overexpression (but not mutation)
o f cyclin D, which was originally identified as an oncogene, have been detected in several
human tumours (Motokura and Arnold, 1993). The p i 6^^^^ inhibitor acts as a tumour
suppressor gene and is mutated, rearranged or lost in a great number o f tumour cell lines (up
to 70%) and in some primary tumours (10%-20% of those examined) (Elledge and Harper,
1994). Loss or mutation of plSl^'^t) ^overexpression o f CDK4 and mutation o f pRB,
another component of this pathway, have also been found in a wide variety o f tumours
(Weinberg, 1995). Additionally, cyclin E has been found to be expressed at abnormally high
levels in many breast and other solid tumours (Keyomarsi et a l , 1994; Keyomarsi and
Pardee, 1993).
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Cell cycle regulation in plant cells
The study o f cell cycle regulation in plants (reviewed by Staiger and Doonan, 1993) has until
recently been extremely limited due to a lack o f sophisticated genetic or biochemical
analysis. However, the use o f hybridisation and PCR has allowed the identification o f cdc2
homologues able to complement yeast cdc28!cdc2 mutations and other CDK homologues in
a wide variety of species. A large number o f mitotic cyclins have also been identified and
were recently classified into three distinct A-type subclasses and two B-type subclasses
(Renaudin et a l, 1996). Finally, D-type homologues have been isolated by complementation
o f the S. cerevisiae triple cln mutation (Soni et a l , 1995).
Cell division within plants is largely confined to specialised, undifferentiated regions
known as meristems, from which postembryonic organ formation occurs. cdc2 expression is
restricted to these areas (Martinez et a l, 1992). As plant cells do not move and have rigid
cell walls, precise spatial and temporal regulation o f cell division is thought to be important
for the development o f organs.
Recently, a role for cyclin:CDK complexes has been implicated in the regulation of
growth and development in plants. Ectopic expression o f a mutated CDK protein, which
cannot form an active kinase complex, in tobacco plants resulted in plants containing less
than half the normal number of cells but which still grew to the same size, by increasing cell
size, at almost the same rate and underwent normal development (Hemerly et a l, 1995). By
contrast, continuous expression of cyclin B 1 from the cdc2 promoter in Arabidopsis
markedly accelerated root growth, resulting in more cells and longer roots, but again did not
alter the pattern of development (Doemer et a l , 1996). These results suggest that B-type
cyclin is rate-limiting for root growth and that there is a considerable degree o f plasticity
allowing post-embryonic development to be driven by the rate of cell growth.
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The cellular slime mould Dictyostelium discoideum
The phylogénie classification of Dictyostelium discoideum
Cellular slime moulds are eukaryotes which were originally classified as fungi (reviewed by
Loomis, 1982). More recent consensus phylogeny analysis based upon the sequences o f 11
different proteins established that the evolutionary divergence o f Dictyostelium discoideum
from metazoans was after the yeasts S. cerevisiae and S. pom be but before the nematode
Caenorhabditis elegans (Loomis and Smith, 1995; Loomis and Smith, 1990). All o f the 11
Dictyostelium proteins analysed show greater identity to mammalian homologues than to
yeast homologues and the analysis suggests that Dictyostelium diverged from metazoans
before the plant / animal division. Earlier molecular phylogénie analysis based upon
comparisons of the small ribosomal subunit had indicated that Dictyostelium was more
distantly related to metazoans than yeast (McCarroll et a l, 1983), but this interpretation was
probably distorted by the very high A+T content o f non-protein coding Dictyostelium DNA
(Kimmel and Firtel, 1983).

The life cycle of Dictyostelium discoideum
Dictyostelium normally exists as a haploid, unicellular amoeba which lives in soil and feeds
upon bacteria by phagocytosis. The amoebae divide by binary fission and increase in number
until their food supply is exhausted. Starvation triggers a developmental cycle shown in
figure 1.6 and reviewed by Loomis, 1982. Cells stop dividing and a small number start to
secrete cAMP, which acts as a chemoattractant. Other cells move towards this signalling
centre in response to relayed pulses of extracellular cAMP initiated from it and aggregation
ensues. A tight mound o f approximately 10^ cells forms from which an apical tip develops
and elongates to create a ‘first finger’ structure. Under favourable conditions, a fruiting body
consisting o f a mass o f spore cells supported on a thin column o f stalk cells forms in situ.
However, a migrating pseudoplasmodium or ‘slug’ often develops instead and only later
culminates to form a fruiting body. Each spore cell can generate a fresh amoeba upon
germination. The entire developmental cycle can take as little as 24 hrs.
In Dictyostelium's, simple differentiation system, there are only two basic cell types stalk or spore cells. The precursor prestalk and prespore cells were first distinguished using
the vital dye neutral red which is lost from prespore cells but retained in cytoplasmic acidic
vacuoles in prestalk cells (Bonner et a l, 1955). Aggregates were stained uniformly red, but
in the slug only the anterior 20% stained red and contained the prestalk population whilst the
posterior 80% was relatively unstained and contained the prespore population.
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For laboratory purposes, a number o f axenic strains have been identified which can be
grown in defined medium in the absence of bacteria (Sussman and Sussman, 1967; Watts and
Ashworth, 1970). These amoebae undergo exponential growth until they reach high density
and then enter stationary phase and stop dividing. They will not undergo development in
liquid medium but can do so if spread onto a suitable solid substratum.
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Figure 1.6 The life cycle o î D ictyostelium discoideum
Upon starvation, vegetatively growing Dictyostelium amoebae undergo a
developmental cycle by first forming an aggregate, then a migrating slug and
finally a fruiting body which releases spores able to generate new amoebae.
Approximate timings for the formation o f various stages are shown.
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The cell cycle during vegetative growth
The Dictyostelium cell cycle (reviewed by Weeks and Weijer, 1994) is depicted in figure 1.7.
The lengths o f different cell cycle phases were ascertained by fluorometric determination o f
cellular and nuclear DNA contents in exponentially growing axenic cultures (Weijer et a l,
1984b). There was found to be no detectable G l phase, an S phase o f less than 30 mins and a
0 2 phase o f approximately 6.5 hrs. A mitotic index o f 2% indicated an M phase o f about 15
mins. Mitochondrial DNA, which constitutes approximately 30% o f total cellular D NA, was
found to be replicated continuously through the cell cycle. The length o f S phase was also
calculated by the proportion of cells in an asynchronous population labelled with a [^H]thymidine or 5'-bromodeoxyuridine pulse and was found to agree with a figure o f less than
30 mins in both cases (Weijer et a l , 1984b; Zimmerman and Weijer, 1993).
The length of the cell cycle can vary considerably, lasting only 3 hrs in cells grown in
bacteria-containing culture but typically taking 8 to 12 hrs in axenically grown cells,
dependent upon medium composition. This variation is solely due to differing lengths o f 0 2
phase (Weijer et a l, 1984b). The major control point in the cell cycle is thought to occur late
in 0 2 phase where cells accumulate upon entry into stationary phase (Zada-Hames and
Ashworth, 1978) or in response to low temperature (Maeda, 1986).
Mitosis in Dictyostelium cells has many structural and functional similarities o f mitosis
in higher eukaryotes (Roos et a l , 1984; McIntosh et a l, 1985). Mitotic centrosomes act as
spindle pole bodies which initiate microtubules and the condensed chromosomes have visible
kinetochores, each of which attaches to a few microtubules. Both chromosome-to-pole
motion and spindle elongation occur during anaphase. However, the nuclear envelope
remains mostly intact during mitosis, as is the case with many lower eukaryotes. The mitotic
spindle is also smaller (3 pm in length) than that o f higher eukaryotes and is less complex as
it contains fewer microtubules.
The cell cycle o f Dictyostelium resembles that o f S. pom be, whose cells also spend a
high proportion of their time in 0 2 phase. This enables the haploid cells o f both organisms
to carry two copies o f their DNA for most o f the time, giving a selective advantage by
allowing the repair o f DNA damage by recombination mechanisms.

The cell cycle during development
Although growth and development in Dictyostelium were originally thought o f as entirely
separate processes, there is some continuation o f cell division during development. During
the development o f cells which were grown on bacteria and then starved, cell number
increases by about 40% (Zada-Hames and Ashworth, 1978). In axenic cells, the increase is
greater but this is partly due to the division of multi-nucleate cells during early development.
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Figure 1.7 The Dictyostelium cell cycle and its relationship to differentiation
The Dictyostelium cell cycle, depicted in the upper part of this figure, has no
detectable G l phase, an S phase of less than 30 mins, a variable G2 phase (in this
case 6.5 hrs, a typical period for cells grown in axenic culture) and mitosis lasting
about 15 mins.
Cells starved whilst in a relatively narrow window early in the cell cycle tend to
become located in the anterior, prestalk zone of the resulting slug. By contrast,
cells in the remainder of the cycle tend to sort to the prespore zone.
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However, the cell population at least doubles due to true mitotic division, occurring in
two distinct periods either prior to aggregation or between tip formation and early
culmination as measured by the mitotic index. The second period o f mitosis does not occur
in a mutant which is blocked at the mound stage o f development indicating a close link
between developmental stages and the cell cycle (Zada-Hames and Ashworth, 1978).
When cells were continuously labelled with 5'-bromodeoxyuridine during development,
the proportion of labelled cells steadily increased to 20% during the first 6 hrs o f
development before aggregation (Zimmerman and Weijer, 1993). No further increase
occurred over the next 6 hrs until after the mound stage, but the total proportion that was
labelled then started to dramatically increase and reached 75% by 18 hrs. The majority o f
this labelling was found to occur in nuclei (Comelis Weijer, pers. comm.), though in a
different set o f experiments all DNA synthesis during development was observed to occur
solely in mitochondria (Shaulsky and Loomis, 1995). Pulse labelling with 5'bromodeoxyuridine and staining with prespore antigen demonstrated that only 10%-20% of
cells undergoing the first period of DNA synthesis became prespore whilst over 95% o f cells
undergoing the second period of DNA synthesis were prespore (Zimmerman and Weijer,
1993). This pattern o f mitosis and DNA synthesis suggests that the cell cycle is blocked
during aggregation and then reinitiated at a later stage in only prespore cells, so that prestalk
cells do not reenter the cycle. It has been postulated that this block occurs at the same control
point 1-2 hrs prior to mitosis where cells arrest due to entry into stationary phase or to low
temperature (Weeks and Weijer, 1994). Cells already past this point at the time o f starvation
are thought to continue the cell cycle in early development and become prestalk cells but do
not undergo a second, later round of mitosis or D NA synthesis. By contrast, cells reaching
this control point during early development arrest until the mound stage when the block is
released and they then become prespore cells.
An alternative hypothesis has been proposed whereby cells exit from the cell cycle at a
particular point and initiate development, with cell type dependent upon how long it takes to
reach this point (Maeda et a l, 1989). This though seems a less likely explanation as it does
not account for the continuation of the cell cycle during development.

Determination of the molecular components of the cell cycle
Relatively little is known about the molecular basis o f cell cycle regulation in Dictyostelium.
Attempts have been made to identify the genes involved, but prior to work described in this
thesis, only one cyclin and two CDKs have been isolated.

CycB
cycB (formerly known as clb l) was identified by PCR using primers directed against
conserved regions of B-type cyclins (Luo et a l, 1994). The cycB gene encodes a protein of
436 residues containing the conserved cyclin box and destruction box motifs o f mitotic
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cyclins. The protein exhibits up to 51% amino acid identity with B-type cyclins from other
organisms within a 150 residue cyclin box. Alignments that were performed with the first 60
residues o f the cyclin box of many cyclins indicate that this region o f Dictyostelium cyclin B
is most related to plant B-type cyclins (see figures 1.1 and 1.2).
cycB mRNA is present at constant levels throughout the growth o f asynchronous
vegetative cells but falls rapidly as cells enter stationary phase (Luo et at., 1994). In cells
synchronised by stationary phase release, the mRNA level fluctuates in a cell cycledependent manner and peaks just prior to cell division. The cyclin B protein levels start to
increase rapidly at this time and quickly fall at the end o f cell division, a feature characteristic
o f B-type cyclins as described earlier.
The overexpression in vegetative Dictyostelium cells o f a N-terminally truncated
cyclin B protein lacking 105 residues, including the destruction box motif, causes cells to
arrest in mitosis with condensed chromosomes (Luo et a l , 1994). This suggests that
degradation o f native cyclin B protein is required to exit mitosis, another characteristic o f Btype cyclins discussed earlier.
cycB mRNA expression is also markedly regulated during development with relatively
low levels o f expression during early development, a significant increase between 8 and 12
hrs peaking at the tipped aggregate stage and then a rapid decrease so that by 20 hrs levels are
undetectable (Luo et a l , 1995). Levels of the cyclin B protein though remain relatively
constant throughout development with only very slight fluctuations.

CdcA
The cdcA gene was identified by PCR and is a cdc2 homologue (Michaelis and Weeks,
1992). The gene product of 296 residues shares up to 64% amino acid identity with Cdc2s
from other species, the most homologous being plant Cdc2s. The gene is able to complement
a S. cerevisiae cdc28 mutation. cdcA mRNA levels remain constant during the growth o f
asynchronous vegetative cells (Michaelis and Weeks, 1992) but oscillate slightly during
synchronised cell growth with timing similar to the cycB mRNA (Luo et a l, 1995). Cdc2
protein levels remain constant during synchronised growth, though levels fall when
asynchronous cultures enter stationary phase.
cdcA mRNA is also regulated during development with high levels between 8 and 12 hrs
in a pattern reminiscent of cycB mRNA. Protein levels though remain constant until 16 hrs
o f development when they begin to decrease. Cdc2-associated histone HI kinase activity is
high during early development and peaks at 4 hrs. It is still present at appreciable levels at
16 hrs and at low levels at 20 hrs.
Cdc2-associated histone HI kinase activity is higher in cells overexpressing the N terminally truncated cyclin B protein than wild-type cells suggesting an in vivo interaction
between these two proteins (Luo et a l, 1995).

42

Crp
The crp (çdc2-related PCXAIRE) gene was also isolated by PCR (Michaelis and W eeks,
1993). The Crp protein, o f 292 residues, displays up to 65% amino acid identity with Cdc2
homologues from other species, with again the highest levels of homology to plant Cdc2s,
and 60% identity to Dictyostelium Cdc2. A number o f highly conserved Cdc2 residues differ
in Crp including a serine substituted by cysteine in the highly conserved PSTAIRE motif, no
characteristic GDSEID domain which is essential for the kinase activity o f S. pom be Cdc2
(Fleig et a l , 1992) and the replacement of Thrl61 by a serine residue, crp cannot
complement a S. cerevisiae cdc28 mutation (Michaelis and Weeks, 1993). mRNA
expression is low during vegetative growth but increases to high levels during early
development and peaks at 4 hrs. The levels then subside but increase again after 16 hrs. The
prevalence o f crp expression during development rather than growth suggests that it could
possibly be a link between the cell cycle and differentiation.

Cell type differentiation in Dictyostelium
Pattern formation in multi-cellular organisms is thought to occur by two mechanisms position independent cellular differentiation with subsequent cell sorting or alternatively,
cellular differentiation in response to positional signals. Evidence suggests that both
mechanisms occur in Dictyostelium.
The location o f prestalk and prespore cells at different developmental stages has been
shown using reporter constructs driven by promoters o f a number o f cell-type specific genes
(reviewed by Firtel, 1995). Both prestalk and prespore cells are initially distributed randomly
in the aggregate (Williams et a l, 1989; Krefft et a l, 1984). During the mound stage, some
prestalk cells actively sort towards the tip whilst others locate to the base o f the aggregate
(Williams et a l, 1989; Esch and Firtel, 1991; Williams and Jermyn, 1991). The tip functions
as an organising centre controlling further morphogenesis, demonstrated by a mutant strain
expressing more than one tip which can form multiple, separate slugs (Howard et a l , 1992).
Markers show that during the slug stage there is an additional scattered population o f cells in
the prespore region which have most or possibly all of the properties o f prestalk cells and are
known as anterior-like cells (ALCs) (Stemfeld and David, 1982; Stemfeld and David, 1981).
Since both prestalk and prespore cell types are at first distributed randomly throughout
the aggregate, the decision of whether a cell should initially become prestalk or prespore
cannot be dependent upon positional information. Instead, cells either respond to an entirely
stochastic event or alternatively, an initial cell-autonomous heterogeneity is required.
Evidence presented below suggests that the decision is dependent upon an initial
heterogeneity, the position of a cell in the cell cycle at the time o f starvation.
The subsequent sorting of prestalk cells towards the tip appears to be mediated by
extracellular cAMP using pathways that may be identical to those that mediate chemotaxis
during aggregation, with prestalk cells having an inherently higher rate o f chemotactic
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movement than prespore cells (Abe et a l, 1994; Matsukuma and Durston, 1979; M ee at a l,
1986). A strain overexpressing extracellular cAMP phosphodiesterase, which reduces
extracellular cAMP concentration, shows a greatly reduced level o f prestalk sorting to the tip
(Traynor at a l, 1992). If the putative vertical cAMP gradient in the mound is then reversed
by placing mounds on agar containing high concentrations o f cAMP, cells that would
normally sort to the apex instead sort to the base (Traynor at a l, 1992).

Cell cycle position at the time of starvation influences cell type
differentiation
A number o f experimental studies strongly suggest that cell cycle position at the time o f
starvation can influence whether a cell initially becomes prestalk or prespore. Cells in an
asynchronous population which were labelled by a pulse o f 5'-bromodeoxyuridine and then
immediately starved showed a low tendency (approximately 25%) to become prespore, whilst
those left for several hours of further growth so that they were in mid-G2 phase had a high
propensity (approximately 75%) to be prespore (Zimmerman and Weijer, 1993).
In another experiment, cells which had been synchronised by stationary phase arrest,
fluorescently labelled and mixed with asynchronous, exponentially growing cells were
allowed to develop (Weijer at a l, 1984a). 50% of synchronised cells starved during a
window o f approximately 1 hr early in the cell cycle did not stain with prespore antigen and
were found in the anterior-most 10% region o f the resulting slug as opposed to only 20%30% o f cells from all other parts of the cell cycle. These results are summarised in figure 1.7.
A similar pattern o f behaviour, with cells early in the cell cycle showing an increased
tendency to become prestalk, was also found with cells synchronised by mitotic wash-off
(McDonald and Durston, 1984) and low temperature arrest (Maeda at a l, 1989), although in
the latter case the prestalk window was interpreted to be in mid/late G2 phase. This
discrepancy is to some extent due to the achievement o f only a partial degree o f synchrony
with all o f these methods. In the case of low temperature arrest, cells starved close to mitosis
were also found to aggregateWoWer than those starved in mid-G2 (Araki at a l, 1994). All
cells were randomly distributed in mounds, but those starved close to mitosis were
preferentially sorted to the apex during tip formation and were later concentrated in the
anterior o f the slug whilst those starved in mid-G2 were virtually excluded from the tip
region o f the mound.
A lso, the expression of cell type-specific genes showed a similar dependence on cell
cycle position in cells which were starved in very low density monolayer culture in medium
containing cAMP and a developmentally regulated factor (Conditioned Medium Factor) and
did not undergo aggregation (Gomer and Firtel, 1987).
The cell-type proportions of slugs consisting solely o f synchronised cells were
significantly altered when cells were synchronised by stationary phase arrest (Weijer at a l,
1984a). Those derived from cells starved shortly after mitosis formed slugs with 55%
prespore cells whilst those derived from cells in mid-G2 phase consisted o f 90% prespore
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cells, as opposed to 75% prespore cells found in control slugs. In contrast though, no such
differences were found with cells synchronised by low temperature arrest (Maeda et a l ,
1989).
How could cell cycle position influence cell type? It may be that certain genes or other
parameters required for either prestalk or prespore cell differentiation are expressed in a cell
cycle-dependent manner. In some studies, cells starved early in the cell cycle, which show a
tendency to become prestalk, are better able to form aggregation initiation centres
(McDonald, 1986) and have higher levels of many components o f the cAMP chemotactic
system required for aggregation (Wang et a l, 1988). However, in another case, cells starved
earlier in the cycle are actually slower to acquire chemotactic sensitivity to cAMP (Araki et
a l , 1994). Cytoplasmic pH is higher early in the cell cycle (Aerts et a l , 1985) and a
monoclonal antibody called MUD9, directed against a cell surface protein, binds in greater
quantities during early parts of the cell cycle (Krefft and Weijer, 1989).

Putative morphogens known to act in Dictyostelium
Cells are not irreversibly committed to a specific fate until a late stage o f differentiation and
can readily interconvert cell types. If a slug is cut into anterior and posterior portions, both
can form a normally proportioned fruiting body (Raper, 1940). Redifferentiation o f prespore
to prestalk cells has also been shown by disaggregating slugs, fluorescently labelling
prespore cells with a specific marker and allowing reaggregation (Abe et a l, 1994). Some o f
the cells formerly labelled as prespore cells are present in the prestalk region of the
subsequent slug.
A putative morphogen known to act in Dictyostelium is Differentiation Inducing Factor
(DIF). It is able to induce isolated cells to differentiate into stalk cells in the presence of
cAMP (Town et a l, 1976) and can also inhibit spore formation and switch isolated cells from
the prespore to the prestalk pathway (Kay and Jermyn, 1983). DIF actually consists o f a
number o f related compounds of which by far the most biologically active is DIF-1, a low
molecular weight chlorinated hexaphenone (Kay et a l, 1983).
A mutant strain expressing low levels of DIF arrests just prior to tip formation with cells
expressing prespore but not prestalk-specific proteins (Kopachik et a l , 1983). Addition of
DIF to this strain increases prestalk, but represses prespore gene expression (Kopachik et a l,
1985). The prestalk-specific ecmA, ecmB and pDd26 genes are all induced in response to
DIF (Jermyn et a l , 1987). By contrast, expression of the prespore genes psA, cotA, cotB and
cotC in the presence of DIF is completely repressed (Early and Williams, 1988; Fosnaugh
and Loomis, 1991).
DIF is actually present in the posterior, prespore zone o f a slug at a higher concentration
than in the tip (Brookman et a l, 1987) which may be due to a DIF-1 dechlorinase that is
enriched in prestalk cells in the tip (Kay et a l, 1993).
In addition to its role in chemotaxis, extracellular cAMP is also required for the
induction and maintenance of prespore gene expression. The psA, SP60 and DP87 prespore
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genes are all induced by cAMP (Early and Williams, 1988; Fosnaugh and Loomis,
1989; Takemoto et a l , 1990). Isolated Dictyostelium cells can be converted to prespore cells
by the addition o f cAMP (Kay, 1982). Extracellular cAMP also increases the stability of
prespore mRNA. Disassociation o f cells at the first finger stage and vigorous shaking in the
absence o f cAMP greatly reduces the half life o f mRNAs expressed at this stage, but the
addition o f cAMP before shaking specifically stabilises prespore mRNA (Barklis and Lodish,
1983).
During the early stages of development, extracellular cAMP is also required for stalk cell
differentiation (Yamada and Okamoto, 1992). Its effect on the expression o f the prestalk
ecmA, ecmB and pDd26 genes shows a marked contrast depending upon their developmental
timing o f expression. The ecmA gene, mainly expressed during the slug stage, is stimulated
by cAM P whilst both other genes, which are expressed at later stages, are actually repressed
by cAM P (Berks and Kay, 1990; Hopper et a l , 1993).
The roles of the putative morphogens cAMP and DIF are summarised in figure 1.8.
Thus, although the cell cycle may play a role in the choice of cell type, this is likely to be
only at an early stage o f differentiation before other mechanisms, including those involving
the putative morphogens described, become prevalent.
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Figure 1.8 The roles of cAMP and DIF during Dictyostelium development
cAMP acts as a chemoattractant during the early stages of development, but later
behaves as a putative morphogen by inducing prespore and some prestalk genes
(such as ecmA) but repressing the expression of other prestalk genes (ecmB and
pDd26). DIF induces prestalk and represses prespore gene expression.
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This thesis
This thesis describes studies to further the understanding o f cyclins and cell cycle regulation
in Dictyostelium. I initially overexpressed Xenopus cyclin A l in Dictyostelium in an attempt
to demonstrate a phenotype and clarify the role of this cyclin. I then created a Dictyostelium
cD N A library from exponentially growing cells which could be used to complement the S.
cerevisiae triple cln deletion. This approach had already been successfully used to isolate a
number o f heterologous cyclins from other organisms. I identified two new D ictyostelium
cyclins, one o f which showed strong homology to mitotic cyclins from other species and
another which had much weaker levels o f homology to the S. cerevisiae Cln3 / Pci proteins.
I describe the preliminary characterisation o f the former.
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Chapter Two
Materials and Methods
Reagents and Donated Constructs
Reagents and enzymes
Reagents were purchased from Sigma or BDH, unless otherwise stated, and were o f AnalR
purity or else the highest grade available. Enzymes for use in molecular biology were
purchased from New England Biolabs, unless otherwise stated, whilst radiochemicals were
purchased from Amersham.

Oligonucleotides
Oligonucleotides were synthesised by the ICRF Oligonucleotide Synthesis Unit (South
Mimms).

Plasmid constructs
Xenopus cyclin A l ESPl 1 and ESPl 1-ATVA and Xenopus cdc2 constructs were from
Elspeth Stewart (now at Harvard Medical School, Cambridge, MA)
Xenopus CDK4 plasmid was from Matt Cockerill (now at Current Biology, London).
Dictyostelium cdcA, crp, cycB and rasG constructs were from Gerry Weeks (University of
British Colombia, Vancouver, Canada).
Dictyostelium Act 15 was from Jeff Williams (now at University College, London).
pVEII vector was from Wolfgang Nellen (now at Kassel University, Germany)
The A,YES and lA D H phagemid vectors were from Steve Elledge (Baylor College o f
Medicine, Houston, TX).

Proteins
GST-tagged Xenopus cyclin A l protein was obtained from Elspeth Stewart (now at Harvard
Medical School, Cambridge, MA).

Antibodies
kni\-Xenopus cyclin A l monoclonal antibody, X L A l-3, was from Dolores Harrison (ICRF,
South Mimms).
Anti-Dictyostelium Cdc2 polyclonal antibody was from Gerry Weeks (University o f British
Colombia, Vancouver, Canada).
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Commonly used solutions
TE
Tris-Cl pH 8.0

10 mM

NazEDTA pH 8.0

1 mM

TAE
Tris-acetate

40 mM

Na 2 EDTA pH 8.0

2 mM

TBE
Tris-borate

90 mM

Na 2 EDTA pH 8.0

2 mM

SDS sample buffer
Tris-Cl pH 6.8

80 mM

SDS

2% (w/v)

Glycerol

10% (v/v)

Bromophenol blue

0.002%

6-mercaptoethanol (added just before use)

(w/v)
5% (v/v)

General Molecular Biology Techniques
Most molecular biology techniques were performed as described in Sambrook et a l , 1989
and Ausubel et a l, 1991. Modified or less standard techniques are described below.

Large scale DNA preparation by alkaline lysis
The rapid alkaline lysis protocol described here was used for large scale D NA preparations,
unless otherwise stated. Caesium chloride-based methods were required in only a few
specified cases.
A single bacterial colony was inoculated into 3 ml 2x TY medium containing 100 pg/ml
ampicillin and incubated at 37°C for 6-8 hrs. This was then inoculated into 400 ml 2x TY
plus ampicillin and incubated overnight at 37°C. The culture was centrifuged at 3 000 rpm
for 5 mins in a Sorvall GS3 rotor and the pellet was resuspended in 20 ml GTE. The bacteria
were lysed with 40 ml SDS / NaOH alkaline solution and incubated at room temperature for
10 mins, followed by neutralisation with 30 ml KO Ac solution on ice for 5 mins. The debris
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was pelleted by centrifugation at 5 000 rpm in a Sorvall GSA rotor for 10 mins and the
supernatant was filtered through four layers o f cheesecloth.
The addition o f 56 ml propan-2-ol precipitated nucleic acid, which was pelleted by
centrifugation at 8 000 rpm for 10 mins in a Sorvall GSA rotor. The pellet was resuspended
in 10 ml TE, then 4 ml 10 M LiCl was added and the solution left on ice for 10 mins to
precipitate rRNA. The rRNA was pelleted by centrifugation at 10 000 rpm for 10 mins in a
Sorvall SS34 rotor, then 8.6 ml propan-2-ol was added to the supernatant to precipitate DNA.
This was pelleted by centrifugation at 10 000 rpm for 10 mins, washed with 80% (v/v)
ethanol and dried in a vacuum dessicator for 5 mins.
The DNA was resuspended in 750 p i TE and 40 pi 10 mg/ml boiled RNase A was added
before incubation at 37°C for 15 mins. 90 p i o f lOx Proteinase K solution was then added
before further incubation at 37°C for 30 mins. The mixture was extracted twice with phenol /
chloroform (1:1 v/v) and once with chloroform. The DNA was then precipitated with 0.1
volumes o f 4 M ammonium acetate and 0.6 volumes of propan-2-ol. After a 15 mins spin in
a microfuge at room temperature, the pellet was washed in 80% (v/v) ethanol and
resuspended in 500 pi TE.

GTE
Glucose

50 mM

Tris-Cl pH 8.0

25 mM

Na 2 EDTA pH 8.0

10 mM

SDS / NaOH solution
SDS

1% (w/v)

NaOH

0.2 M

KGAc solution
Potassium acetate

3M

Acetic acid

2M

lOx Proteinase K solution
Proteinase K
SDS
Tris-Cl pH 7.5
Na%EDTA pH 8.0

500 pg/m l
5% (w/v)
100 mM
50 mM
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Small scale DNA preparation by boiling
Single colonies were picked into 3 ml 2x TY containing 100 pg/m l ampicillin and grown
overnight. 1.5 ml o f culture was spun for 5 mins in a microfuge and all but 100 p i o f the
medium was aspirated off. The bacterial pellet was resuspended by vortexing in the
remaining medium and lysed by the addition o f 300 pi STET containing 1 mg/ml freshly
added lysozyme and immediate immersion o f the tube into a boiling water bath for 90 secs.
The tubes were centrifuged at 4°C for 10 mins and the resulting supernatant was transferred
to a new tube. The DNA was precipitated by the addition o f an equal volume o f propan-2-ol
and pelleted by spinning at 4°C for 10 mins in a microfuge. The pellet was washed with 80%
(v/v) ethanol, air-dried and resuspended in 20 p i TE.
The DNA was a suitable substrate for sequencing reactions or, with the addition o f 1 pi
1 mg/ml boiled RNase A, for restriction digests.

STET
Sucrose

8% (w/v)

Triton X -100

5% (v/v)

Tris-Cl pH 8.0

50 mM

Na 2 EDTA pH 8.0

50 mM

The purification of DNA fragments from agarose gels
D NA fragments were separated by electrophoresis on 1% TAE-agarose gels containing
0.5 pg/m l ethidium bromide. The desired DNA fragments were visualised by brief UV
illumination and excised from the gel. The agarose was cut into small fragments with a
sterile razor blade and incubated at 55“C in 1 ml N al solution until dissolved.
5 p i acid washed silica was added to the solution before incubation at room temperature
for 5 mins with occasional mixing. The silica was pelleted by spinning for 15 secs in a
microfuge and washed three times with 1 ml ethanol / NET, once with 80% (v/v) ethanol and
then air-dried. DNA was eluted from the silica by incubation at 55°C for 10 mins in 20 pi
TE. After spinning for 2 mins in a microfuge, the D NA solution was removed. The
efficiency of recovery was checked by the electrophoresis o f 1 p i o f the eluate.

Nal solution
N al

0.91 g/ml

Na 2 S 0 3

0.015 g/ml

Filtered.
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Ethanol / NET
Ethanol

50% (v/v)

NaCl

50 mM

Tris-Cl pH 7.5

5 mM

Na 2 EDTA pH 8.0

0.5 mM

The polymerase chain reaction
PGR reactions were normally performed in a total volume o f either 50 p i or 100 pi. All
reaction components, except deoxynucleotide triphosphates (dNTPs) and Taq enzyme, were
mixed and placed in a boiling water bath for 1 min before these final components were
added. A few drops o f paraffin oil overlaid the reaction mixture to minimise evaporation.
The reactions were placed in a Perkin Elmer Cetus thermal cycler and 25-35 cycles o f the
following temperature profile were used:

Dénaturation:

94°C

30 secs

Annealing:

48°C - 60°C

45 secs

Extension:

72°C

90 secs

(increased by 1 sec increments
each cycle)

After the final cycle, reactions were incubated at 72°C for a further 10 mins. The
annealing temperature was dependent upon the sequence o f the primers, and calculated using
the simple formula:
(number o f A/T residues) x2 + (number o f G/C residues) -5.

PCR reaction mixture
Template DNA

50 ng/ml

Oligonucleotide primers

each 200 nM

dATP, dCTP, dOTP, dTTP

each 200 pM

Taq D NA polymerase (Perkin Elmer Cetus)

20 U/ml

in Ix PCR buffer

lOx PCR buffer
Tris-Cl pH 8.3

100 mM

KCl

500 mM

MgCl2

15 mM

Gelatin

0.01% (w/v)
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The preparation of highly competent E, coli bacteria for transformations
For routine transformations, E. coli cells were made competent by the calcium chloride
method described in Sambrook et a l, 1989. However, highly competent E. coli cells were
required in order to successfully transform yeast DNA into E. coli. These cells were made
competent by use of the divalent cation rubidium chloride.
D H 5a cells from a glycerol stock at "70°C were streaked onto SOB plates and incubated
at 37°C overnight. 5 ml SOB was inoculated with a single colony from the plate and
incubated at 37°C for 2 hrs until the cells reached an optical density (A600) o f 0.3. 100 ml
fresh SOB was inoculated with this culture and incubated for a further 2 hrs at 37°C until an
A 600 o f 0.48. The culture was chilled on ice for 5 mins and then harvested by centrifugation
at 6 000 rpm at 4°C for 5 mins in a Sorvall GSA rotor. The cells were resuspended in 40 ml
TFBI. After incubation on ice for 5 mins, the cells were harvested by centrifugation at
6 000 rpm at 4°C for 5 mins in a Sorvall GSA rotor. The cells were resuspended in 4 ml
TFBII. After incubation on ice for 15 mins, the cells were aliquoted into cryotubes, frozen in
ethanol / dry ice and stored at "70°C.
The prepared competent cells were thawed and incubated on ice for 10 mins. 10 p i of
transforming DNA was added to 100 p i o f cells. The cells were incubated on ice for a further
30 mins before heat shock at 42°C for 90 secs. Cells were incubated on ice for 1 min then
400 p i SOC medium was added and the cells were shaken at 37°C for 1 hr. The cells were
pelleted by centrifugation in a microfuge, resuspended in 200 p i SOC, spread on selective
plates and incubated at 37°C overnight.
TFBI
Potassium acetate

30 mM

RbCl2

100 mM

CaCl2

lOmM

MnCl2

50 mM

Glycerol

15% (v/v)

The solution was adjusted to pH 5.8 with 0.2 M acetic acid.

TFBII
MOPS

10 mM

RbCl2

10 mM

CaCl2

75 mM

Glycerol

15% (v/v)

The solution was adjusted to pH 6.5 with 1 M KOH.
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SOB
Bacto-tryptone

2% (w/v)

Bacto-yeast extract

0.5% (w/v)

NaCl

10 mM

KCl

2.5 mM

MgCl2
MgS04

10 mM
10 mM

The solution was adjusted to pH 7.0 with NaOH before autoclaving.

SOC
SOB medium (see above) plus glucose added to 20 mM final concentration after autoclaving.

Preparation, Analysis and Purification of Proteins
SDS polyacrylamide gel electrophoresis (SDS-PAGE)
The SDS-PAGE method used was a modified version of Anderson et a l, 1973, with no SDS
added to the stacking or resolving gels. The compositions of the gel mixtures are shown in
table 2.1. The acrylamide and bisacrylamide stocks were deionised using M B 5113 mixed
bed ion exchange resin (BDH), then filtered.

Component
30% (w/v) acrylamide
1% (w/v) bisacrylamide
1.5 M Tris-Cl pH 8.8
1.0 M Tris-Cl pH 6.8
H iO

Resolving gel ('15%)

Stacking gel

50.0 ml

25.0 ml

8.6 ml

20.0 ml

25.0 ml

-

18.8 ml

-

16.4 ml

86.2 ml

100 ml

150 ml

Table 2.1 SDS-PAGE gel mixtures

The gel mixtures were polymerised by adding ammonium persulphate and N, N, N', N'teramethyl-ethylenediamine (TEMED) to final concentrations of 0.1% (v/v) and cast as
standard gels (20 cm x 13 cm) or mini-gels (12 cm x 8 cm) using gel apparatus (Cambridge
Electrophoresis). Samples to be loaded were mixed 1:1 (v/v) with SDS sample buffer and
denatured by incubation for 2 mins in a boiling water bath.
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SDS-PAGE was performed, using SDS-PAGE running buffer, until the bromophenol
blue dye front had just run o ff the base o f the gel. Standard gels were typically run with a
limiting voltage o f 250 V at the start of the run and a limiting current o f 30 mA during the
second half o f the run. Mini-gels were run with a limiting voltage o f 150 V during the first
half of the run and a limiting current of 20 mA during the second half.

SDS-PAGE running buffer
Tris base

25 mM

Glycine

192 mM

SDS

0.1% (w/v)

Western blotting
Proteins were first separated using SDS-PAGE, with selected lanes labelled by loading 2 pi
0.5 mg/ml Pyronin Y pink dye (Aldrich) in SDS sample buffer. The gel was soaked in
Transfer Buffer for 30 mins and the proteins and dye were transferred to a nitrocellulose
membrane (Hybond C-super, Amersham) using a semi-dry transfer apparatus (Hoefer) and
Transfer Buffer according to the manufacturer’s instructions.
The membrane was stained with 0.2% (w/v) Ponceau S in 3% (w/v) trichloroacetic acid
and destained with distilled water. Molecular weight marker bands and lane positions were
marked on the membrane with a pencil. The membrane was then washed several times in
PBSA until the staining disappeared.
The membrane was blocked at 4°C overnight with Ix TBST containing 4% (w/v)
skimmed milk powder with gentle shaking, before incubation in TBST+2% milk which
contained a 1:1000 (v/v) dilution o f the primary antibody at room temperature for 1 hr.
The membrane was then washed twice with TBST+4% milk and once with TBST+2%
milk, each wash lasting 10 mins. It was then incubated in TBST+2% milk which contained a
1:5000 (v/v) dilution o f horseradish peroxidase-conjugated secondary antibody (Dako) for
1 hr. The membrane was washed twice in TBST+2% milk, then twice in TBST.
The signal was visualised using the Amersham enhanced chemiluminescence system
(ECL) according to the manufacturer’s instructions.

Transfer buffer
Tris base

20 mM

Glycine

150 mM

SDS
Methanol

0.1% (w/v)
20% (v/v)
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lOx TBST
Tris-Cl pH 8.0

100 mM

NaCl
Tween-20

1.5 M
0.5% (v/v)

Bacterial expression and purifîcation of polypeptide antigen
The sequence to be expressed was subcloned into the pET21b vector (Novagen). The
BL21(DE3) pLysS strain o f E. coli was then transformed with the plasmid. Transformed
cells were grown in 400 ml 2x TY containing 100 pg/m l ampicillin at 37“C to an A 600 of
0.5. Isopropyl-P-D-thiogalactopyranoside (IPTG) was added to a final concentration o f
0.5 mM and the cultures were then incubated for a further 4 hrs at 37°C.
Cells were pelleted by centrifugation at 3 000 rpm for 10 mins in a Sorvall GS3 rotor
and frozen at “70°C. The pellet was thawed and resuspended in 40 ml PBSA containing
1 mM PMSF, incubated on ice for 15 mins and sonicated using a Heat Systems sonicator
(model XL2010) to shear chromosomal DNA. The sample was split into two fractions and
centrifuged at 10 000 rpm for 10 mins in a SS34 rotor. Each pellet was resuspended in
7.5 ml PBSA containing 1 mM PMSF and was then stored at ~70°C.
The expressed polypeptide was purified by gel purification and electroelution, since it
was the predominant insoluble protein band. An equal volume o f SDS sample buffer was
added to 500 pi o f the resuspended pellet. The sample was immersed in a boiling water bath
for 4 mins, then spun in a microfuge for 30 secs. The entire supernatant was loaded onto a
preparative SDS-PAGE gel. After electrophoresis, thin strips of the gel were stained with
Coomassie Blue in order to detect the position o f the expressed polypeptide band. This band
was then cut from the gel and electroeluted at 50 V for 24 hrs using a Biotrap Electroelution
Chamber (Schleicher and Schuell) according to manufacturer’s instructions. The purity and
concentration o f the final sample were assayed by the electrophoresis o f a small sample on a
mini-gel alongside concentration standards.

Immunisation of rabbits
Immunisations were performed by the Clare Hall Biological Resources Unit. Rabbits were
given a series of between 5 and 7 injections (400 pi of 1 mg/ml polypeptide antigen per
injection) at 2 week intervals with a 1:1 (v/v) mixture o f the antigen and Freund’s adjuvant.
Test bleeds were taken before the first injection and after 3 and 5 injections. The rabbits
were bled out 1 month after the final injection.
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In vitro Translation and Associated Techniques
Preparation of capped mRNA by T7 RNA polymerase transcription
T7 RNA polymerase transcription was based upon the method of Nielsen and Shapiro, 1986.
The plasmid DNA was linearised by restriction digest after the 3' untranslated region (UTR),
since this was found to improve subsequent translation. The digested D N A was extracted
twice with phenol / chloroform (1:1 v/v) and twice with chloroform before ethanol
precipitation. The pellet was washed in 80% (v/v) ethanol, air-dried and resuspended in TE
to a concentration o f 1 mg/ml.
The transcription reaction mixture, in a total volume o f 100 pi, was incubated at 37°C for
30 mins, then rGTP was added to a final concentration o f 1 mM before a further 30 mins
incubation at 37°C. The reaction was extracted twice with phenol / chloroform (1:1 v/v) and
once with chloroform before precipitation with 1 volume o f 4 M anunonium acetate and 5
volumes o f ethanol. The sample was spun for 20 mins in a microfuge and the pellet was
washed with 80% (v/v) ethanol, air-dried and resuspended in 50 p i 0.2 mM Na 2 EDTA
pH 8.0. Small aliquots were stored at ~70“C.

Transcription reaction mixture
Linearised DNA
rATP, rCTP, rUTP
rGTP

40 pg/ml
each 1 mM
100 pM

DTT

5m M

MgCl 2

15 mM

Tris-Cl pH 8.0

10 mM

RNAguard (Pharmacia)

250 U/ml

RNA cap*(New England Biolabs)

0.5 mM

T7 RNA polymerase**

40 pl/m l

*RNA cap structure analogue 7mG(5')ppp(5')G sodium salt.
**Purified by Daniel Zamanillo in the laboratory

In vitro translation of mRNA in reticulocyte lysate / Xenopus egg extract
In vitro translations were performed in either nuclease treated reticulocyte lysate or a 1:1
(v/v) mixture o f nuclease treated reticulocyte lysate and Xenopus CSF-arrested egg extract.
The reticulocyte lysate was prepared by Tim Hunt and others in the laboratory. The CSF
extract was prepared by Elspeth Stewart, Mike Howell and others.
The reticulocyte lysate reaction mixture was prepared and, if required, an equal volume
o f freshly thawed CSF-arrested extract was added. In typical reactions, 1 pi o f each 1 mg/ml
mRNA was added to 10 pi of reaction mixture.
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The translations were incubated for 2 hrs at 30°C, or at 23°C if egg extract had been
added. An equal volume o f RNase stop solution was then added and mixed to stop the
reaction. A portion of the reaction was often used for immunoprécipitations. Also, 2 p i of
the mixture was added to 18 p i SDS sample buffer, boiled for 2 mins and half o f this sample
was then analysed by SDS-PAGE to check the efficiency o f translation.

Reticulocyte lysate reaction mixture
Nuclease treated reticulocyte lysate

80 pi

KM mixture

5 pi

Amino acid mixture

5 pi

0.2 M creatine phosphate

5 pi

[35S]-Translabel (ICN), 10 mCi/ml*

5 pi

*Translabel is a mixture of [35S]-methionine and [35S]-cysteine

KM mixture
KCl

2m M

MgCl2

11 mM

NaiEDTA pH 8.0

1 mM

Amino acid mixture
L-leucine

3 mM

L-valine

3 mM

All other amino acids (except

2 mM

L-methionine and L-cysteine)
pH adjusted to 7.2.

RNase stop solution
RNase A
N aiED TA pH 8.0

100 pg/ml
10 mM

Coupled in vitro transcription / translation reactions
Midway through my thesis, I began to use an alternative, quicker protocol which allowed
both in vitro transcription and translation in a single reaction mixture. In typical reactions,
1 p i o f 20 pg/ml DNA was added to 10 pi o f reaction mixture. The samples were incubated
at 30°C for 1 hr before RNase Stop solution was added as before.
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Coupled reaction mixture
Nuclease treated reticulocyte lysate

80 p i

Amino acid mixture

5 pi

0.2 M creatine phosphate

5 pi

[35S]-Translabel (ICN)

5 pi

rATP, rCTP, rGTP, rUTP (each25 mM)

4 pi

160 mM M gCl 2

2 pi

IM K C l

4 pi

T7 RNA polymerase

3 pi

Immunoprécipitations
50 p i IP buffer was added to each translation / RNase stop mixture, mixed and then spun in a
microfuge for 2 mins to pellet insoluble material present in the frog extract which causes
background. 1 pi o f antibody, or 100 pi o f hybridoma culture supernatant, was added to the
reaction. The mixture was incubated on ice for 1 hr, then spun for 1 min in a microfuge.
The supernatant was transferred to a new tube and 5 pi packed volume-equivalent of
Protein A Sepharose beads (Pharmacia), equilibrated in IP buffer, were added to the reaction.
The mixture was rotated at room temperature for 20 mins and spun in a microfuge for 15
secs. The beads were washed 4 times by adding 400 p i IP buffer, vortexing, spinning in a
microfuge for 15 secs and then aspirating o ff the supernatant with a drawn out Pasteur
pipette.
The beads were resuspended in 100 p i IP buffer, transferred to a new tube, spun in a
microfuge for 15 secs and resuspended in 20 p i SDS sample buffer. Samples were boiled for
5 mins and 10 pi o f each sample was analysed by SDS-PAGE.

Standard IP buffer
Tris-Cl pH 7.4
NaCl

50 mM
250 mM

NaF

5 mM

EDTA

5 mM

EGTA

5 mM

NP40

0.1%
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Mild IP buffer
Sodium p-glycerophosphate

80 mM

NaF

50 mM

EGTA

20 mM

NP40

0.1%

Just before use of either IP buffer, PMSF was added to 1 mM, soya bean trypsin
inhibitor to 10 pg/m l and benzamidine to 10 pM final concentrations.

cDNA Library Construction Methods
It was vitally important in all steps involving RNA to avoid degradation by excluding
RNases and to also avoid introducing contaminating exogenous D NA or DNases into the
library at any stage. Thus, plastic disposable gloves were worn at all times and sterile,
disposable plasticware was used wherever possible. Most solutions, including H 2 O, were
treated with diethyl pyrocarbonate (DEPC). Pipettes were soaked in diluted Absolve solution
(DuPont).

Isolation of Dictyostelium total RNA
Total RNA was isolated using a modified version of the guanadinium thiocyanate / Pmercaptoethanol method (Sambrook et a l, 1989). This allowed vegetative cells to be rapidly
lysed whilst all nuclease activity was inhibited. The RNA was purified by centrifugation
through a CsCl cushion and formed a translucent pellet.
Cells were harvested and resuspended in GTME at a concentration o f 2 x 10^ /ml. 2.2 ml
o f CsCl cushion was pipetted into each Beckman polyallomer tube. Up to 8 ml o f the lysate
was gently pipetted on top of the cushion and paraffin oil was added to fill the tube.
The tubes were spun at 150 000 g in a Beckman SW41 rotor for 20 hrs. The supernatant
was then removed to just below the CsCl interface. The tube was inverted and the bottom
portion, containing the pellet, was detached using a scalpel. The region surrounding the
pellet was wiped with a clean tissue and the pellet was washed with H 2 O. It was then broken
up and dissolved in 100 p i H 2 O. The solution was extracted once with an equal volume of
phenol / chloroform (1:1 v/v), ethanol precipitated and resuspended in 100 p i H2 O.
The RNA integrity was verified by analysis of a small sample by electrophoresis on a
non-denaturing 1.0% TBE-agarose mini-gel (Sambrook et a l, 1989). The sample to be
loaded was heat denatured at 60°C for 15 mins before non-denaturing gel loading buffer was
added.
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GTME Buffer
Guanadinium thiocyanate
6-mercaptoethanol

4M
100 mM

Filtered.

CsCl cushion
CsCl
N a 2 EDTA pH 8.0

5M
100 mM

The CsCl was dissolved first. The refractive index was verified to be 1.4 before the
solution was filtered.

DEPC treated H2O
DEPC was added to deionised water to a final concentration o f 0.1% and incubated at 37°C
for 12 hrs. The treated water was then autoclaved.

Purification of mRNA from total RNA
mRNA was enriched from the total RNA fraction by oligo-dT affinity chromatography so
that mRNAs bound to the column by virtue o f their 3' poly(A)'^ tails.
400 mg of oligo-dT cellulose (Collaborative Research, type 3) was washed three times in
H 2 O. Each time, the powder was left to settle before replacing the H 2 O. The slurry was then
divided into two equal aliquots and each aliquot was poured into a 5 ml sterile disposable
column (BioRad). The columns were rinsed with 5 ml H 2 O, 10 ml 100 mM NaOH and 10 ml
LSB. They were then equilibrated with 15 ml HSB.
The total RNA (5 mg) was heated at 65°C for 3 mins and then cooled on ice. NaCl was
added to a final concentration of 500 mM. The RNA was slowly applied to the first colunan.
The flow-through was collected and reapplied to the column twice more. The column was
then washed with 20 ml o f HSB and the RNA was eluted with 6 ml LSB. This sample was
heated, salt was added and it was applied to the second column as before. This time the
column was washed with 20 ml HSB, then the RNA was sequentially eluted with 4 ml MSB
and 4 ml LSB.
The two fractions were ethanol precipitated, resuspended in 20 pi H2 O and stored at
■7 0 °C in small aliquots.

High salt wash buffer (HSB)
Tris-Cl pH 7.4

10 mM

NaCl

500 mM

Na2EDTA pH 8.0

500 pM
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Medium salt elution buffer (MSB)
Tris-Cl pH 7.4

10 mM

NaCl

100 mM

N aiED TA pH 8.0

500 pM

Low salt elution buffer (LSB)
Tris-Cl pH 7.4

10 mM

NazEDTA pH 8.0

500 pM

DEPC was added to each solution to a final concentration of 0.1% and the solutions
were incubated at 37°C for 12 hrs before autoclaving.

cDNA synthesis
These reactions and the subsequent DNA cloning steps were performed in siliconised tubes
to reduce DNA losses. Tubes were incubated on ice before and after each reaction.
cD N A was synthesised with an Amersham cDNA Synthesis Module according to the
manufacturer’s protocol. The initial reaction was primed with either oligo-dT or random
hexanucleotide primers and used 5 p g of oligo-dT purified RNA as starting template. The
efficiency o f each strand synthesis was measured by the incorporation o f trace amounts of
radioactivally labelled dNTPs. This also allowed the D NA to be located in later cloning
steps.
The final reaction mixture was phenol extracted and unincorporated dNTPs were
removed by ethanol precipitation with ammonium acetate as described in the kit protocol.
Finally, the DNA was resuspended in 7 pi TE.

Adaptor ligation and size selection of cDNA
Single-stranded oligonucleotides were annealed together to form double-stranded adaptors
which were then ligated to the cDNA. Unincorporated adaptors were removed by a D N A
precipitation with spermine, a gel purification (which also size selected the cDNA) and then a
second precipitation with spermine. Two separate adaptors were used which encoded
slightly different sequences (see figure 2.1).
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Adaptor A
5'
3'

GTGAACTC
CACTTGAGAGC

3’
5'

Binds blunt
end o f cDNA

5'
3'
5'
3'

GGTAAATC
CCATTTAGAGC

TCGAG Vector
TO terminus

3'
5'

Adaptor B

Figure 2.1 The DNA sequences of the two cDNA library adaptors
Sequence that differed between the two adaptors is shown in bold. The plain sequence,
identical in both adaptors, maintained the X hol site when ligated to the vector.

Oligonucleotides were dissolved in H 2 O to 700 pM, then the two complementary
oligonucleotides o f each adaptor were added to other components o f the adaptor annealing
mixture, heated to 65°C for 5 mins and allowed to slowly cool to room temperature.

Adaptor annealing mixture
700 pM 5' phosphorylated 1 Imer

70 pi

700 pM 5' phosphorylated 8mer

70 pi

1 M KCl

20 pi

100 mM Tris-Cl pH 7.5

20 pi

1 mM Na 2 EDTA pH 8.0

20 pi

A mixture containing equimolar amounts o f each adaptor was ligated to the cD N A at
12°C for 16 hrs. The molarity of the combined adaptors was approximately ten-fold higher
than that o f the cDNA.

Adaptor / cDNA ligation mixture
245 pM adaptor A

1.5 pi

245 pM adaptor B

1.5 pi

cD N A

7 pi

NEB lOx ligase buffer

3 pi

NEB T4 DNA ligase (2 000 U/pl)

3 pi

H2O

to a final volume o f 30 pi

TE was then added to a final volume o f 100 pi. The DNA was precipitated by adding
5 p i o f 2 M KCl followed by 5 pi o f 100 mM spermine. The mixture was stood on ice for
30 mins then spun for 15 mins in a microfuge at 4°C. The supernatant was carefully removed
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and 1 ml o f spermine wash buffer was added. The tube was left on ice for 30 mins then the
supernatant was removed and the wash was repeated. Finally the pellet was washed once in
70% ethanol, air-dried and resuspended in 12 p i TE.

Spermine wash buffer
Ethanol

70% (v/v)

MgCl2

10 mM

MgOAc pH 7.0
1.5

300 mM

p i 50% glycerol was added to act as gel loading buffer without dye and the D NA

was loaded onto a 1.0% TAE-low melting point agarose (PMC SeaPlaque) m ini-gel which
had been set at 4°C. The lack of loading dye made the sample harder to load, but the DNA
was easier to visualise under the UV light conditions used. D NA size markers in standard
SDS sample buffer were loaded in adjacent lanes.
The samples were analysed by electrophoresis at 70 mV until the bromophenol blue
band had reached half the length o f the gel. Viewed under long-wave UV (to minimise
damage to the DNA), cDNA of size 700 bp to 3700 bp was located by comparison with size
marker bands and excised. Since the efficiency of D NA recovery is increased by dealing
with reduced volumes of agarose, the cut slice was inserted in a reverse orientation into a
second low melting point agarose gel and analysed by electrophoresis as before until the
D NA was concentrated into a tight band.
The smallest possible slice containing all the DNA was excised from this gel and 400 pi
STE was added per 100 mg gel slice. The agarose was dissolved by incubation at 65°C for 10
mins and the D NA was extracted once with phenol, once with phenol / chloroform (1:1 v/v)
and once with chloroform alone.
The D NA was purified by ethanol precipitation with ammonium acetate and resuspended
in 90 pi TE. A precipitation with spermine was then performed as above and the final
product was resuspended in 5 pi TE. This was stored at "70°C in 1 pi aliquots.

STE
Tris-HCl pH 8.0

10 mM

Na 2 EDTA pH 8.0
NaCl

1 mM
100 mM
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Preparation of library vector
X.ADH and X-YES DNA preparations were digested with Xhol. The resulting overhanging
ends were each partially filled in with a single deoxythymidine residue, which produced
overhanging ends that could then be ligated the adaptor-flanked cDNA, but which could not
self-anneal.
X.ADH or XYES plasmid DNA were transformed into DH5a cells and 3 1 o f each
bacterial culture was grown at 30“C for 24 hrs. This large volume was required because the
plasmids are present at only a single copy per cell. Plasmid DNA was extracted by alkaline
lysis then purified by centrifugation in a CsCl gradient and dialysed against TE.
100 p g o f the DNA was digested with 400 U o f X hol (NEB) for 2 hrs, then ethanol
precipitated, briefly air-dried and redissolved in 190 pi TE. It was then precipitated by
adding 10 p i o f 10 mM spermine and mixed by tapping the tube. This was incubated on ice
for 30 mins then spun for 5 secs in a microfuge. It was important not to form too tight a
pellet as X DNA takes a long time to redissolve in solution. The pellet was washed twice
with spermine wash buffer, once with 70% ethanol, briefly air-dried and then fully dissolved
in 90 p i TE. The sample was spun for 1 min in a microfuge and any remaining pellet was
discarded.
The DNA was T-filled at room temperature for 1 min then placed on ice.

T filling reaction m ixture
100 p g X hol cut vector DNA

90 pi

USB 5x Sequenase reaction buffer

24 pi

100 mM DTT

6 pi

4p M d T T P

1^1
lu l

1:6 dilution USB Sequenase enzyme

The DNA was precipitated with spermine and washed as before then resuspended in
75 p i TE. The final concentration of the cut, T-filled vector was quantitated by running a
small aliquot on a 1.0% TAE-agarose gel alongside size standards o f known concentration.

Ligation of cDNA to vector
The T-filled vector and adaptor-flanked cD N A were ligated together in a small volume and
formed concatenated chains which could be packaged into bacteriophage particles.
The vector and cDNA (or TE as a control) were ligated together at 4 “C for 16 hrs then
packaged immediately. Prior control reactions were performed using half volumes and
either undiluted, 3-fold or 9-fold diluted cDNA.
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V ector / cDNA ligation mixture
2 p g T-filled vector

2 pi

100 ng adaptor flanked cDNA

ip l

NEB lOx ligase buffer

0.5 pi

NEB high concentration T4 DNA ligase

0.5 pi

lOm M ATP

0.5 pi

H2 O

0.5 pi

Packaging and titering the cDNA library
I used either the Promega Packagene or Stratagene Gigapack II Gold in vitro packaging
systems according to the manufacturer’s protocols. To perform multiple control reactions,
each tube o f Promega extract was divided into 5 aliquots immediately before use and 1 pi of
ligation mixture (equivalent to 0.4 pg DNA) was added to each 10 p i aliquot. The final
ligation (2 p g DNA in 5 pi volume) was packaged using Stratagene extract. The resulting
libraries, in a final volume of 500 pi, were stored at 4°C whilst they were titered then DMSO
was added to a final concentration of 7% before storage at "70°C.
The bacteriophage were titered using the LE392 (pMC9) strain as host bacteria. The
pMC9 plasmid contains the l a d gene whose product represses the lac promoter, preventing
expression o f the cDNAs in E. coli.
An overnight culture of LE392 (pMC9) bacteria was grown, from a single colony, in LB
medium supplemented with maltose to a final concentration of 0.2% and MgSO^ to 10 mM.
The following morning, a small volume o f this culture was inoculated into fresh medium and
incubated at 37°C until it reached an optical density (A600) of 0.6. This was spun at 4 000 g
for 10 mins and resuspended in 10 mM MgSO^ to give an optical density o f 0.5. 100 p i o f a
10^, 10^ or lO^-fold dilution of the packaged library in SM buffer was added to 100 pi
bacteria and adsorbed at 37°C for 30 mins. 3 ml o f molten NZY top agar was then added,
mixed and poured onto a 100 mM NZY agar plate. The plates were incubated at 37°C
overnight and the number o f plaques that formed were counted.

Amplification of the bacteriophage cDNA library
To amplify a bacteriophage cDNA library, the library was adsorbed to log phase bacteria
which were then plated. Plaques were allowed to expand until they were nearly confluent
and the bacteriophage were then harvested. It was important that the bacteria were as viable
as possible, since bacteriophage would still have adsorbed to dead cells leading to a reduction
in the final titre.
LE392 (pMC9) bacteria were prepared as above and resuspended in 10 mM M gS 0 4 in a
final volume of 20 ml. 30 aliquots of 600 p i bacteria were each mixed with 15 pi o f the
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cD N A library in XADH or 1 YES vector. The tubes were incubated at 37°C for 15 mins.
Each aliquot was mixed with 6.5 ml molten NZY agar and poured onto a dry, prewarmed
150 mm NZY plate. The plates were incubated at 37°C for 6 to 8 hrs until the plaques were
nearly confluent. 10 ml o f SM buffer was added to each plate, which was then gently rocked
at 4°C overnight.
The bacteriophage suspension was recovered from each plate, chloroform was added to
5% final volume and the solution was incubated at room temperature for 15 mins. It was
centrifuged at 2 000 g for 5 mins, the supernatant was recovered and chloroform was added
to 0.3% final concentration. The amplified library was initially stored at 4°C in 1 ml aliquots.
Some aliquots from each individual plate were stored separately, but most were pooled
together. After the libraries had been titered, DMSO was added to a final concentration of
7% and they were stored at ~10°C.

Conversion of the bacteriophage library to plasmid form
A bacteriophage library was infected into a strain of bacteria expressing the ere recombinase
(which mediates a site-specific recombination event converting the 42.6 kb bacteriophage to
7.8 kb plasmid) and also expressing X repressor protein (which ensures that the bacteriophage
remain in lysogenic form). The resulting ampicillin resistant bacteria were grown, first on
plates, then in liquid medium and the plasmid DNA was purified. The growth on plates was
likely to represent a less competitive environment for the bacteria and thus limited biasing
the library. The conversion efficiency was determined by plating bacteria infected with a
known number o f bacteriophage and counting the number o f colonies formed.
An overnight culture of BNN132 bacteria (Elledge et a l , 1991) was grown, from a
single colony, in LB medium supplemented with MgSO^ to 10 mM. The following morning
a small volume o f this culture was inoculated into fresh medium and incubated at 37 °C until
it reached an A600 of 0.8 and was then used immediately.
In 8 separate tubes, 1 ml bacteria (corresponding to approximately 6 xlO^ bacterial cells)
were mixed with 50 p i bacteriophage diluted in SM buffer (2x10^ total bacteriophage).
They were incubated at 30°C for 30 mins then 2.5 ml LB medium containing 10 mM M gS 0 4
and 0.2% maltose was added to each sample. After a 60 mins incubation at 37°C with gentle
shaking, 1 ml aliquots were spread onto a total o f 26 dry, prewarmed 150 mm LB plates
containing 100 pg/m l ampicillin, 10 mM sodium citrate and 0.1% glucose. Also, smaller
aliquots were plated as serial dilutions to determine the conversion efficiency. The plates
were left to dry for 30 mins at room temperature, then incubated at 37“C overnight. The
presence o f sodium citrate in the media greatly reduced the major problem o f bacterial lysis,
presumably due to the presence of lytic bacteriophage. Glucose repressed expression from
the lac promoter.
The following morning, 10 ml LB medium containing 100 pg/m l ampicillin, 10 mM
sodium citrate and 0.1% glucose was added to each plate, which was gently shaken for
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10 mins. The cells were scraped o ff the surface with a sterile paddle. The suspension was
recovered, another 5 ml o f solution was added and again recovered. The total suspension
obtained from 2 plates was used to inoculate 500 ml o f Terrific Broth containing 100 pg/m l
ampicillin, 10 mM sodium citrate and 0.1% glucose. A total of 13 o f these cultures were
incubated at 37°C for 6 hrs and the bacteria were harvested. Plasmid DNA was isolated by
alkaline lysis, purified by centrifugation in a CsCl gradient and dialysed against TE. The
final solution was ethanol precipitated and resuspended at 1 mg/ml in 800 pi TE. This was
frozen at "70°C in 50 pi aliquots.
Small scale test reactions performed to determine conversion efficiency used the above
procedure with only one tube. The DNA preparation o f empty vector involved inoculating
the infected bacteria directly into liquid culture rather than plating them first.

The sequencing of cDNA Clones
The creation of an ordered series of plasmid deletion subclones
A series o f plasmid subclones were generated by the ordered plasmid deletion method
(Henikoff, 1984). First, each of the inserts was subcloned into the Bluescript SK vector
(Stratagene) in both orientations. A large scale plasmid preparation of each construct was
performed involving centrifugation on a CsCl gradient to ensure high purity plasmid DNA.
The plasmids were digested by restriction enzymes to generate a 5' overhang at one end,
which can be digested by exonuclease III, and a 3' overhang at the other end, which is
protected from digestion.
The deletions were performed using the Erase-a-Base System (Promega). After
digestion with exonuclease III for appropriate periods o f time (to delete varying lengths o f
sequence), S 1 nuclease was used to digest the single-stranded D NA overhangs so that the
resulting plasmid could be self-ligated. Each o f the plasmids was then transformed into E.
coli and plasmid mini-prep DNA was isolated for use in sequencing reactions.

The sequencing of the plasmid subclones
The undeleted, maxi-prep DNA served as template for linear amplification sequencing using
the Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing Kit (Perkin Elmer
Cetus). This employs a variant of PCR using only one primer and limiting concentrations of
dye-labelled dideoxynucleotides (Rosenthal and Chamock Jones, 1992). The products were
analysed by an automated sequencer (ABI). However, mini-prep DNA did not give clear,
readable sequence using this procedure even when it was isolated according to the
manufacturer’s protocol. Therefore, I sequenced the deletion clones manually, using mini-
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prep D NA prepared by boiling. Some oligonucleotide primers were ordered to fill any
remaining gaps in the contiguous sequence.
Linear amplification sequencing o f PCR fragments was performed with the Cyclist Exo"
Pfu D NA Sequencing Kit (Stratagene). This variant o f PCR uses only one primer, limiting
concentrations o f dideoxynucleotides and a radiolabelled deoxynucleotide (Sears et a l ,
1992).
Contiguous cDNA sequences were assembled from the sequence fragments using the
Macintosh Sequencer program (Genecodes).

Dictyostelium Methods
Strains used and their storage
The Ax-2 strain was used in all experiments (Watts and Ashworth, 1970). This strain can
propagate in axenic culture and is derived from the wild-type NC4 strain o f Dictyostelium
discoideum. All growth was performed at 22“C. Cell counts were performed using a
haemocytometer (improved Neubauer). For long term storage, amoebae were frozen in foetal
calf serum containing 5% DMSO and kept in liquid nitrogen.

Media and buffers commonly used in Dictyostelium experiments
A x / HL5 M edium
Bacteriological peptone L37 (Oxoid)
Yeast extract L21 (Oxoid)

14.3 g/1
7.2 gd

D-glucose

15.4 g/1

Na 2 HP 0 4

0.51 g/1

KH 2 PO 4

0.49 g/1

Adjusted to pH 6.4 and autoclaved.
Midway through my Ph.D. this medium was supplemented with the following to
improve growth:
Folic acid

200 pg/1

Vitamin B 12

5 pg/1
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K K 2 Buffer
KH 2 PO 4

16.5 mM

K 2 HPO 4

3.9 mM

Autoclaved.

SM A gar
Bacteriological peptone

10

Yeast extract

g/1

lg

/1

Bacto-agar (Difco)

18 g/1

D-glucose

10

g /1

MgSO4.7H20

1

g/1

Na 2 P 0 4

1

g /1

2 .2

g /1

KH 2 PO 4
Autoclaved.

Growth in axenic medium
The Ax-2 cells were routinely grown at 22°C in 100 ml or 11 flasks and shaken at 180 rpm
on an orbital shaker. Cells were grown in Ax / HL5 axenic medium based upon that o f Watts
and Ashworth (Watts and Ashworth, 1970). Tetracycline-HCl was added to a final
concentration o f 15 pg/ml. Generation times varied between 8 and 10 hrs depending on
media batches. Cells entered log phase at a density of 1 -5 x 1 0 ^ /ml and reached stationary
phase by 2 xlO^ /ml. Cultures could also be plated onto 9 cm tissue culture plates (Nunc)
with changes of medium every three or four days.

Cultivation of bacterial growing strains on agar
Amoebae were resuspended in 1 ml of KK2 and a loopful o f Kleibsiella aerogenes bacteria,
scraped from a pre-grown lawn, was added and mixed. 50 pi o f the suspension was spread
onto 9 cm SM agar plates. A bacterial lawn grew overnight which was then devoured by the
slower growing Dictyostelium amoebae. Clones could be isolated by plating the amoebae at
sufficiently low densities.

Development on agar
Axenically growing cells were washed once in KK 2 buffer then resuspended at 1 xlO^ /ml in
KK 2 . 100 pi o f the slurry was spread onto 1.5% non-nutrient water agar plates. The plates
were left to dry then incubated at 22°C in a humid container for 24 hrs.
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To observe migrating pseudoplasmodia, the cells were streaked as a single line onto
plates. The plates were stacked interleaved with black discs and orientated with all the
streaks parallel. They were stored in a matt black canister with the streaks perpendicular to a
single slit along the container’s length. The pseudoplasmodia formed migrated towards this
single point source of light.

Development on filters
5 cm black Millipore 0.45 pm filters were washed several times with water and once with
KK 2 , then placed on Millipore prefilters soaked in 1.5 ml KK% in 5 cm petri dishes.
Axenically growing cells that had been washed and resuspended in 250 p i KK2 to a density
o f 1 xlO^ /ml were spread on the filters. The plates were placed in a humid container and
incubated at 22°C for up to 24 hrs.

Transformation of Dictyostelium
All D ictyostelium transformations were performed using pVEII constructs containing the
discoidin ly promoter. It was therefore necessary to add folate (in the form o f folic acid
adjusted to pH 8.0 with NaOH) to all media to a final concentration o f 1 mM in order to
repress the promoter. Also, cell densities were maintained below 1x10^ /ml at all times.
10 ml of vegetative cells, grown axenically to a density o f 0.5 - 1 xlO^ /ml in the
presence o f folate, were aliquoted onto tissue culture dishes and left to settle for at least
20 mins. The medium was replaced by 10 ml o f MES-HL5 medium and the cells were left
for 2 hrs.
12 p g o f DNA dissolved in sterile H 2 O was added to 0.6 ml o f Ix HBS in a 15 ml Falcon
tube. This solution was gently vortexed whilst 38 pi o f 2 M CaCl2 was slowly added. A
D NA precipitate was allowed to form during a 25 mins incubation at room temperature and
the suspension was added to the plates and dispersed by gentle rocking.
The medium was aspirated o ff after an incubation o f 4 hrs at 22° C and replaced by 2 ml
o f Ix HBS containing 15% glycerol which subjected the cells to an osmotic shock. After
2 mins this solution was itself replaced with 10 ml of A x / HL5 medium containing 15 pg/m l
tetracycline and the cells were left at 22°C overnight to recover before selection was applied.
The following morning G418 (Gibco) was added to a final concentration o f 20 pg/ml.
The medium was changed when sufficient numbers of dead cells had accumulated (usually
2 days) and thereafter every 2 to 3 days with fresh G418 containing medium. If only small
numbers of colonies formed, heat killed E. coli bacteria were added to the medium to a final
concentration o f 1% to improve the growth o f the cells at low density (Joly et a l, 1993). The
G418 concentration was sequentially increased with each change o f medium to 100 pg/m l in
order to select for transformants containing high copy numbers o f plasmids.

71

Colonies were observed after approximately 5 days. The transformants were either
maintained as a pooled population or clones were picked. Clones could also be isolated at a
later stage from the pooled population by dilution onto SM agar in the presence o f bacteria
(see above).

MES-HL5 Medium
Bacteriological peptone

10 g/1

Yeast extract

5 g/1

D -glucose

10 g/1

MES

1.3 g/1

Adjusted to pH 7.1 with 3 M KOH and autoclaved

2x Hepes Buffered Saline (HBS)
NaCl

16 g/1

KCl

0.72 g/1

NaHP 0 4

0.2 g/1

HEPES

10 g/1

D-glucose

2 g/1

Adjusted to pH 7.05 with NaOH. Filter sterilised and stored at “20°C.

Saccharomyces cerevisiae Methods
Strains used and their storage
B F305-15d#21 (MAT sl leu2-3,112 h is 3 -ll,1 5 ura3-52 tr p l a d e l m e tl4 arg5,6 clnl::H IS3
cln2::TRPl cln3::GAL1-CLN3).
This strain was obtained from Jim Murray and was originally constructed by Bruce
Futcher.
Y28 {MATsi/a clnlr.T R P l cln2::LEU2 cln3::hisG ura3). The yeast had been transformed
with plasmid pSE991 [CLN3-2 TRPl GAL7-D7A(diphtheria toxin)].
This strain was constructed by and obtained from Steve Elledge.

S, cerevisiae strains were stored for up to 4 weeks at 4°C on solid medium. For long
term storage, strains were stored at "70°C in medium containing 15% glycerol.
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Media commonly used in yeast experiments
Rich glucose medium (YEPD)
Bacto-peptone (Difco)

10 g/1

Bacto-yeast extract (Difco)

10 g/1

Bacto-agar (Difco) - for solid medium

20 g/1

Autoclaved, then 20% (w/v) glucose was added to a final concentration o f 2%.

Rich galactose / raffinose medium (YEPGR)
Bacto-peptone (Difco)

10 g/1

Bacto-yeast extract (Difco)

10 g/1

Adenine sulphate

40 mg/1

Bacto-agar (Difco) - for solid medium

20 g/1

Autoclaved, then 20% (w/v) raffinose and 20% (w/v) galactose (Sigma G-0750, less than
0.01% glucose) were each added to a final concentration o f 1%. Adenine was added because
it was reported to improve growth of the BF305-15d #21 strain (Jim Murray, pers. comm.).

Minimal selective medium (YNB)
Yeast nitrogen base (Difco)*

6.7 g/1

Bacto-agar (Difco) - for solid medium

20 g/1

Autoclaved, then 20% (w/v) glucose was added to a final concentration o f 2%, or 20%
(w/v) raffinose and 20% (w/v) galactose were each added to a final concentration o f 1%.
Additionally, the following were added as required (to make ‘drop-in’ media): adenine
sulphate, methionine, arginine, uracil, tryptophan and histidine (all to 40 mg/1 final
concentration) and leucine (to 80 mg/1 final concentration).
*The YNB used contained no amino acids or ammonium sulphate.

The high efficiency yeast transformation procedure
This procedure, using lithium acetate with single-stranded carrier DNA, was used to perform
the library transformations because of its high efficiency.
BF305-15d #21 yeast cells were pre-grown in YEPGR medium at 30“C overnight. The
following morning, cells were counted using a haemocytometer, resuspended at
2 xlO^ cells/ml in YEPGR medium and re-grown to 1 xlO^ cells/ml. The cells were
harvested at 2 500 rpm for 10 mins at room temperature in a bench-top centrifuge, then
washed three times in sterile H 2 O and once in Ix LA. They were pelleted by centrifugation in
a microfuge and resuspended at 2 x 10^ cells/ml in Ix LA.
For each transformation, 200 pg freshly boiled, single-stranded, sonicated salmon sperm
D NA (Schiestl and Gietz, 1989), 10 pg library plasmid DNA and 6 pi 5x LA were mixed in
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an Eppendorf tube in a total volume of 30 pi. 200 pi freshly resuspended yeast cells were
then added. 1200 pi Ix LAP was also added and the sample was thoroughly mixed by
pipetting, then incubated for 30 mins at 30“C with gentle agitation. DMSO was added to a
final concentration o f 10% and mixed well by vortexing. Each sample was heat shocked at
42°C for 15 mins and then chilled on ice. The cells were harvested by centrifugation in a
microfuge, washed with TE pH 7.5 and resuspended in 1 ml TE pH 7.5.
The transformed cells were allowed to recover in 50 ml pre-warmed galactose / raffinose
minimal medium (supplemented with adenine sulphate, methionine, arginine and leucine) for
3 hrs at 30°C then harvested and resuspended in 1 ml TE pH 7.5 before spreading aliquots
onto selective minimal medium agarose plates supplemented with glucose and the same
amino acids as before.
Transformation frequency was measured by plating serial dilutions onto galactose /
raffinose minimal medium agarose plates.

5x Lithium acetate solution (5x LA)
Lithium acetate pH 7.5
Tris-HCl pH 7.5

500 mM
50 mM

N aiED TA pH 8.0

5 mM

Ix Lithium acetate / PEG solution (LAP)
Lithium acetate pH 7.5
Tris-HCl pH 7.5

100 mM
10 mM

Na 2 EDTA pH 8.0
PEG 4000

1 mM
40% (w/v)

TE pH 7.5
Tris-Cl pH 7.5

10 mM

N aiEDTA pH 8.0

1 mM

The standard yeast transformation procedure
This was a rapid procedure used for the transformation o f single clones into yeast.
Yeast were grown in appropriate medium at 30°C to a density o f approximately
1 xlO^ cells/ml and harvested by centrifugation at 3 500 rpm for 2 mins. The cells were
pelleted by centrifugation in a microfuge and resuspended at 1 xlO^ cells/m l in Ix LA. 1 pi
o f plasmid DNA was added to 10 p i aliquots o f cells along with 100 ng single-stranded
DNA. 60 p i Ix LAP was added and the samples were incubated for 30 mins at 30°C with
gentle agitation. The samples were heat shocked at 42°C for 15 mins and then chilled on ice.
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The cells were harvested by centrifugation in a microfuge, washed with TE pH 7.5 then
resuspended in 100 p i TE pH 7.5 and spread onto appropriate selective minimal plates.

The test for plasmid dependency using 5-fluoro-orotic acid
This test was performed to verify that the complementing activity was associated with the
transformed plasmid and not due to chromosomal mutation. Yeast were first grown on
medium selecting for complementing activity but not for plasmid retention, to allow plasmid
loss. They were then replica plated onto minimal selective plates supplemented either with
uracil or with uracil and 5-fluoro-orotic acid (FOA). Clones that still retained the plasmid
were not be viable on FOA-containing medium due to expression from the URA3 marker
gene.
Single BF305-15d #21 colonies were scraped into 5 ml YEPD medium and grown at
30°C overnight. Serial dilutions o f the cultures were then spread onto YEPD plates and
incubated at 30°C. Plates containing a suitable number o f colonies (about 100) were replica
plated onto either YNB agar medium supplemented with glucose, adenine sulphate,
methionine, arginine, leucine and uracil or onto similar medium additionally supplemented
with FOA. FOA was dissolved in the minimal medium, before the addition o f agar, to a final
concentration o f 1 mg/ml. Plates were incubated at 30“C.

The recovery of plasmid DNA from yeast
A good protocol for the recovery o f plasmid DNA from yeast is essential because commonly
made yeast preparations contain inhibitors o f E. coli transformations rendering them very
inefficient (Strathem and Higgins, 1991). The preparation and transformation o f highly
competent E. coli is described elsewhere. Mini-prep DNA extracted from transformed
bacteria could then be directly re-transformed back into yeast.
Transformed BF305-15d #21 cells were grown overnight in 10 ml o f supplemented
glucose minimal medium. They were harvested at 2 500 rpm for 10 mins and resuspended in
400 p i TE9 solution. 4 p i p-mercaptoethanol was then added and the mixture was stood at
room temperature for 15 mins. It was pelleted by centrifugation in a microfuge and
resuspended in 500 p i SE solution. 5 p i o f 5 mg/ml lyticase in H%0 was added, mixed and
left at 30°C until the cell walls were fully digested, monitored by the disappearance o f cells
when spotted onto 1% SDS and viewed under a microscope. After a 5 secs spin in a
microfuge, the supernatant was removed and the pellet was resuspended in 500 p i TESD and
mixed well. After incubation at 70°C for 15 mins, the sample was put on ice and 80 pi
KO Ac / Formic Acid was added. The samples were then left on ice for 30 mins and spun for
15 mins in a microfuge. The supernatant was decanted into a new Eppendorf tube and 1 ml
ethanol was added and gently mixed at room temperature. The sample was spun for 15 secs
in a microfuge and the pellet was resuspended in 100 p i TE.
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The DNA was purified by ethanol precipitation in the presence o f ammonium acetate.
40 p i 7.4 M ammonium acetate was added to each sample which was left on ice for 20 mins
then spun in a microfuge at 4°C for 30 mins. The supernatant was decanted into a new
Eppendorf tube and 500 p i ethanol was added. The sample was left on ice for 20 mins, spun
for 15 mins at 4°C and finally resuspended in 100 p i TE.

TE9
Tris-HCl pH 9.0

100 mM

Na 2 EDTA pH 8.0

100 mM

SE
Sorbitol
N aiED TA pH 8.0

1M
20 mM

TESD
Tris pH 8.0
Na 2 EDTA pH 8.0
SDS

100 mM
50 mM
0.5% (w/v)

KO A c / Form ic Acid
Potassium acetate

3M

Formic acid

1.8 M
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Chapter Three
The expression of Xenopus laevis cyclin A1 in
Dictyostelium discoideum
A-type cyclins have been identified in a large number o f higher eukaryotes and seem to have
both S-phase and mitotic roles, neither o f them w ell defined (see Introduction and review by
Sherr, 1993). This complexity may in part be due to the ability o f cyclin A to bind to two
CDKs in vertebrates, Cdc2 and CDK2, which are involved in different stages o f the cell cycle
(Pines and Hunter, 1990; Tsai e t a l , 1991; Pagano e t a l , 1992).
The only A-type cyclin that had been identified in Xenopus laevis when I started my
Ph.D., cyclin A l, was being intensively studied in my laboratory and its biochemistry was
reasonably well understood (Kobayashi et a l, 1992). Human cyclin A had been previously
shown to complement the defect o f the {clnl, cln2, cln3) strain o f S. cerevisiae,
demonstrating that heterologous A-type cyclins could function when expressed in other
organisms (Lew et a l , 1991). I wished to overexpress Xenopus cyclin A l in D ictyostelium in
vivo under the control of the discoidin ly promoter, hoping that this would result in an easily
observable phenotype to gain an insight into the function o f cyclin A l.

The construction of Xenopus cyclin A l in a Dictyostelium expression vector
I obtained the E SPl 1 and ESPl 1-ATVA constructs from Elspeth Stewart in the laboratory.
These encoded a tagged version o f Xenopus cyclin A l (sequence shown in figure 3.1) with a
12 residue c-myc epitope at the N-terminus o f the protein replacing the first 21 residues of
wild-type cyclin A l (Kobayashi et a l, 1992). In addition, the E SPl 1-ATVA construct
contains two point mutations (R41A, L44A) at highly conserved residues within the
destruction box m otif which prevent the normal, highly regulated destruction o f the protein in
Xenopus cell-free extracts and allow increased concentrations o f protein to accumulate
(Kobayashi et a l, 1992). The higher levels o f this ‘indestructible’ mutant protein should
result in a more dramatic phenotype than wild-type protein when overexpressed.
c-myc cyclin A l from E S P ll ( ‘wild-type’ cyclin) or ESPl 1-ATVA ( ‘indestructible’
cyclin) was cloned as a N col / B ell fragment into the pVEII vector (see figure 3.2). pVEII
contains the regulated Dictyostelium discoidin ly promoter (Blusch et a l, 1992). This
promoter is normally induced shortly before the onset o f development in amoebae grown in
the presence o f bacteria. It is also highly expressed during growth in axenic medium, though
it can be strongly down-regulated by the presence of millimolar concentrations o f folate. At
these concentrations folate has no adverse effect on growth or development (Blusch et a l,
1992) and indeed, it is used as a signalling molecule by Dictyostelium during both growth
and development (Hadwiger et a l, 1994; Blusch and Nellen, 1994). Removal of folate
causes rapid reactivation o f the discoidin promoter.
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Discoidin
ly promoter

c-myc epitope

cyclin A l

M s
s
M E O K L I S E E D L N
S A F Q N P C
atttataaaATGTCTAGCATGGAGCAAAAGCTCATTTCTGAAGAAGATCTGAACAGTGCATTCCAGAATCCATGC

22
75

L A K V E V Q P N L P Q R T V L G V I G D N E Q R
CTAGCCAAGGTAGAAGTCCAGCCTAACCTGCCTCAAAGAACTGTGTTGGGTGTTATCGGTGACAATGAACAGCGC

47
150

R R S V S R G G V P A K S L P G I E N V L A F P G
AGAAGATCAGTTAGTCGGGGTGGTGTCCCTGCAAAGAGTCTACCTGGAATTGAAAATGTTCTTGCTTTCCCTGGA

72
225

K I
L S A N P A P V A P K P S F T V Y V D E P T E
AAAATCCTGTCTGCAAACCCAGCGCCTGTTGCTCCAAAGCCAAGTTTTACAGTCTATGTGGATGAGCCAACAGAA

97
300

T Y S V E I D C P S L G D E D S N I V K Q N I H L
ACCTATTCAGTTGAAATAGATTGTCCCAGTTTGGGTGATGAGGATTCAAATATTGTCAAGCAGAACATTCACCTG

122
375

L L D I S E A S P M V V D T S P Q T S P E D D S V
CTCCTAGATATCAGTGAAGCTTCTCCGATGGTGGTTGACACGTCACCCCAGACAAGCCCAGAGGATGACTCTGTA

147
450

T D P D A V A V S E Y I H E I H Q Y L R E A E L K
ACAGACCCTGATGCTGTAGCTGTGTCTGAATATATACATGAAATTCACCAGTACCTTCGAGAGGCTGAGTTGAAA

172
525

H R P K A Y Y M R K Q P D I T S A M R T I L V D W
CACAGACCAAAAGCATATTACATGCGTAAGCAGCCAGACATTACTTCAGCAATGCGCACGATACTTGTGGACTGG

197
600

L V E V G E E Y K I i H T E T L Y L A H N Y L D R F
CTAGTAGAAGTTGGTGAGGAATACAAGCTGCACACGGAGACTCTTTATCTGGCTATGAATTATTTGGACCGCTTC

222
675

L S C H S V L R G K L Q L V G T A A I L L A S K Y
CTATCATGCATGTCTGTACTCCGGGGAAAACTGCAGCTTGTAGGCACAGCAGCTATTTTATTGGCATCAAAATAT

247
750

E E I Y P P D V D E F V Y I T D D T Y S K K Q L L
GAAGAAATCTACCCTCCTGATGTTGATGAATTTGTGTACATAACTGATGATACATACTCAAAGAAACAGCTTCTG

272
825

R M E H V L L K V L A F D L T V P T V N Q F L L Q
GCGTACCTCGTGCAAGACAACTTCCAAGACCGGAAACTGGAATGACATGGATGTCAGTTGGTTAAGAACGATGTC

297
900

Y L Q R H A V S V K M E H L A M Y M A E L T L L E
TATCTGCAGAGACATGCAGTCAGTGTGAAGATGGAGCACCTTGCAATGTACATGGCAGAACTAACTCTGCTTGAA

322
975

V E P F L K Y V P S L T A A A A Y C L A N Y A L N
GTGGAGCCATTCTTGAAGTACGTTCCTTCACTTACAGCTGCTGCAGCCTATTGTCTTGCCAATTATGCACTCAAC

347
1050

K V F W P D T L E A F T G Y A L S D I A P C L S D
AAAGTGTTCTGGCCTGACACACTGGAAGCCTTTACTGGCTACGCACTGAGTGACATAGCACCTTGCCTTAGTGAT

372
1125

L H Q F C L G A P Y Q A Q Q A I R E K Y K T T K Y
TTGCACCAATTCTGTCTTGGTGCCCCTTATCAGGCTCAGCAAGCAATAAGGGAAAAGTACAAGACCACCAAGTAT

397
1200

M Q V S L L E M P S I L P L N *
A T G C A A G T G T C T C T T C T G G A G A T G C C G T C A A T A C T T C C C C T C A A C T G A agccttccagagtggacgcacacacag

412
1275

c a c tta c c tcg tg a tc c c c g g g ta c c g a g c tc g

1308

Figure 3.1 Nucleotide and amino acid sequences of c-myc tagged Xenopus cyclin A l
Epitope tagged Xenopus cyclin A l contains a 12 amino acid c-myc peptide (sequence
underlined) which replaces the first 21 amino acids of wild-type cyclin A l. It was cloned
into the Dictyostelium pVEII expression vector (vector DNA sequence shown in bold). The
destruction box motif (residues 35 - 43) and the cyclin box motif (residues 190 - 290) are
highlighted in bold.
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Figure 3.2 Xenopus cyclin A l constructs in the pVEII Vector
c-myc tagged wild-type Xenopus cyclin A l or an indestructible mutant
version containing two point mutations at conserved residues in the
destruction box were cloned into the pVEII Dictyostelium expression vector.
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At higher cell densities (more than 10^ cells/m l), the discoidin promoter starts to become
active even in the presence o f folate. The pVEII expression system has already been
successfully used to demonstrate a phenotype when a truncated ‘indestructible’ version o f
Dictyostelium cyclin B was overexpressed in cells (Luo et a l, 1994).

The expression of cyclin A l protein has no effect upon the growth or
development of Dictyostelium
Both wild-type and indestructible cyclin A l constructs and empty pVEII vector were
separately transformed into Dictyostelium Ax-2 vegetative cells and clones were isolated in
the presence o f 20 pg/m l G418 and 1 mM folate. Each clone was grown to early log phase in
axenic shaken culture with folate and then washed, split into two equal samples and diluted
into fresh medium. Folate was added to one sample to a final concentration o f 1 mM. The
growth o f 2 clones transformed with pVEII vector, 10 with wild-type cyclin A l and 10 with
indestructible cyclin A l were monitored. Examples of the growth o f individual clones are
shown in figure 3.3A. In no case was a difference in the growth rate o f a clone apparent
whether grown in the presence or absence o f folate. At higher cell densities the discoidin
promoter becomes progressively leaky in cultures containing folate and consequently a direct
comparison for an individual clone may be flawed. There was still however, no significant
difference in growth rate or final cell density between clones transformed with vector alone
and those expressing wild-type or indestructible cyclin A l.
Cells were harvested from each culture at a density of between 1.5 and 2.5 xlO^ /ml and
a sample o f 1.0 xlO^ cells was analysed by SDS-PAGE and immunoblotted with anti-cyclin
A l monoclonal antibody to measure the level o f induced protein (figure 3.3B, lanes 1 to 6).
At these cell densities, the repression o f the discoidin promoter in the folate containing
cultures is still strong whilst levels of induced protein should be high in the cultures lacking
folate.
The amount of cyclin A l protein produced by 1,0 xlO^ cells of each clone was measured
using scanning densitometry by comparison with a standard curve o f Xenopus cyclin A l
protein bands blotted with the same monoclonal antibody (lanes 7 to 10). In the case o f the
wild-type cyclin A l expressing clone, 1.1 ng o f protein was produced by the culture
containing folate (lane 3) whilst 11.7 ng was produced by the culture lacking folate (lane 4).
Similarly, 2.3 ng o f indestructible cyclin was produced in the presence o f folate (lane 5)
whilst 22.0 ng was produced in the absence o f folate (lane 6). Thus, in both cases ten-fold
more protein was expressed when the promoter was induced. In the case o f the wild-type
clone shown (lane 4) an average of 1.5 xlO^ copies o f the protein are expressed in each
vegetative cell at a cell density of 2.1 xlO^ /ml.
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Figure 3.3 Wild-type or indestructible Xenopus cyclin A l protein
has no effect upon the growth of Dictyostelium vegetative cells
when expressed in vivo
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(A) Cell counts of cultures +/- 1 mM folate were taken over a period
of 6 days using a Neubauer counting cham ber for clones transformed
with pVEII vector alone, c-myc tagged cyclin A l ('wild-type' cyclin
A l ) or c-myc tagged cyclin A l with two point mutations in the
destruction box Cindestmctible'cyclin A l).
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(B) Equal numbers of cells were taken from these cultures at a
density of 1.5 - 2.5 xlO^ /ml and immunoblotted with m û-X enopus
cyclin A l monoclonal antibody (lanes 1 to 6). A dilution series of
bacterially expressed glutathione S-transferase (GST)-tagged
Xenopus cyclin A l protein was also immunoblotted (lanes 7 to 10).

The amount o f protein expressed in the absence o f folate varied up to five-fold between
different clones transformed with the same construct (data not shown). This was probably
due to differences in the number o f copies o f the transformed plasmid that became integrated
into the Dictyostelium genome. Thus, it is impossible to infer whether the two-fold higher
level o f indestructible protein (lane 6) than wild-type protein (lane 4) is due to differences in
cyclin destruction or merely differences in copy number.
To investigate whether expression o f cyclin A l was able to influence development rather
than growth, aliquots of cells from the folate-containing cultures were developed on 1.5%
non-nutrient agar plates in the absence o f folate. The clones expressing wild-type or
indestructible cyclin A l developed normally to the final fruiting body stage at a rate not
detectably different from those transformed with vector alone (data not shown).

Cyclin A l cannot bind to Dictyostelium CDKs in vitro
The lack o f any effect due to cyclin A l expression in Dictyostelium could be explained by an
inability to interact with endogenous Dictyostelium CDKs to form an active kinase complex.
Therefore, I tested the ability of cyclin A l to bind to either o f the cloned Dictyostelium CDKs
(Cdc2 or Crp) in vitro by immunoprécipitation with anti-cyclin A l monoclonal antibody. I
prepared mRNA by T7 RNA polymerase transcription o f plasmid constructs encoding wildtype c-myc cyclin K \, Dictyostelium Cdc2 and Crp and Xenopus CDK4 and Cdc2. Wild-type
c-myc cyclin A l mRNA was co-translated with each of the CDK mRNAs in a 1:1 (v/v)
mixture o f rabbit reticulocyte lysate and Xenopus CSF-arrested egg extract (the presence of
the egg extract improves the folding and binding of the Xenopus proteins). After incubation
with the antibody, I collected the immune complexes on protein A Sepharose and analysed
the products by SDS-PAGE and autoradiography.
Figure 3.4 shows that Xenopus cyclin A l clearly does not bind to D ictyostelium Cdc2 or
Crp under these conditions (lanes 19 and 20). Cyclin A l cannot bind to Xenopus CDK4
(lane 17) but can bind to Xenopus Cdc2 (lane 18) as expected (Cockerill, 1995).
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Figure 3.4 Dictyostelium Cdc2 and Crp kinase subunits do not associate with Xenopus cyclin A l in vitro
Dictyostelium (Dd) or Xenopus (XI) CDKs and/or Xenopus c-myc cyclin A l were translated in a 1:1 (v/v)
mixture of rabbit reticulocyte lysate and Xenopus CSF-arrested egg extract in the presence of (35S)-methionine.
Each reaction mixture (same lane order) was immunoprecipitated with anti-Xc/7o/7u.v cyclin A l monoclonal
antibody and analysed by SDS-PAGE.

Discussion
In this chapter, I have shown that Xenopus cyclin A l has no effect upon the growth or
development o f Dictyostelium when expressed in vivo in either a wild-type or indestructible
form. Concurrent with this work, Xenopus cyclin A l was introduced into the budding yeast
S. cerevisiae (Hideki Kobayashi, pers. comm.). Induction o f high levels o f wild-type
cyclin A l or low levels of an indestructible mutant lacking 3 residues within the destruction
box caused cells to lose viability. The yeast cells arrested at two points in the cell cycle - one
point prior to the initiation of DNA replication and the other during mitosis, resulting in large
budded cells with abnormally distributed DNA. The indestructible mutant cyclin A l was
more stable than wild-type protein, accumulated to higher levels in the cell and gave a
stronger phenotype. The S. cerevisiae Cdc2 homologue, Cdc28, bound both forms o f cyclin
A l in vivo to form a complex with histone HI kinase activity. Additionally, later work by
Hiro Yamano in this laboratory showed that expression of wild-type Xenopus cyclin A l from
a strong promoter in the fission yeast S. pom be inhibited colony formation. Cells were
elongated and arrested in interphase with a single nucleus. S. pom be Cdc2 could bind cyclin
A l in vivo and the resultant complex had HI kinase activity (Hiro Yamano, pers. comm.).
Thus, Xenopus cyclin A l overexpression displayed a phenotype in two evolutionary
dissimilar yeast species but none in Dictyostelium, to which vertebrates are more closely
related (see Introduction).
Why is cyclin A l unable to exhibit a phenotype in D ictyostelium l It seems unlikely that
the expression levels o f this heterologous protein are too low, since immunoblotting indicated
that significant quantities o f the cyclin protein were being produced (figure 3.3B).
Expression of 10 - 25 ng o f cyclin A l protein /lO^ cells in Dictyostelium had no effect whilst
1 ng protein HQp cells in S. cerevisiae gave a dramatic phenotype. This corresponds to a
much higher concentration of cyclin protein in Dictyostelium (at least thirty-fold more)
despite its larger cell volume.
A more plausible explanation is that there is no Dictyostelium CDK which can bind to
Xenopus cyclin A l to form an active kinase complex. I found that cyclin A l did not bind to
either o f the cloned Dictyostelium CDKs in vitro under the conditions tested. This result
differs from the binding o f Xenopus cyclin A l to CDKs from other organisms that have been
tested in this laboratory, shown in figure 3.5. Notably, cyclin A l can bind to S. cerevisiae
Cdc28 and S. pom be Cdc2, which have a similar level o f sequence identity to Xenopus Cdc2
as Dictyostelium Cdc2. Both interactions with yeast CDKs though occurred in vivo rather
than in vitro. It is possible that the lack o f binding to Dictyostelium CDKs is due to the
Dictyostelium proteins being unable to fold or bind properly in the rabbit reticulocyte lysate
or Xenopus egg extract, a problem that could be rectified by the use o f a Dictyostelium cellfree extract. Alternatively, cyclin A l may bind to another as yet unidentified Dictyostelium
CDK.
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Figure 3.5 A protein sequence alignment tree of CDKs from different organisms
The alignment tree was created using the Geneworks software package. Binding of
Xenopus cyclin A l to various CDKs has been determined in our laboratory by either in
vivo or in vitro methods.

A third possible reason to explain why cyclin A l overexpression in Dictyostelium had no
effect is that Dictyostelium may lack A-type cyclin homologues, so that heterologous
cyclin As cannot recognise substrates in the cell even if they can form an active kinase
complex. A further experiment to discover whether this is true would be to co-transform
Xenopus Cdc2 and cyclin A l, which are known to form active complexes together, into
Dictyostelium and observe any resulting phenotype. Interestingly, it is clear from S.
cerevisiae sequences that no A-type cyclin homologues exist. Yeast do however each
express several different B-type cyclins and the high level o f sequence similarity between Atypes and B-types in other organisms (see Introduction) means that one o f the previously
cloned yeast cyclins could function as an A-type cyclin.
Since the approach o f transforming heterologous cyclins into Dictyostelium had initially
proved unfruitful, I decided to try a new approach and search for novel endogenous
Dictyostelium cyclin genes instead.
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Chapter Four
The construction of a Dictyostelium discoideum cDNA
library in a yeast expression vector
At the time that I commenced my Ph.D., only one cyclin (cycB) had been found in
Dictyostelium (Luo et a l, 1994). This was identified by reverse PCR amplification of
Dictyostelium poly(A)+ RNA using degenerate oligonucleotide primers whose sequences
corresponded to highly conserved regions within the cyclin box o f B-type cyclins. Lowstringency Southern blot analysis using a fragment of the cycB cD N A as a probe revealed
only one hybridisation fragment and suggested that B-type cyclins o f similar sequence were
not present in Dictyostelium (Luo et a l, 1994).
Extensive attempts were then made to isolate further Dictyostelium cyclins using a
similar procedure, but with different oligonucleotide primers corresponding to other
conserved regions of cyclins (Jeff Williams, pers. comm.). These met with no success. I also
attempted to identify cyclins by further Southern blot analysis using heterologous cyclin
cD N A probes, but this was again unsuccessful (data not shown).
I still strongly suspected that there would be more than one cyclin expressed in
Dictyostelium. This was because at that time a number o f cyclins had already been found in
other lower eukaryotes, specifically C LN l-3 and C LBl-4 in S. cerevisiae and c d c l3 and cig l
in S. pom be (for references see Introduction). A cdc2 homologue had already been identified
in Dictyostelium (Michaelis and Weeks, 1992) and the homologues in S. cerevisiae and
S. pom be interacted with a number of different cyclins depending upon the phase o f the cell
cycle (see Introduction), suggesting that the Dictyostelium homologue would act similarly.
Therefore, I decided to try an alternative approach to identify novel Dictyostelium cyclin
genes.

Novel heterologous cyclins have been isolated by the complementation of
cyclin deficient strains of S. cerevisiae
One technique that has often successfully led to the isolation o f new genes from an organism
is the functional complementation of mutations in a different species, which isolates genes
not by their structural similarities but because they are instead able to provide a similar
function (reviewed by Elledge et a l, 1993). This approach has three essential requirements a mutant organism with an easily detectable phenotype, an efficient transformation procedure
and a good library of clones which can be expressed in the mutant.
The first novel, heterologous cell cycle gene to be isolated in this way was human cdc2
which was able to complement the S. pom be cdc2 cell cycle mutation (Lee and Nurse, 1987).
Other cell cycle genes that have since been isolated include human CDK2 by
complementation of a S. cerevisiae cdc28 strain (Elledge and Spottswood, 1991) and
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homologues o f the mitotic inducer cdc25 in humans (Gould et a l , 1990; Nagata et a l, 1991)
and Drosophila (Jimenez et a l, 1990) by complementation in S. pombe. Both budding and
fission yeast are well suited to complementation because they have been widely studied, have
powerful genetics, high transformation efficiencies and act as model eukaryotes, fulfilling all
the basic functions o f eukaryotic cells.
As described in the Introduction, there are three genes encoding G1 cyclins in
S. cerevisiae (CLNl, CLN2 and CLN3), which are functionally redundant so that the activity
o f all three genes must be removed to stop cell division (Richardson et a l , 1989). Several
cyclin deficient strains have been constructed in which two of the three CLN genes were
inactivated by targeted insertional mutagenesis and the third had its normal upstream
sequences replaced by an inducible promoter. DNA libraries were transformed into the
yeast, whilst the third CLN gene was still active. Expression o f this gene was then repressed,
often by growing the yeast on a medium containing glucose if the inducible G A Ll promoter
was employed, and viable clones were isolated that could overcome the loss o f cyclin
activity.
The first heterologous cyclins to be successfully isolated from such cyclin-deficient
yeast strains were human cyclins C, D and E (Koff et a l , 1991; Lew et a l , 1991; Xiong et
a l , 1991). Although these screens had at the time only been expected to isolate cyclins
involved in regulation around the G1 phase o f the cell cycle, similar to the function o f the
Gin proteins, cyclins associated with other cell cycle phases were also identified indicating a
looseness in the specificity of the complementation assay. The strongest human rescuers of
the deficiency were actually the mitotic cyclins A, B 1 and B2 (Lew et a l , 1991). These
clones did not contain full-length cDNAs, however, and they all lacked sequences encoding
the destruction box motif located near the N-terminus o f the protein. The best level o f rescue
was achieved by truncated clones encoding sequence starting just upstream o f the conserved
100 residue cyclin box o f the cyclin protein. Thus the selection strategy was sufficiently
tight, because nearly all isolated clones were cyclins, but it was advantageously not too
stringent so that all types o f cyclin - not just those involved in G1 phase - could potentially be
isolated. All o f the rescuing clones were presumably still able to interact with Cdc28 to form
an active kinase, as do the endogenous yeast Gins (Tyers et a l, 1992; Wittenberg et a l,
1990).
Gyclins have since been isolated from several other organisms using this methodology.
These include Drosophila cyclin G (Leopold and O'Farrell, 1991), Arabidopsis D-type cyclin
homologues (Soni et a l, 1995), S. pombe cig2 B-type cyclin (Bueno and Russell, 1993),
Candida albicans G1 cyclin homologues (Sherlock et a l, 1994) and an Alfalfa D-type cyclin
(Dahl et a l, 1995). It should be noted that in the case o f Drosophila, a cdc2 homologue was
also able to overcome the (clnl, cln2, cln3) defect, indicating a surprising relaxation of
selection specificity (Leopold and O'Farrell, 1991).
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The successful use o f cyclin-deficient yeast strains to isolate a plethora o f cyclins from a
multitude o f organisms made them an attractive option with which to attempt isolating new
Dictyostelium cyclins.
Since the size o f the Dictyostelium genome and the total number o f different mRNAs
expressed in a cell is not huge in comparison with higher eukaryotes, it seemed a relatively
easy organism from which to construct a good D NA library and the task o f screening
sufficient quantities o f clones would not be expected to require excessive amounts o f effort.

The choice of a recombinant Dictyostelium DNA library
The success o f the complementation procedure was highly dependent upon the choice o f
Dictyostelium DNA library. It was important to have a good quality library since a lot of
subsequent effort was required to screen and sequence the clones.
My chosen library had to satisfy three criteria. First, I required a suitable yeast-E. coli
shuttle library vector so that the library could be propagated in bacteria during the cloning
steps then expressed in S. cerevisiae during screening. Second, it had to

contain a large

number o f recombinants so that each member o f a genomic or mRNA population had a good
chance o f being represented in the final library. Specifically it had to be constructed to offer
the best chance of containing lots of cyclin clones. Finally, the library needed to contain
inserts o f a sufficient size to rescue the cyclin defect.
N o Dictyostelium libraries were available in a suitable yeast expression vector so I
decided to construct my own library. If I could manufacture a very good library, screening
would be much quicker and easier since I wouldn’t need to isolate as many clones.
The first decision that I had to make was whether to create a genomic D N A or a cDNA
library. A good genomic library would contain completely random inserts that together
covered the whole genome at least once. However, many Dictyostelium genes contain short
introns which might have interfered with the ability o f a gene to rescue the cyclin defect
(Loomis, 1982; Grant et a l, 1990). The presence o f spacer DNA would also require more
clones to be screened.
A cD N A library contains DNA which is synthesised from mRNA template. This means
that the library is biased towards mRNAs which are transcribed at high levels in the
Dictyostelium cell. If the cells are dividing at a high rate, so that there are likely to be
increased levels of cyclin mRNA present, I reasoned that the task o f screening might be
considerably reduced. The highest rate o f division occurs during log phase growth in the
vegetative phase of the life cycle so I decided to isolate mRNA from cells at this stage in
order to synthesise cDNA.
A summary of the overall strategy that I was about to attempt is shown in figure 4.1.
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mRNA
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* Grow vegetative Dictyostelium cells in liquid culture
* Isolate total RNA
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cDNA Library
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* Synthesise cDNA from the purified mRNA
* Clone into a yeast expression vector

Yeast Screen

* Transform the cDNA library into cyclin deficient yeast
* Isolate clones able to complement the cyclin defect
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Gene

* Classify the rescuing clones
* Sequence the putative cyclins

Figure 4.1 The overall strategy to isolate new Dictyostelium cyclins

The construction of a Dictyostelium cDNA library
While it is a relatively straightforward process to make a cDNA library, it is a much more
difficult task to make a good quality cDNA library (Elledge et a l, 1993; May all and Kirk,
1996). As the success o f the whole complementation procedure was vitally dependent upon
the quality o f the library used, it was worth investing time to construct the best possible
library.
The quality o f a cD N A library is determined by both the number o f different mRNAs
represented in the library and the length o f the cDNA inserts. Several factors influence the
number o f mRNAs represented besides the stage o f the life cycle at which the mRNA is
isolated. Foremost is the titre o f the library, that is the number o f bacteriophage particles
present in a specified volume of the library. To obtain the highest possible titre, it is crucial
to maximise and monitor the efficiency of each of the many steps involved in library
construction. A drop in efficiency o f just one step can seriously hinder a library and the
cumulative effect o f several inefficient steps can be disastrous. The titre can also be
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increased by minimising the number of manipulations required since some losses are incurred
at every stage. However, a high titre library may not in itself be good enough. Some
libraries contain a high background of empty vector (clones that do not have an insert) and so
the effective titre o f the library is greatly reduced. Also it is important not to lose potential
clones at any stage by adversely biasing the library, for example by altering the growth rate
o f a bacterial cell due to the expression of a cDNA during cloning steps.
Achieving long cD N A inserts is difficult because o f the vulnerability o f mRNA to
degradation, especially due to nuclease digestion. Additionally, secondary structure o f the
mRNA may be problematic during cDNA synthesis and result in premature termination and
therefore short inserts. The inserts need to be o f sufficient size to produce polypeptides
capable o f rescuing the cyclin defect. As discussed above, full-length clones are not
necessarily required and in fact partially truncated clones may rescue the defect more
effectively. The ideal library would consist o f a mixture o f full-length and partial cDNAs.
As most o f the effort required to construct a cDNA library involves assembling and
testing each component, if one library is to be constructed then very little additional effort is
needed to make other cD N A libraries at the same time. Thus it was worthwhile creating more
than one library and then choosing the best library to proceed with.

The choice of a library yeast expression vector
The final decision was my choice of vector. Only plasmid DNA can be transformed into
yeast. cD N A can be cloned directly into plasmid vectors or into phagemid vectors, by which
the library is initially made using a bacteriophage X vector, that is subsequently converted to
plasmid form. Plasmid libraries require large amounts o f cDNA and involve the highly
inefficient step o f transforming plasmids into E. coli. B y contrast, the use o f bacteriophage
allows high titre libraries to be constructed from small amounts o f cDNA because the
packaging o f the DNA into infectious particles is very efficient, as is the infection of
bacteriophage into E. coli. This was my method of choice as the use of phagemid rather than
plasmid D NA offered the best chance of obtaining high titre libraries.
A myriad o f library yeast expression vectors are available (Elledge et al., 1993; Rose and
Broach, 1991). Besides the alternatives of plasmid or phagemid vector, they also vary in
their choice o f selectable marker, yeast promoter, plasmid copy number in yeast cells and
cloning strategy. It is important to use a yeast selectable marker for which the recipient strain
o f yeast contains a corresponding non-reverting mutant allele. There is however some
leeway since the various triple cln strains contain common but different mutant alleles.
Yeast promoters may be constitutive, such as the A D H l and GAP promoters, or
regulated such as the G ALl promoter which is induced in the presence o f galactose (Rose and
Broach, 1991). There are drawbacks to the use o f either system. Constitutive expression of a
heterologous cyclin may be toxic to the yeast cell, whilst the GALl promoter suffers the
disadvantage that many yeast strains grow poorly on galactose and transformation o f strains
grown on galactose is inefficient.
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Plasmid copy number can be manipulated by the introduction o f ARS and CEN
sequences which result in a single copy per cell or by using a 2 p origin causing replication to
between 25 and 100 copies per cell. There seems to be a window o f heterologous cyclin
expression levels within which the cyclin defect can be overcome, but too little protein is
insufficient to rescue the defect and too much expression kills the cells. The tolerable level,
which is likely to vary for each individual cyclin, can be obtained by a combination o f
promoter strength and plasmid copy number in the cell. In the different library vectors used
for {clnl, cln2, cln3) complementation to date, each o f the parameters discussed has varied.
If complementation is not achieved with a cDNA library cloned into one type o f vector, then
it may be necessary to repeat the selection with cDNA cloned into a different vector.
I chose to use two different yeast expression vectors, the X,ADH and ^YES phagemids,
designed by Steve Elledge (Elledge et a l, 1993). These two vectors differed only in the
choice o f yeast promoter that they encoded. Reassuringly, libraries had already been
successfully made in both vectors (Elledge et a l , 1993). Those synthesised with XYES had
been used to complement S. cerevisiae mutations (Segel et a l, 1992; Elledge et a l , 1991)
and other members of my laboratory had already successfully screened libraries cloned into
the X,YES vector, though not by yeast complementation (Jane Kirk, pers. comm.).
The vectors and cD N A cloning strategy that I used are illustrated in figure 4.2. The
bacteriophage D NA (shown in figure 4.2A) was derived from XgX.6 and was designed for
optimal growth (Elledge et a l, 1993). Figure 4.2B shows the region o f the bacteriophage
D NA which encodes the pADH or pYES plasmids. This region is flanked by lox sites at
which recombination occurs to produce circularised plasmid DNA when the bacteriophage
are infected into a strain o f bacteria expressing the ere recombinase. This simple conversion
procedure allows easy recovery of the inserts and subsequent introduction o f the plasmid into
yeast.
pADH contains the strong, constitutive alcohol dehydrogenase A D H l promoter whilst
pYES contains the strong but regulated galactokinase G ALl promoter. Since both vectors
used the same cloning strategy, I could clone my final cD N A separately into both o f them
and increase my chance o f complementation by screening in a background o f either
constitutive or regulated gene expression. The plasmids contain A R Sl and CEN4 sequences
and are thus expressed at a level of one copy per cell. The expression directed by the strong
yeast promoters should compensate, if required, for this low copy number. The plasmids
contain the common URA3 selectable marker which allows selection for plasmid
maintenance.
The yeast promoter and E. coli lac promoter are located in a convergent orientation on
opposite sides o f the X hol cloning site, shown in figure 4.2B. The non-directional nature of
the cloning strategy means that half o f the cDNAs are expressed from each promoter.
Expression o f potentially toxic genes in library construction steps involving bacteria, which
could bias the library, was minimised by introducing glucose into the medium to repress the
lac promoter.

91

Not!
27.4 kb
J ___
lox

Notl
19.6 kb
L,__
lox
L eft X Arm

Plasm id
coding region

B

Right X Arm

Promoters

ARSJ

on

amp'

.ZZZL

_CL

ADH II
G A L l lac

P777^J

HIS3
term.

pA D H /
pYES
7.8 kb
URA3

CEN4

1////A

_EZX___

Xhol

lox

p

XADW
A.YES
42.6 kb

T -F illed
V ector
CT
GAGCT

Adaptors

lox

Dictyostelium
cD N A

CGAGW
CW

Adaptors
W C
W GAGC

Xhol + T

T -Filled
V ector
TCGAGW W

TCW W
X h o l+ T

Figure 4.2 The cDNA library cloning vectors
(A) The A.ADH / A,YES bacteriophages. A.ADH encodes the yeast A D H l promoter
whilst A,YES contains the G A Ll promoter. All other regions of the two bacteriophages
are identical. The region between the lox sites can be converted to circularised plasmid
by a site-specific recombination event.
(B) The pADH / pYES plasmids. These contain the yeast A R S l origin of replication,
the CEN4 centromeric sequence, either the A D H l or G ALl promoter, the HIS3
transcriptional terminator and the URA3 selectable marker. The plasmids also encode
the E. coli C olEl origin of replication, the lac promoter and the amp resistance gene.
(C) The insert region of pADH / pYES. The blunt ended cDNA is ligated to 1 Im er /
Smer phosphorylated adaptors. This product is in turn ligated to Xhol cut, T-filled
plasmid vector. The T-filling prevents self-ligation of the vector but allows ligation to
the adaptor-flanked cDNA.
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The library cloning strategy is shown in figure 4.2C. The vector was cut with X hol then
a single deoxythymidine residue was added to partially fill in each overhanging end. The
vector termini were then compatible with those o f adaptors which had been ligated onto the
cD N A ends. The adaptors were short, double-stranded oligonucleotides comprised o f two
strands o f unequal length. The T-filling step prevented the vector from self-ligating thus
minimising the background of empty vector in the library. It also meant that the overhanging
ends o f the adaptors were not self-compatible, so that only a single adaptor could ligate onto
each cD N A end. Thus, using this scheme was advantageous because the cD N A did not need
to be methylated and a further restriction digest was not needed, as is the case when linkers
are used (Wu et a l , 1987). The strategy also did not suffer from the usual disadvantage of
using adaptors - the requirement that one o f the oligonucleotides needs to be
unphosphorylated at the 5' end to prevent self-ligation, which reduces ligation efficiency to
the cDNA. The sequence of the adaptors used enabled the X hol sites to be recreated so that
insert D NA could later easily be isolated from the vector D NA by a simple restriction digest.

The isolation of Dictyostelium total RNA
The first step in the construction o f the cDNA library was the isolation o f Dictyostelium total
RNA. This and the subsequent purification o f mRNA had to be carefully performed to
ensure a good template o f intact, long length mRNA with which to synthesise the cDNA,
otherwise the resulting library would have been of little value no matter how efficient later
steps were.
I isolated total RNA from vegetative amoebae in log phase growth - at this point in the
life cycle, cells are dividing at their maximal rate and would be expected to express high
levels of cyclin protein. I initially inoculated the cells at a density o f 5 xlO^ /ml and then
grew the cells for five days, diluting the cultures into fresh medium each day to maintain the
cells in a state o f exponential growth at a density o f between 5 xlO^ /ml and 3 xlO^ /ml.
I harvested the cells at a density of 1.8 xlO^ /ml and isolated total Dictyostelium RNA
using the guanadinium thiocyanate method (see Materials and Methods). I checked the total
RNA by electrophoresis on a non-denaturing 1.0% TBE-agarose gel (data not shown). The
26S and 17S ribosomal subunit bands were distinct and sharp providing an indication that the
RNA was not degraded.

The purification of Dictyostelium mRNA
Poly(A)+ RNA typically constitutes approximately 1% o f the total RNA population, so it is
necessary to enrich the mRNA fraction to avoid the possibility o f generating cD N As from
rRNA or tRNA templates. I purified a mRNA enriched fraction from the total Dictyostelium
RNA by affinity chromatography using oligo-dT cellulose, which binds to the 3' poly(A)+
tails o f mRNA. The purified fraction could then be used as a template for cD N A synthesis.
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The Dictyostelium genome has an A+T D NA content o f 78%, one o f the highest o f any
organism (Loomis, 1982). The transcribed RNA would also be expected to be exceptionally
A+U rich. Therefore, it was necessary to perform two rounds of affinity chromatography
purification to reduce the level o f background binding o f adenine-rich ribosomal and transfer
RNAs. I eluted the oligo-dT binding fraction with two buffers, as described in Materials and
Methods. First, I used a medium salt buffer (MSB) containing 100 mM NaCl to elute the less
stringently bound RNA, hopefully including any rRNA or tRNA. The second elution was
performed using a low salt buffer (LSB) lacking NaCl which should have eluted the
remaining relatively pure mRNA.
I assayed the mRNA quality o f the purified fractions by in vitro translating serial
dilutions o f the RNA. This is a sensitive assay which demonstrates whether protein-encoding
mRNA is present. Good quality mRNA produces a large number o f polypeptide bands of
different sizes whilst a lack of high molecular weight bands or smearing o f the bands would
be indicative o f mRNA degradation. Serial dilutions of the RNA were added to separate
translation reactions because the translation o f some mRNAs in this assay can be inhibited at
high mRNA concentrations.
Figure 4.3 shows that polypeptide band patterns consistent with undegraded mRNA
template were indeed produced. The starting total RNA itself contained enough mRNAs to
produce polypeptide bands in the in vitro translation (lanes 2 to 4) which were not present
when no RNA was added to the translation (lane 1). The flow-through fraction produced
after applying the starting RNA three times to the first affinity column showed a reduction in
the intensity o f polypeptide bands (lanes 5 to 7) demonstrating that a large proportion, though
by no means all, o f the mRNAs were retained by the colunm.
The intensity o f polypeptide bands increased when equivalent amounts o f RNA from the
oligo-dT purified fractions were in vitro translated (lanes 8 to 15). The strongest band pattern
was observed with the translated LSB eluate (lanes 8 to 11) though the MSB eluate also gave
a substantial pattern (lanes 12 to 15). In both cases high molecular weight bands, some
greater than 116 kDa in size, were present and all o f the bands were unsmeared.
I used the LSB eluted fraction as substrate for the cD N A synthesis reactions since it was
less likely to contain undesirable rRNAs or tRNAs which should have been eluted in the
MSB buffer.

The synthesis of Dictyostelium cDNA
The synthesis o f cDNA is a relatively straightforward step once good mRNA has been
isolated. An oligonucleotide primer is annealed to the mRNA to form a short double
stranded region which enables reverse transcriptase to generate the first cD N A strand
complementary to the mRNA (Gubler and Hoffman, 1983).
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Figure 4.3 Verifying the integrity of Dictyostelium oligo-dT purified RNA
by in vitro translation
Samples were isolated of total RNA before it was applied to the oligo-dT
cellulose colums, How-through from the first column and purified RNA eluted
either with Medium Salt Buffer (containing 1(K) mM NaCl) or Low Salt Buffer
(containing no NaCl). Two-fold serial dilutions of these RNAs were translated
in a rabbit reticulocyte lysate mixture in the presence of [35S]-methionine.

95

The RNA in the RNA:DNA hybrid is then nicked by RNase H and displaced by short
nascent D N A sequences in a nick translation reaction involving E. coli D NA polymerase I to
produce the second cD N A strand. T4 DNA polymerase then removes any 3' overhangs on
the first cD N A strand leaving blunt ended, double-stranded cDNA.
I employed the Amersham cDNA Synthesis Module to perform these reactions. The use
o f a kit ensured a highly efficient synthesis reaction and saved a lot o f time which would
have been spent assessing the quality o f each reagent. The initial synthesis reaction utilises
either an oligo-dT primer composed o f 25 deoxythymidine residues or random
hexanucleotide primers. The oligo-dT primer, which anneals to the 3' poly(A)+ tail of
mRNA, is more commonly used. This generates a large proportion o f full length cDNAs,
though the 5' ends o f large mRNAs are under-represented due to premature termination. The
oligo-dT primer may also bind to internal adenine-rich sequences, which are relatively
common in Dictyostelium mRNA, to generate truncated cDNAs. Random primers, which
can bind at any point on the mRNA, ensure equal representation o f all mRNA sequences
including the 5' ends of long transcripts, but at the expense o f full-length clones. They also
bind mRNAs lacking poly(A)+ tails and provide an alternative to the oligo-dT primer if the
secondary structure o f a mRNA is problematic. It has been reported that a very small
proportion o f D ictyostelium mRNAs do indeed lack poly(A)+ tails (Palatnik et a l, 1979) though these were not expected to be present in the oligo-dT cellulose purified RNA fraction
anyway.
Thus, the oligo-dT primer was a better choice to generate long insert libraries whilst
random primers may have produced viable truncated cDNAs whose full length versions
would be lethal when expressed in yeast. I decided to synthesise separate batches o f cDNAs
using each o f these primers since the amount o f extra work involved was very small. If both
types o f cD N A generated were o f similar quality then I could screen both o f the subsequent
libraries in order to cover the broadest range o f cDNAs.
I synthesised three batches o f cDNA, two using the oligo-dT primer and one using
random hexanucleotide primers. The efficiency of each strand synthesis was shown to be
good by the incorporation of trace amounts o f a radioactivally labelled dNTP (data not
shown). I also ran a small portion o f the double stranded product on a 1.5% TAE-agarose gel
(figure 4.4) to give an indication of the DNA size range. All three batches showed the
expected smear o f D N A ranging from very low molecular weight to a size o f several
kilobases, the majority o f cDNAs lying between 300 bp and 2000 bp in size. As the batches
were later size fractionated to remove all cDNAs smaller than 700 bp in length, the prime
consideration was the quantity o f cDNAs larger than this cut-off size. It appeared from the
gels that cD N A batches A (lane 3) and B (lane 6), both made using the oligo-dT primer were
slightly better in this respect than batch C (lane 7) synthesised using random primers.
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Figure 4.4 cDNA synthesised from Dictyostelium oligo-dT
purified RNA
Small (0.5 |.il) aliquots of three separate batches of cDNA were
analysed by electrophoresis on 1.5% TAE-agarose gels
alongside DNA size standards. Batches A and B were
synthesised using oligo-dT primers whilst C used random
hexanucleotide primers.
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The production of adaptor-flanked, size selected cDNA
Once the cDNA had been synthesised, adaptors were ligated onto the blunt cD N A ends so
that it could be efficiently ligated into the cloning vector (see figure 4.2C). Unincorporated
adaptors were then removed from the reaction and the cDNAs were size fractionated to
remove small cDNAs which would be o f little use.
I tested wherever possible the efficiencies o f each o f these cloning steps, and then o f the
entire procedure, with a ‘mock cD N A ’ before using my three precious cDNA batches. The
mock consisted o f a D N A plasmid construct which had been digested with restriction
enzym es to produce five blunt ended fragments ranging in size from 250 bp to 1500 bp.
The adaptors consisted o f 1 Imer and 8mer oligonucleotides annealed together, shown in
figure 2.1. They contained one blunt end which could be ligated to the cD N A and a three
base overhang at the other terminus compatible with the vector ends. The sequence around
the XYES vector X hol cloning site is palindromic so that the use o f a single adaptor would
have resulted in 19 bp inverted repeats flanking the cDNA. This could have caused problems
due to secondary structure in the transcribed mRNA or recombination o f the D N A itself. To
reduce this potential problem, I used an equimolar mix o f two adaptors whose sequences
partially differed but which were still able to ligate to the vector to recreate an X hol site,
shown in figure 2.1. Thus half o f the cDNAs should have contained adaptors o f differing
sequence at each end.
The presence o f a phosphate group on the 5' end o f each o f the adaptor oligonucleotides
optimises the ligation efficiency. I initially ordered 5'-unphosphorylated oligonucleotides
from the ICRF Oligonucleotide Synthesis Unit and then added a phosphate group to the 5'
ends in a reaction involving polynucleotide kinase. However, I found that although this
reaction seemed efficient, it was not sufficient to produce high titre libraries when ligated to
the mock cDNA (data not shown). Therefore, I ordered new oligonucleotides which were
chemically phosphorylated at the 5' end during synthesis with over 95% efficiency. When
these were used, the mock library titre increased significantly.
I ligated each batch o f cDNA to the phosphorylated adaptors, which were added in a
large molar excess to reduce the likelihood o f cDNAs ligating together. However, this meant
that large quantities o f unincorporated adaptors and adaptor dimers were present in the
reaction mix at the end o f the ligation. It was imperative to remove all traces o f these since a
low D N A concentration o f residual self-ligated adaptors would, due to their small size, have
represented a huge molar excess of ends compared with the adaptor-flanked cD N A to which
the vector DNA could ligate. This would have resulted in a large proportion o f the library
containing no cDNA inserts, essentially an empty library. A size fractionation o f the cDNA
was also required to eliminate small cDNAs from the reaction (again representing a high
molarity of ends) so that the final library contained only large inserts.
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I initially tried to perform these adaptor removal and size fractionation steps using
Sepharose CL-4B (Pharmacia) spin column chromatography. However, even though I
obtained a substantial amount of final cDNA from the procedure, the resulting libraries had a
low titre and a low proportion of clones contained inserts. This may have been due to
leakage of the column. Instead, I obtained an alternative protocol from Jeremy Minshull
(shown in figure 4.5) on which I based my cloning steps and this eventually resulted in good
libraries.

cDNA of
varying length

Ligation to adaptors

1

DNA precipitation by
spermine to remove adaptors

Gel purification to size select cDNA
and further remove adaptors

Figure 4.5 Adaptor ligation and size selection of the cDNA
After the ligation of cDNA to adaptors, the reaction contained a mixture of adaptorflanked cDNA, adaptor dimers and unligated adaptors. The adaptor-flanked, large
cDNAs were purified by precipitation with spermine and gel purification steps.
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First, the cDNA was precipitated by spermine and salt, as described in Materials and
Methods. This removed a large proportion o f the unincorporated adaptors. The remaining
adaptors were then eliminated by a gel purification step which also size fractionated the
cDNA. I excised a band from the gel containing cDNAs between approximately 700 bp and
3700 bp in size by alignment with DNA size standards.
In theory these two selection steps should have been sufficient to produce good quality
libraries. In practice, less than 10% o f the clones in the resulting mock libraries contained
insert DNAs. This presumably was due to the continued presence o f adaptor dimers and was
overcome by performing a second precipitation with spermine identical to the first one,
which then resulted in mock libraries containing inserts in over 90% o f cases (data not
shown).
I performed the whole cloning procedure with each batch of cD N A and ran a small
proportion of the final product on a gel to ensure that I still had a sufficient quantity o f D NA
(data not shown). Although large losses of cDNA were incurred during the precipitation with
spermine and gel purification steps, indicated by a large reduction in the level o f radioactivity
monitored, only a small quantity of good quality final product was required. A faint smear of
the final DNA confirmed that sufficient DNA was present in all three cases.

The preparation of A,ADH and A-YES vector DNA and its ligation to the
cDNA
The AADH and 7,YES vector DNAs were obtained from Steve Elledge as 42.6 kb plasmids
(essentially extra-chromosomal lysogens) which could be packaged into infectious
bacteriophages by use of an in vitro extract. A stock o f each 42.6 kb vector was prepared by
a large scale purification of the plasmid, as described in Materials and Methods. The vector
D NA was then digested with a large excess o f X hol restriction enzyme. It was important that
the vector was completely cut to prevent a high background of non-recombinant clones in the
resulting library. However, it was probably not beneficial to incubate the reaction for a long
period o f time since it has been reported that some commercial batches o f X hol restriction
enzyme contain DNase activity (Steve Elledge, pers. comm.). I verified that the vector was
fully digested with X hol by performing a secondary digest on a small portion o f the product.
A N otl digest of uncut vector would have produced a 7.8 kb restriction fragment (figure
4.2A). Vector already cut with Xhol would instead produce two smaller fragments. When
the digestion products were analysed by electrophoresis on a 1.0% TAE-agarose gel, no band
o f size 7.8 kb was observed (data not shown).
The X hol cut vector was then T-filled. This involved polymerase mediated addition o f a
single deoxythymidine nucleotide to partially fill in the 5' overhang so that the vector ends
were no longer self-complementary. It was crucial that this step was highly efficient
otherwise the self-ligated vector would again form a high non-recombinant background in the
final library.
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I initially tried T-filling using Taq polymerase (Perkin Elmer Cetus) as suggested in the
original protocol (Elledge et a l, 1991), However, it soon became apparent that this resulted
in low titre mock libraries which became even lower with increasing incubation times. This
was probably due to nuclease activity present in the Taq polymerase. It has been reported
that Taq additionally adds a non-template encoded nucleotide to D NA ends which would
make the product unligatable, although this has only been shown with blunt-ended D NA
(Clark, 1988). Instead, I tried using Klenow (USB) or Sequenase (USB) enzymes. I found
that both enzymes worked much better but Sequenase resulted in the highest titre libraries
(data not shown). The incubation time of the reaction still significantly affected the final
library titre.
One trivial, but vital aspect o f the procedure, which initially caused my libraries to have
a large background of empty vector was the full solubilisation o f the X D NA pellet before the
T-filling reaction. Because X DNA is so large, it was difficult to fully dissolve. However,
any undissolved DNA would not be T-filled and would be capable o f self-ligation if it was
became soluble at a later stage.
I initially checked the efficiency o f T-filling by showing that ligation and packaging
reactions o f the T-filled vector alone gave a very low titre library. This titre was 58-fold
lower using the A.ADH vector and 93-fold lower titre using the XYES vector than when mock
cD N A was added to the ligations.
Each o f the three batches of adaptor-flanked cDNA, or TE as a control, were then ligated
to either the T-filled A.ADH or X.YES vector in varying molar ratios o f vector:insert. The
undiluted cDNA-A, but 3-fold diluted cDNA-B and cDNA-C, gave the highest titres when
ligated to each vector and packaged. I then proceeded with these cD N A concentrations in the
six final ligations (each combination of A.ADH or A.YES vector and cD N A batch A, B or C)
to produce six libraries.

The packaging, titering and testing of the bacteriophage cDNA libraries
I used two commercially available, high efficiency in vitro extracts to package the final DNA
into bacteriophage, which could then be infected into a host strain o f bacteria. The
bacteriophage infected E. coli cell extract provides the mixture o f proteins and precursors
required to linearise the D NA and encapsulate it into bacteriophage X particles. All o f the
control packaging reactions were performed with Promega Packagene extract. This extract
was cheaper and could be divided into small aliquots, reducing the amount used. For the
final library packaging, I used Stratagene Gigapack II Gold packaging system which was
more efficient (and more expensive!).
I then tested the quality of each bacteriophage library, that is the total number o f cDNAs
represented in each library and also the length of the cD N A inserts. Table 4.1 shows that a
representation (the total titre of the entire library) of more than 2 xlO^ plaque forming units
(pfu), corresponding to 1 xlO^ pfu/pg added DNA, was obtained with the lA D H -A , X.ADHC and A.YES-A libraries.
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Vector

cDNA
batch

cDNA
synthesis
primer

Titre /
pfu total

Proportion
with inserts

XAD U

none

-

9.0x105

0 /1 0

0

A

oligo-dT

2.1 x l 0 6

9 /1 0

750 - 1800

1300

B

oligo-dT

1.1 x l 0 6

10 /1 0

400 - 1300

600

C

random
hexamer

1.4x10?

10 /1 0

350 - 600

500

none

-

4.3 x l0 4

0 /1 0

0

A

oligo-dT

2.7x106

9 /1 0

500 - 2500

1300

B

oligo-dT

1.2x105

10/10

400 - 1800

800

C

random
hexamer

5.5 xl05

10/10

400 - 700

500

A,YES

Insert size
range
/bp

Average
insert size
/bp
0

0

T able 4.1 D ictyostelium cDNA bacteriophage libraries
Three separate batches o f cDNA or a no cDNA control were cloned into either the XADH or
^ YES yeast expression vectors and the titres o f the resulting bacteriophage libraries were
measured. The titre expressed is the total number of bacteriophage in each library obtained
when 2 pg o f DNA is packaged in a final volume of 500 pi. 10 randomly chosen plaques
served as templates for PCR amplifications using flanking vector primers. The proportion of
plaques containing inserts, the range of their insert sizes and the average insert size were
calculated.

However, the titre o f the XADH-no cDNA control library was inexplicably high,
possibly due to the presence of vector that had not been cut by Xhol, which led to the ^ADH
libraries having a maximum stimulation ratio o f insert titre:no insert titre o f only 16-fold (in
the case o f XADH-C). The maximal stimulation of the lY E S libraries was a more
respectable 63-fold (in the case of XYES-A). 10 plaques from each library were amplified by
PCR using primers complementary to the flanking vector sequences to give an indication of
insert sizes within the library, also shown in table 4.1. At least 9 out o f the 10 plaques tested
in every cDNA library contained inserts which reassuringly varied in size and were of
significant lengths.
By far the highest average insert sizes (1300 bp) were obtained with the X.ADH-A and
XYES-A libraries. They also contained the highest minimum insert sizes (750 bp and 500 bp
respectively) and highest maximum insert sizes (1800 bp and 2500 bp respectively). I
decided to proceed with these two libraries since they also had good titres. I stored the other
libraries, to which I could later return if necessary.
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The amplîfîcation of the ÀADH-A and lYES-A cDNA libraries
I had only 500 |il o f each library. This would probably have been a sufficient volume to use
for my yeast complementation experiments. However, as I had invested a lot o f time in
constructing good quality cDNA libraries, I wished to manufacture a plentiful, permanent
stock o f my best libraries (lA D H -A and ^YES-A) which I and other researchers could use in
the future. This was done by an amplification procedure which made multiple copies of,
ideally, every insert present in the original library. The entire bacteriophage library was
adsorbed to log phase bacteria and plated, as described in Materials and Methods. During
incubation, each bacteriophage-infected cell produced large numbers o f bacteriophage
particles which could then infect neighbouring cells. Both o f the amplified libraries were
then titered as before (see table 4.2) and were found to be much more concentrated than the
original libraries, allowing smaller volumes to be used in reactions.

Library

Representation / pfu

Amplified titre /
pfn/ml

A/ADH-A

1.5x106

2.0 x 1 0 " )

A.YES-A

2.2 xlO®

2.3 xlO")

Table 4.2 Representations of the original libraries and titres of the amplified libraries
The initial representation (total number of bacteriophage in the original libraries) and the titre
o f the subsequent amplified libraries are shown.

The conversion of the XADH-A bacteriophage library to a pADH-A
plasmid library
I wished to use my cDNA libraries for yeast complementation. At this stage I had only
bacteriophage libraries, which could not be introduced into yeast. Thus, I had to convert the
bacteriophage library into a plasmid form which could then be transformed into yeast cells.
This was a relatively straightforward procedure as infection o f the A,ADH or A,YES
bacteriophage constructs into a bacterial strain expressing the ere recombinase causes the
A D NA to undergo a site-specific recombination event at both lox sites to form a circularised
pADH or pYES plasmid (see figure 4.2A).
I first performed small scale conversion reactions to determine the conversion efficiency
- that is, the number o f bacterial colonies obtained from this procedure compared with the
number of bacteriophage initially added to the reaction. The original paper outlining this
procedure describes conversion efficiencies approaching 50% (Elledge et a l, 1991). In the
case o f the lA D H -A library, the small-scale conversion efficiency was repeatedly very low
(only 5%) whilst that o f the lY E S -A library under the same conditions was 30%. I do not
know why there was such a discrepancy between the two libraries.
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I had decided at this stage to initially attempt complementation with a cln deficient yeast
strain expressing a gene from the G ALl promoter (see the next chapter). Therefore, I could
not use the XYES-A library even though it did convert with a much better efficiency.
Fortunately, the conversion to plasmid was one procedure whereby low efficiency could
easily be compensated for by simply increasing the number o f bacteriophage and bacteria in
the conversion reactions, since the crucial factor was not actually the conversion efficiency
but the total number o f bacteriophage converted. I infected a total of 1.5 xlO^ ÀADH-A
bacteriophage into 5.0 x 10^ bacteria as described in Materials and Methods, giving a
multiplicity o f infection o f 0.3. A conversion efficiency o f only 3.3% was achieved, but this
still meant that I had converted a total o f 5.0 x 10^ bacteriophage to plasmid. This figure was
33-fold higher than the original library representation (1.5 xlO^), so most recombinants in the
original library would be expected to be represented in the plasmid library.
I also needed an empty vector plasmid library to use as a negative control for subsequent
PCR screening and yeast transformation o f the pADH-A library. Therefore, I also performed
a smaller scale conversion o f the unamplified ^ADH-no cD N A empty vector library
described in table 4.1.

The pADH-A plasmid library contains sequences representing the mRNA
of known Dictyostelium genes
The cD N A library was finally in a form that could be used for yeast screening. At this stage,
although I had obtained high titre bacteriophage libraries, amplified bacteriophage libraries
and a converted plasmid library, the only evidence I had that my library contained anything
o f value were the different cDNA insert sizes o f 10 randomly chosen plaques from the
unamplified bacteriophage library. Before I went ahead with the laborious yeast
complementation procedure, I decided to verify the presence o f some known D ictyostelium
mRNA sequences in the pADH-A library.
I obtained oligonucleotide primers complementary to sequences within the coding
regions o f the D ictyostelium Act 15, cdcA, crp, cycB and rasG genes. I also used flanking
vector primers in order to determine the range o f cD N A insert sizes. I performed PCR
amplifications using either the pADH-A or pADH-no cD N A library as template. Figure 4.6
shows that an extremely small, single amplified band was obtained using flanking vector
primers and the pADH-no cDNA library template (lane 2). This represented the short
distance between the two primer sequences in the empty vector. The pADH-A library inserts
(lane 3) varied in size between slightly less than 700 bp (which represented the cut-off size
from the gel purification) to in excess o f 2000 bp. There was also a faint band corresponding
in size to the empty vector band in lane 2, showing that only a small proportion o f the pADHA library contained no insert.
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Figure 4.6 The pADH-A plasmid library contains known Dictyostelium genes
PCR am plifications were performed with 1(K) ng em pty pA D H vector (V ) or
pA D H -A library (L) as template. A flanking vector oligonu cleotid e primer w as
used in all reactions. The second primer encoded sequence from either the
opposite flanking vector region (to sh ow insert size) or an internal region from
one o f five know n D ictyosteliu m genes.
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N o visible amplified bands were obtained using any o f the five different Dictyostelium
sequence primers with pADH-no cDNA library as template (lanes 4, 6, 8, 10 and 12) whilst
distinct D NA bands were obtained in every case using the pADH-A library as template (lanes
5 ,7 ,9 , 11 and 13).
These results show that my final plasmid library cD N A contains sequences representing
the mRNA o f each o f the five genes tested, though since the oligonucleotide primers used
bind to internal protein-coding sequence, they did not show whether the full 5' end o f each
mRNA is represented in the cDNA. Some o f the mRNAs, such as cdcA, are present at high
copy numbers within Dictyostelium vegetative cells (Michaelis and Weeks, 1992) and would
be expected to be present in even a relatively low quality, unrepresentative cD N A library.
However, others such as crp mRNA are expressed at extremely low levels in vegetative cells
(Michaelis and Weeks, 1993) and suggested that I had constructed a good quality cD N A
library representative of even rare mRNAs.
Some o f the PCR amplifications produced more than one distinct band when the pADHA library was used as template (lanes 7, 11 and 13). These may represent alternatively
spliced forms o f the RNAs. The temperature o f the annealing step o f the PCR reaction was
sufficiently high that the primers should not have hybridised to unrelated sequences.

Discussion
The construction o f good cDNA libraries required a substantial investment o f time and effort
but was worthwhile because these libraries would avoid subsequently wasting a large amount
o f time screening for non-existent recombinants.
The cloning procedure consisted o f many steps, each o f which had to be optimised to
produce a good final library. I usually found it more helpful to perform a functional test to
verify that a component could generate a high titre packaged library, rather than using a more
abstract, immediate assay. For example, although radioactive incorporation indicated that I
had phosphorylated the 5' end of adaptor oligonucleotides using polynucleotide kinase with
high efficiency, when I came to actually package DNA made with these adaptors, the library
I obtained had a hopelessly low titre. The disadvantages o f performing these functional tests
were that it was a relatively slow process to repeatedly perform the whole cloning procedure
as far as the packaging step and several of the components were required to be already
functional to some extent. However, it was relatively easy to ligate adaptors onto some mock
D NA fragments (though much harder to get rid o f the unincorporated adaptors!). These
could then be used to check ligation to the T-filled vector. Once this was done, I could then
look for the proportion o f clones containing inserts indicating that the adaptor removal steps
were successful, and so on.
The differences in the titre and range of insert sizes in the libraries (table 4.1) vindicated
my decision to construct several libraries. The insert sizes o f a few o f the libraries, especially
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those generated using random hexanucleotide primers, were small. This may have been due
to more than one random primer binding each mRNA molecule. Since reverse transcriptase
has no strand displacement or nick translation activities, several small cDNA fragments
would then be produced. This difficulty could potentially be overcome by lowering the
primer concentration in the cDNA synthesis reactions. Some library insert sizes though were
smaller than the theoretical gel cut-off size of 700 bp. This was likely to be because the size
selection o f cDNA was performed by electrophoresis o f the D NA along only part o f the
length o f a mini-gel, so that the size fractionation was not extensive. Obtaining higher
degrees o f fractionation by using longer gels though would have invoked problems due to
handling larger amounts of agarose, resulting in lower yields of recovered DNA. In
hindsight, I would have increased the molecular weight size of the lower cut-off point.
However, the two libraries that I did decide to proceed with, XADH-A and lY E S -A ,
fulfilled the three major library criteria o f a high titre (representations o f 2.1 and 2.7 xlO^ pfu
respectively), a large proportion o f inserts (90% in those clones tested) and long inserts (of
average size 1300 bp, but inserts of up to 2500 bp were obtained).
It is useful to compare the titres that I obtained with an approximation o f how many
recombinants would be required to expect a mRNA to be represented in the library.
Unfortunately, no estimates are currently available for the number o f copies o f cyclin B
protein expressed in Dictyostelium cells which would have provided the most meaningful
estimate (Gerry Weeks, pers. comm.). There are, though, estimated to be a total o f 7000 to
8000 genes in Dictyostelium of which 5000 to 6000 are involved in vegetative growth
(Loomis, 1982). If all mRNAs were expressed at the same level in vegetative cells, then
2.5 xlO^ recombinants o f a vegetative cDNA library would need to be screened to ensure a
99% chance o f detecting a particular clone. This figure is 100-fold lower than my library
representations, although a number o f factors are likely to significantly increase it. A mRNA
may only be expressed at low levels in vegetative cells and a cyclin may be expressed during
only certain parts o f the cell cycle so that only a subpopulation o f the isolated cells contain
the relevant mRNA. Also, the random orientation of clones in the library vector doubles the
number o f recombinants needed, some clones may be missing essential 5' ends and the
library is inevitably biased to some extent during the amplification and plasmid conversion
steps, though I tried to minimise this as much as possible.
It has been reported that the average size o f a full-length Dictyostelium mRNA is 1.2 1.5 kb (Loomis, 1982). The 1300 bp average insert size o f both libraries compares
favourably with this figure. The full-length cycB cyclin mRNA, at 2.3 kb, is relatively large
(Luo et a l, 1994). Since only ten randomly chosen clones o f each library were tested and the
maximal insert size was 1800 bp in the case of lA D H -A and 2500 bp in the case o f lY E S -A ,
it seems likely that a number of clones corresponding in size to full-length cycB mRNA exist
in each library.
The ÀADH-A library was amplified and converted to plasmid form and was now ready
to be transformed into cyclin deficient yeast. I decided that if this library did not successfully
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complement any of the yeast strains, I would convert the lY E S -A library to plasmid form
and use that instead. If still unsuccessful, I may have attempted complementation with the
random hexanucleotide (though small insert!) libraries or reverted to my frozen stock o f
cDNA and cloned it into a different high copy number yeast expression vector.
As well as for my personal use, the pADH-A, À,ADH-A and lY E S -A libraries are
currently employed in several other laboratories. They are o f particular value because they
can be used for yeast complementation and because few other vegetative growth cD N A
libraries exist. Attempts are being made in two laboratories to isolate by complementation
D ictyostelium homologues o f the S. cerevisiae protein kinase C, STE18 and CDC24 genes
which are involved in signalling pathways. Additionally, a bacteriophage library is being
used to search for molecular chaperone homologues by hybridisation screening.
My laboratory now has a stock of each of the components required to make a new DNA
library. This greatly reduces the amount of time required to trouble-shoot each stage. A
worker would merely need to manufacture blunt-ended cDNA or genomic D N A and then
follow exactly my cloning procedure using the tested components to produce a good quality
library.
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Chapter Five
The screening of a Dictyostelium discoideum cDNA library
by complementation in Saccharomyces cerevisiae
My Dictyostelium cDNA library was now ready to be transformed into a strain o f cyclindeficient S. cerevisiae, in order to attempt the isolation o f novel cyclins by complementation.
A tight selection scheme was required so that only cyclin genes were isolated, avoiding any
unnecessary additional effort to eliminate irrelevant clones. Also, some yeast strains tend to
generate a large number o f surviving colonies due to reversions o f the original mutations.
These again can be eliminated, but further increase the labour o f the screening procedure. A
final factor to take into consideration was the efficiency o f transformation, which is a major
limitation o f library screening in yeast and varies considerably from strain to strain. A large
number o f transformants were required because cDNAs encoding complementing activity
may have been o f low abundance in my library and a cD N A o f sufficient length to rescue the
defect may have been even rarer. The choice o f yeast strain, therefore, was very important.
Most o f the strains that have been used to date to isolate heterologous cyclins are those
in which two o f the three CLN genes have been inactivated and the third has been
manipulated so that an inducible promoter replaces the normal upstream regulatory
sequences. Several {clnl, clnl, cln3) strains have been constructed with varying genotypes.
They differ in terms o f selection strategy, which o f the CLN genes is made inducible and
which selectable mutant marker allele is used.
The selection strategies can be categorised into three types. The first involves a strain in
which a CLN gene fused to the G ALl promoter is integrated into a yeast chromosome. Cell
viability is retained on galactose-containing medium but cells arrest in G1 phase if
transferred to glucose-containing medium which represses the G ALl promoter (Richardson et
a l , 1989). Such a strain containing an integrated copy o f GAL1-CLN3 was used to isolate a
human D-type cyclin (Xiong et a l, 1991). Human C, D and E-type cyclins were isolated
from a strain with an integrated copy o f GAL1-CLN2 (Lew et a l, 1991). However,
disadvantages with this general strategy are that libraries expressing clones from the G ALl
promoter cannot be used and mutants in the GAL repression system that allow expression
from the G ALl promoter on glucose may be isolated by the screen.
The two other types of selection strategy depend upon a ‘plasmid shuffling’ event. The
expressed CLN gene and a selectable marker are placed on a reporter plasmid in the yeast.
This plasmid is sufficiently mitotically unstable that after several generations o f growth under
non-selective conditions, most cells have lost it and so are reliant upon the presence of
complementing activity expressed from a library plasmid for viability.
One type o f plasmid shuffle again involves placing the expressed CLN gene under GALl
promoter control, but this time on a plasmid with the URA3 selectable marker.
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Transformants that are able to grow on glucose are patched onto medium containing 5fluoro-orotic acid (FOA) to verify that loss o f complementing activity accompanies loss of
rescuing plasmid (Boeke et a l, 1987). This type o f selection, whereby GAL1-CLN3 was
expressed on a multi-copy episome, was used to identify cyclin E (K off et a l , 1991). It
avoids isolating mutants o f the GAL repression system but it cannot be used with libraries
expressed from the G ALl promoter.
The final strategy, more recently devised, places CLN3 on a reporter plasmid under its
own promoter together with a gene whose induced product is lethal to the cell. In the
example o f the Y28 strain, the reporter plasmid contains both a gene encoding diphtheria
toxin fused to the G ALl promoter and a hyper-stable DAF7-7 dominant mutant form o f
CLN3 (Steve Elledge, pers. comm.). The mutant Cln3 protein is not immediately degraded
and allows sufficient time for library cDNAs to be expressed after loss o f the reporter
plasmid before the strain is switched to galactose-containing medium. The G ALl promoter
can be used for library expression.
I decided to initially attempt complementation with the BF305-15d #21 strain which
contains an integrated chromosomal copy o f GAL1-CLN3 (Xiong et a l , 1991). This was the
original strain used to isolate human cyclin D (Xiong et a l, 1991) and has since been
successfully used to isolate cyclins from C. albicans (Sherlock et a l, 1994) dinà. A rabidopsis
(Soni et a l , 1995). The reversion frequency using this strain was reported in each case to be
low (less than 10"^) and the transformation efficiency was found to be high (more than
10"^ /pg library DNA). Since the strain is not compatible with library vectors containing the
G ALl promoter, I used the pADH-A library which contains the A D H l promoter and an
appropriate URA3 selectable marker.

The yeast screening procedure
My screening strategy required two selections. First, transformants were isolated by growing
the cells on medium lacking uracil. Then, complementing activity was identified by
transferring the cells from a medium containing galactose, on which expression o f G A LlCLN3 was maintained, to one containing glucose where expression was repressed.
It was feasible to plate the cells after transformation onto galactose-containing medium
and once colonies had formed, replica plate onto glucose-containing medium. This though
would have been an extremely laborious procedure to screen large numbers o f clones because
only 200 - 300 yeast colonies should ideally be grown on each 100 mm petri dish.
As an alternative, cells could be plated directly onto glucose-containing medium so that
only rescuing clones grew. This method suffers the disadvantage that expression o f a
complementing library cDNA from the A D H l promoter needs to rapidly reach sufficient
levels before Cln activity is required by the cell, since Cln3 protein previously expressed
would be extremely short-lived (Tyers e t a l , 1992).
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A further alternative strategy, which I chose to use, is outlined in figure 5.1. It involves
a growth period o f 3 hrs in liquid medium immediately after transformation, selecting for
transformants (no uracil) but maintaining Cln3 expression by the inclusion o f galactose,
before plating on glucose medium (Soni et a i , 1995). This allows time ïqv A D H I expression
to accumulate before selection, so that the numbers o f rescuing clones isolated is likely to
increase.
It was important that transformed cells were not incubated for too long in this liquid
medium because if they were allowed to divide, multiple colonies containing the same
plasmid would grow on the selection plates and make screening redundant. I chose a period
o f 3 hrs o f growth because during a trial transformation, BF305-15d #21 cells incubated in
the liquid media were found to have increased in cell number very slightly after 4 hrs and
significantly after 5 hrs, but not at all after 3 hrs.

The yeast library transformations
The first yeast transformations performed were used to estimate the frequency o f reversion of
the strain and to maximise the transformation efficiency. These figures were ascertained by
transforming the pADH-no cDNA empty vector library into the BF305-15d #21 strain and
observing the number of colonies that grew on plates selecting only for transformants
(minimal medium supplemented with 1% galactose and 1% raffmose) or also selecting for
complementation (minimal medium supplemented with 2% glucose). Raffinose was added
to the medium as a further source o f non-fermentable carbon because galactose is a poorly
metabolised carbon source by yeast. Transformation efficiencies o f 2 - 5 xlO^ /pg plasmid
D N A were obtained. No colonies grew on the glucose-containing plates from a total of
1 xlO^ transformants indicating that reversion was not a major problem.
9 large scale transformations were performed with my library DNA, as described in
Materials and Methods. A plasmid containing CLN3 under its own promoter was used as a
positive control. The pADH-A library transformation efficiencies indicated that a total of
2.1 xlO^ transformants had been screened for complementing activity.
The first yeast colonies began to appear on the glucose selective plates after 6 days.
Because some clones may have complemented only very weakly or the carbon source may
have been exhausted, the plates were left incubating for several weeks and the final rescuing
colony was first visible after 22 days. A total o f 21 colonies grew on the selection plates.
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cDNA ^

^

Transform

Q

c ln l
cln 2
G A L l- C L N 3
u raS

URA3

Plasmid library in
pADH vector

BF305-15d #21
yeast strain

Shake for 3 hours in liquid medium
selecting for transformants
(+galactose, -uracil)

Plate onto medium selecting for
transformants and complementation
(4-glucose, -uracil)

Figure 5.1 A schematic representation of the yeast screening procedure
DNA libraries in the pADH vector, containing the A D H l promoter and URA3
selectable marker, were transformed into BF305-15d #21 cyclin-deficient yeast that
had been grown on YEPGR galactose-containing medium (see Materials and
Methods for details).
Cells were then shaken for 3 hrs in liquid culture in YNB minimal medium
containing galactose but lacking uracil, in order to select transformants.
The cells were then plated onto YNB agarose containing glucose but still lacking
uracil to additionally select for complementing activity.
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The investigation of rescuing clones
Each o f the 21 potential complementing clones were streaked onto a YEPD agar plate to
achieve single colonies. Only 18 o f the clones were able to reform colonies, at varying rates
of growth. A frozen stock was made of each o f these clones.
Cells from each colony were microscopically examined and although a few colonies
consisted mainly o f cells o f near wild-type morphology, most contained a high proportion of
extremely large and amorphously shaped cells (data not shown). A similar phenotype was
observed in cln l cln2 double deletion mutants - similar to the G 1-arrested ‘schm oo’
morphology (Hadwiger e t a l , 1989).
To test for plasmid dependency of the rescuing phenotype, each clone was grown under
conditions selecting for complementing activity but not for plasmid retention, to allow
plasmid loss, and was then plated onto minimal media containing uracil and FOA. The Ura3
enzyme converts FOA to a toxic product so that clones still requiring and thus retaining the
plasmid expressing the URA3 gene would not be viable. Only 1 o f the 18 clones was able to
form colonies on the FOA plates indicating that it was the sole revertant.

The isolation of plasmids from the rescuing clones and their
re-transformation into cyclin deficient yeast
Plasmid D NA was recovered from each of the 17 non-reverting yeast clones and was then
transformed into E. coli and amplified to provide a stock o f plasmid that could be physically
analysed. The isolated plasmid was re-transformed back into cyclin-deficient yeast to verify
that it was responsible for the rescuing phenotype. This was because colonies may be
derived from more than one clone and also, several plasmids can enter a single yeast cell
during transformation (Elledge e t a l , 1993).
D NA was recovered from each yeast clone and transformed into bacteria. Plasmid DNA
was isolated from three separate bacterial colonies. Digestion by X hol was used to determine
the insert sizes and identity o f all three plasmids to provide a strong indication that only one
plasmid was likely to be present in each yeast ‘clone’. Of all 17 yeast clones tested, in a
single case there were two different insert sizes found amongst the three bacterial clones (see
below).
Each o f the 18 recovered plasmids was re-transformed into two different triple cln
strains. One was the original BF305-15d #21 strain used for the library screening, whilst the
other was the Y28 strain containing the diphtheria toxin plasmid described in the introduction
to this chapter. Complementation o f the Y28 strain would demonstrate that the original
library rescue was not due to an unexpected quirk of the BF305-15d #21 genotype.
All o f the 18 plasmids were able to rescue the cyclin defect of both strains o f yeast. By
contrast, the plasmid isolated from the clone that had been shown to be a revertant could not
complement either strain. Most of the rescuing clones formed visible colonies in 2 - 4 days
with both strains o f yeast, as detailed in table 5.1. However, two clones (#12 and #15 of
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groups VII and VIII) rescued the BF305-15d #21 strain much more weakly than the others,
even though rescue o f Y28 was at an average rate. It is also notable that in the case where
two different plasmids were isolated from the same yeast ‘clone’ (#4a and #4b), both were
able to rescue the phenotype. It was therefore much more likely that two different rescuing
colonies grew in close proximity on the original selective plates and were isolated together,
rather than the possibility that cells in one colony each contained two rescuing plasmids.

Group

Rescuing
clones

Rescued
BF305-15d
/days

Rescued
Y28
/days

Insert
size
/bp

Sequence analysis

I

14, 16, 17

4

4

2100/
1900

Sequence entire longest clone
(#14)

n

2 , 4a

3

2

1850/
950

Sequence entire longest clone
(#2)

III

3, 5, 6,
7 ,1 1

3

3

900

IV

8, 9, 10, 13

4

2

2000/
1900

Same as group I, but in
opposite orientation in vector

V

1

3

2

1600

Same as group I, but in
opposite orientation in vector

VI

4b

3

4

1300

Same as group I, but in
opposite orientation in vector

VII

12

6

2

1050

Truncated fragment o f
Dictyostelium cycB gene ?

VIII

15

11

4

1550

Truncated fragment of
Dictyostelium cycB gene ?

Truncated fragment o f
Dictyostelium cycB gene

Table 5.1 The classification of rescuing library clones into groups
The 18 plasmids able to rescue the yeast cyclin deficiency were initially classified into 8
groups by restriction mapping. Clones within each group required similar periods o f time to
form visible colonies when rescuing the BF305-15d #21 or Y28 triple cln yeast strains.
Approximate insert sizes were determined by X hol digestion (see figure 5.4). Partial
sequence analysis was then performed to further classify the clones and showed that some
groups corresponded to the same cDNA. Clones in group I were isolated in a reverse
orientation with respect to the A D H l promoter.
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The rates o f rescue o f BF305-15d #21 by the re-transformed plasmids ( 3 - 1 1 days to
form visible colonies) tended to be quicker than those obtained during the original screening
(6 - 22 days). This was at least partly due to the replica plating procedure used in the re
transformations, allowing transformants a long period o f time to establish colonies before
they were subjected to selection for complementation.

Some of the rescuing clones correspond to the Dictyostelium cycB cDNA
I wished to eliminate from my screen any clones encoding full-length or truncated versions o f
the previously identified Dictyostelium cyclin B protein (Luo et a l , 1994). To do this, I
performed PCR amplifications o f the plasmid templates, using primers based on sequence
flanking the cycB cyclin box-encoding region, shown in figure 5.2. These primers were
likely to identify any truncated cycB cDNAs (since all rescuing mitotic clones previously
identified encoded the region surrounding and including the cyclin box), but wouldn’t detect
novel cyclins related to the cycB gene (since sequence outside the cyclin box is poorly
conserved).
The results o f the reactions are shown in figure 5.3. A total o f 7 out o f the 18 plasmids
produced a band of the expected size (500 bp), indicating that they were likely to contain
fragments o f the cycB cDNA encoding at least the region between the primers. It was
interesting to note that two of these clones, #12 and #15, had rescued the BF305-15d #21
strain significantly more weakly than any other clone, as previously shown in table 5.1.

The classifîcation of the complementing clones by restriction and partial
sequence analysis
I initially performed Xhol digests o f each plasmid DNA preparation, which are shown in
figure 5.4, to determine the cDNA insert sizes. Since pADH is a single copy plasmid in
bacteria, it was difficult to recover sufficient quantities o f plasmid D N A to produce strong
bands on the gel. The insert sizes varied from approximately 900 bp to 2100 bp. By
arrangement in order of increasing insert size, several groups of clones appeared to have
exactly the same insert size. These later turned out to be identical cD N A fragments which
were likely to be duplicated copies in the final library o f a single clone in the original cDNA
library (see below). I performed further restriction analysis which classified my 18 clones
into 8 groups, shown in table 5.1. One o f the groups (group III) contained 5 o f the 7 clones
shown in figure 5.3 which appeared to be cycB cDNAs.
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Figure 5.2 Nucleotide and amino acid sequences of Dictyostelium cycB and rescuing
cDNA fragments
The nucleotide and amino acid sequences of the cycB cDNA are shown. The destruction box
motif (residues 49 - 58) and the cyclin box motif (residues 216 - 316) are highlighted in bold.
The sequences of oligonucleotide primers, used to detect cycB fragments in rescuing
plasmids by PCR amplification, are shown in bold italics.
At a later stage, the sequences at the 5' and 3' ends of the group III rescuing inserts were
determined and are underlined. The library adaptor sequences are also shown to indicate the
vector / insert junctions, demonstrating that the rescuing cDNAs encoded a polypeptide
truncated at both N and C termini. An internal A-rich region, where the oligo-dT primer may
have bound during DNA synthesis, is shown.
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Figure 5.3 The Identification of clones corresponding to the cycB cDNA
DNA from each of the rescuing plasmids served as template for PCR
amplifications. Oligonucleotide primers were based on DNA sequence
Hanking the cycB cyclin box-encoding region. pADH-no cDNA plasmid
served as a negative empty vector control whilst a plasmid containing the
full-length cycB cDNA served as a positive control.
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Figure 5.4 The cDNA insert sizes of the rescuing yeast plasmids
Plasmid DNA was digested with Xhol to reveal the size of the insert
cDNA. Clones were arranged in approximate order of increasing insert
size. The poor recovery of pADH plasmid DNA from bacteria meant
that some of the bands were very faint.
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To verify that clones in the same group were indeed identical, I then performed partial
sequence analysis using a flanking vector primer to identify insert sequence downstream of
the A D H l promoter. The sequencing revealed further groupings that were not obvious from
the restriction analysis (see table 5.1, final column). In particular, I found that cD N As from
group I clones were located in an opposite orientation to the A D H l promoter in the pADH
vector. These clones were still able to rescue the cyclin defect as well as many o f the
correctly orientated clones and contained the longest cDNA inserts. Expression must have
occurred from other sequences with yeast promoter activity present either in the pADH
vector or upstream Dictyostelium sequences.
The sequencing o f the group III 5' vector / insert junctions proved that the inserts were
indeed identical, truncated fragments o f the cycB cDNA. Figure 5.2 shows that the rescuing
cDNAs were truncated at the 5' end so that the encoded polypeptide lacked the first 128
residues o f the full-length protein, including the destruction box motif. A cycB cDNA
truncated only at this point would have produced an insert o f size 1080 bp, which seemed
larger than that observed by X hol digest (shown in figure 5.4, clones 3, 5, 6, 7 and 11). To
investigate this discrepancy, I also sequenced the 3' vector / insert Junction using the opposite
flanking vector primer to verify that the insert sequence ended with the poly(A)+ tail.
Surprisingly, the 3' end o f the rescuing insert was also truncated so that the C-terminal 29
residues o f the encoded cyclin B protein would be absent (shown in figure 5.2). This was
presumably due to the oligo-dT primer binding to an adenine-rich region o f the mRNA
during cD N A synthesis. Such a region occurs in the cycB cDNA sequence 17 nucleotides
downstream o f the 3' terminus of the insert. Thus, a small amount o f degradation at the 3'
end o f that cD N A before ligation to adaptors, which does sometimes occur, could have
produced this truncation. The entire rescuing insert was only 842 bp in size and encoded a
280 residue polypeptide, compared to the 436 residue full-length protein.

Discussion
I screened a total o f 2.1 xlO^ transformants. This figure is an order o f magnitude lower than
my cD N A library representation (1.5 xlO^ pfu), so there may well be other as yet
unidentified complementing cDNAs present in the library. My main consideration though
was to isolate a sufficient numbers o f clones (more than 10) to analyse further.
The 18 rescuing clones were initially classified into 8 groups by restriction analysis but
were later shown by sequence analysis to encode only 3 different classes o f cDNA. Table 5.1
shows that 7 clones corresponded to the cycB gene and 2 potentially novel cyclins were
encoded by an abundant class o f 9 clones (group I types) and a rarer class o f 2 clones (group
II).
The number o f clones in each cDNA class isolated provided an indication o f their
relative mRNA abundance. These ratios, however, were also likely to be influenced by any
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degree o f biasing during the cDNA library construction, as indicated by the fact that some
groups o f identical inserts were found. These were likely to be due to duplication o f a single
clone during the amplification or plasmid conversion steps o f creating the library.
The isolation o f inserts encoding fragments o f the cycB gene was extremely encouraging
because it showed that the yeast screen could successfully isolate a definite cyclin from my
newly constructed cDNA library. It showed once again that proven mitotic cyclins were
capable o f rescuing a G1 cyclin defect. Increasing lengths o f the cycB inserts (either 900,
1050 or 1500 bp) gave poorer levels o f rescue (3, 6 or 11 days respectively to form colonies
when re-transformed into the BF305-15d #21 strain) confirming that the best mitotic cyclin
rescuers were smaller fragments encoding little upstream o f the cyclin box, as previously
noted (Lew e t a l , 1991).
The sizes of different cDNA inserts within each of the two novel cDNA classes varied
considerably between 1300 - 2100 bp for the group I-type cDNAs and 950 - 1850 bp for the
group II cDNAs. In these cases though, variations in fragment sizes appeared to be make
little difference to the time taken to form colonies when re-transformed into either {clnl,
cln2, cln3) strain, indicating that they were each able to achieve complementation to a similar
degree.
The isolation o f group I clones in a reverse orientation to the yeast promoter was initially
surprising, but this style o f rescue had been reported before when a cD N A library in a
different plasmid vector was transformed into the BF305-15d #21 strain (Soni et a l , 1995).
The determination of the DNA sequences o f the two potential novel cyclins and their
homology to known cyclins is described in the next chapter. Since the screen had not been
saturating, it should be possible to isolate more putative new cyclins by simply performing
additional yeast transformations and selections. A high proportion o f clones isolated from
subsequent screening though would be cycB or group I cDNAs, because o f their high
abundance amongst the clones I had already isolated. Therefore, a quick and effective
screening procedure (such as a PCR amplification strategy) would be required to eliminate
these clones at an early stage and larger numbers o f transformants would also need to be
screened in order to have a high probability of isolating a new, rarer cDNA.
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Chapter Six
Two novel Dictyostelium discoideum cyclins
My yeast screen and subsequent classification o f the rescuing clones revealed two potential
novel cyclin cDNAs. I determined the sequence o f these cDNAs, which I could then
compare to known cyclins.

The DNA sequence of the group I and group II inserts encode open reading
frames
The group I and II cDNA inserts were able to rescue the yeast cyclin defect and did not
encode the previously identified cycB cDNA. I determined the sequence o f the longest
cD N A insert from each o f the two groups (clone #14 from group I and clone #2 from group II
- see table 5.1), to obtain as near full-length cDNAs as possible. I subcloned the relevant
X hol cut insert fragments into the Bluescript SK high copy number vector and sequenced a
series o f ordered deletion subclones generated with the aid o f the Erase-a-Base exonuclease
III deletion kit (Promega).
The contiguous sequences o f the two inserts, assembled from multiple overlaying
sequence fragments in both orientations, are shown in figure 6.1. The group I insert
contained a number of interesting D NA sequence elements. In addition to the expected
poly(A)+ tail at the 3' end of the insert, which confirmed that the insert included the 3' end of
the full-length cDNA, there was also a poly(A)+ tract o f at least 32 nucleotides and perhaps
as many as 70 nucleotides located near the 5' end o f the insert. This region proved
impossible to sequence through, so its exact length could not be determined. As a
consequence, the 14 bp of sequence immediately upstream o f the tract could only be
sequenced on one strand (though with multiple, matching sequence fragments in this
orientation). This region o f insecure sequence is shown on the coverage map o f figure 6.1 A.
The insert also contained several extensive runs o f trinucleotide AAT repeats which are
primarily located in the 5' half of the insert. These can be observed as TAA stop codon
equivalents in the first reading frame o f the ORE map, denoted by vertical lines extending
below the ORE.
The cD N A contains a 1767 bp ORE shown in the second reading frame o f the ORE map.
Although the indeterminate size of the poly(A)+ tract meant that the reading frame upstream
o f this region could not be deduced, there was at least one stop codon in all three possible
reading frames before any further methionine codons were encountered. Thus, the first start
codon o f the second reading frame was probably the correct one, so that the insert contained
the entire protein coding sequence o f the cDNA.
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Figure 6.1 The assembled group I and group II cDNA contiguous sequences
The contiguous sequence fragments were assembled using the M acintosh
Sequencer program (Genecodes).
(A) The group I (clone #14) full insert sequence.
(B) The group II (clone #2) partial insert sequence.
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The D NA sequence and corresponding conceptual translation o f the group I clone #14
cD N A insert are shown in figure 6.2. The 5' and 3' non-coding sequences are highly A+T
rich, a characteristic consistently found with Dictyostelium genes (Kimmel and Firtel, 1983).
The AAT trinucleotide repeats encode several runs o f up to 28 asparagine residues which are
strongly concentrated in the N-terminal half o f the protein. In fact, the whole protein consists
o f 29% asparagine residues and the N-terminal half has a very high asparagine content of
54%.
Comparisons between the group I protein sequence and known cyclins were performed
using the Basic Local Alignment Search Tool (BLAST) (Altschul et a l, 1990). The group I
protein was found to contain a motif with strong homology to the conserved 100 residue
cyclin box, which is highlighted in figure 6.2. Sequence comparisons using just this motif
reveal the strongest levels o f homology to a mixture o f metazoan A-type and B-type cyclins
(the most homologous are Drosophila cyclin A, leech cyclin A and starfish cyclin B with
40% - 42% identity within the cyclin box).
However, the region o f cyclin homology actually extends beyond the cyclin box in both
directions. In fact, a 214 residue continuous region from the ‘PHID’ sequence starting at
residue 308 to the ‘LTYH’ sequence ending at residue 522 shows appreciable homology to
other cyclins and in particular to plant mitotic cyclins, which have recently been classified as
A-types or B-types (Renaudin et a l, 1996). 27 o f the 30 most homologous cyclins identified
by BLAST analysis of the entire group I protein sequence are plant mitotic cyclins, whilst the
remaining 3 are from the cnidarians Hydra and Chlorohydra. The most related o f these are
maize cyclin B 1-2, then maize cyclin Bl - 1 and Arabidopsis cyclin B2-2 with 36% - 39%
sequence identity within this region. The group I protein shows greater homology to B-type
plant cyclins than to A-types suggesting that it is in fact a B-type cyclin.
The group I gene was designated the name N-rich cyclin, nrc A. Comparisons o f the
NrcA protein sequence with some o f the most related cyclins and Dictyostelium cyclin B,
using the DIAGON analysis program, are shown in figure 6.3. A noticeable feature o f the
NrcA protein is its larger size in comparison to the other cyclins shown in this figure. The
analysis demonstrates that there is only one extensive region o f homology (the region
discussed above which includes the cyclin box) between these cyclins and NrcA. Although
D rosophila cyclin A contains the greatest number of identical cyclin box residues to NrcA of
any cyclin, homology outside of the cyclin box does not extend over as large a region as does
the homology between NrcA and the plant or starfish cyclins. Dictyostelium cyclin B also
shows homology to NrcA within a similar region o f the protein, but again it is not as highly
related as the plant or starfish cyclins.
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Figure 6.2 The nucleotide and amino acid sequences of the group I cDNA
The contiguous sequence o f the group I cDNA insert, from the poly(A)+ tract near the start
o f the insert to the poly(A)+ tail at the 3' end, is shown. Asparagine (N) residues o f the
encoded polypeptide are displayed in bold to highlight their strong concentration in runs of
AAT trinucleotide repeats in the N-terminal half o f the protein. The putative destruction box
(residues 35 - 43) and cyclin box (residues 357 - 457) are underlined in bold.
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Figure 6.3 Comparisons between NrcA
and other related cyclins
Regions of homology between NrcA
protein (vertical axis) and related cyclins
(horizontal axis) were compared by the
DIAGON analysis program using a span
length of 21 and a score of 230 (Staden,
1982). The number of amino acid residues
of each protein is indicated and the axes are
scaled in proportion to the size of each
protein.
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A putative destruction box motif is also present in the NrcA polypeptide sequence shown
in figure 6.2. It is located close to the N-terminus of the protein, as is the case with mitotic
cyclins from other species. Comparisons of this sequence with the destruction box of
Dictyostelium cyclin B and a consensus sequence accumulated from 39 different cyclins are
shown in figure 6.4. The putative NrcA motif contains 6 out 9 residues common to the
consensus sequence indicating that it is indeed likely to be a destruction box. However, a
tyrosine residue has never been previously found in this motif (Yamano et a l , 1996).

RVALYDVTH

NrcA

RGALSDLTN

cyclin B

RAALGD IG N
T
VT

consensus

Figure 6.4 The putative NrcA destruction box motif
The putative destruction box o f NrcA is shown aligned to the destruction box of
Dictyostelium cyclin B and a destruction box consensus sequence derived from the sequences
o f 39 cyclins (Yamano et a l, 1996). Residues in the consensus sequence which are
conserved in more the half of the cases examined are underlined. Residues o f NrcA and
cyclin B that match the consensus sequence are highlighted in bold.

A coverage map o f the group II cDNA assembled sequence is shown in figure 6. IB.
Only the 5' 870 bp of the insert were sequenced out of a total o f approximately 1850 bp
because this region encoded a complete ORF, shown in the first reading frame o f the ORF
map. The remaining approximately 1000 bp o f the cDNA apparently encode 3' untranslated
sequence. The range o f 3' UTR lengths in Dictyostelium mRNAs has been reported to be
between 60 and 140 nucleotides (Kimmel and Firtel, 1983). This figure though is likely to be
an underestimate because the oligo-dT primer used for cD N A synthesis may bind to an
adenine-rich tract within the extremely A+T rich Dictyostelium sequence upstream o f the
poly(A)+ tail, reducing the length o f the 3' UTR isolated. However, a 3' UTR o f about
1000 bp still seems very large. Alternative explanations are that there may be a frame-shift
mutation which prematurely terminates the ORF or that the 3' sequence may instead belong
to another cD N A which was ligated to the group I cDNA during the adaptor / cD N A
ligations.
There were no termination codons upstream of the first methionine codon o f this ORF,
in-frame or otherwise, indicating that the true 5' end of a full ORF, encoding the N-terminus
o f the full-length protein, may be absent. The nucleotide and amino acid sequences o f the
partially sequenced group II insert are shown in figure 6.5. The sequence upstream o f the
first methionine is more G-kC rich than would be normally expected for 5' non-coding
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sequence (Kimmel and Firtel, 1983). I did not have sufficient time to search in my libraries
for inserts which encoded the 5' end o f the cDNA. Trinucleotide AAT repeats were also
present in the group II sequence, though in this case they were located immediately
downstream o f the ORF in a different reading frame and can be identified as TA A stop codon
equivalents in the second reading frame of the ORF map o f figure 6. IB.
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Figure 6.5 The partial nucleotide and amino acid sequences of the group II cDNA
The sequenced portion o f the group II cDNA insert is shown. The true start methionine of
the full-length protein may be missing, so the conceptual translation is shown from the start
o f the insert. The first methionine encountered in the correct reading frame is shown in bold.
The region of the protein showing weak homology to the S. cerevisiae cyclin / cyclin-like
proteins ClnB, PhoSO or Hcs26 is shown underlined in bold.

BLAST analysis with the group II polypeptide sequence revealed much weaker levels of
hom ology with other cyclins than NrcA had. Three cyclin-like proteins did have detectable
hom ology with the group II clone and were the S. cerevisiae Cln3 cyclin and the PhoSO and
P ell (formerly known as Hcs26) cyclin-like proteins. The regions o f weak homology
identified by the search are shown in figure 6.6.
Although CLN3 mRNA and protein levels vary little during the cell cycle, the
Cln3:Cdc28 kinase activates the late G1 specific transcription factors SBF and MBF, which
in turn mediate the expression of CLNl, CLN2, CLB5, CLB6 and S phase proteins, in a cell
size dependent fashion (see Introduction and Koch and Nasmyth, 1994). Both PhoSO and
P ell associate with the CDK homologue Pho85 (see Introduction and review by Cross,
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1995). The Pho80:Pho85 complex is a transcriptional regulator which negatively regulates
the Pho4 protein by phosphorylation in medium rich in phosphate and appears to have no cell
cycle role. P ell also binds to Pho85 and though P C L l transcripts are cell-cycle regulated
with levels peaking at Start, its role is unknown. These weakly related cyclins suggest that
the group II cyclin may not have a direct role in the cell cycle, or if it does, it is more likely to
function early in the cell cycle around G1 or S phase.
Sequence comparisons by DIAGON analysis between the group II polypeptide and these
proteins are shown in figure 6.7 and indicate that the homology is detectable but very weak
and scattered compared to that of NrcA and its related cyclins. The group II clone shows
22% amino acid identity to Cln3 over a 100 residue region whilst homology to Pho80 and
P ell is significant over even smaller regions. There is no detectable group II cyclin box
m otif besides a MERRFL sequence (residues 164 - 169 in figure 6.5) homologous to the
MExxxL consensus sequence found close to the end of the cyclin box and in particular to
MERHIL found in S. cerevisiae Clnl and Cln2 and S. pom be P u d proteins.

Extensive AAT trinucleotide repeats present in the rescuing nrcA insert
are also present in nrcA inserts in a bacteriophage library
Midway through the sequence analysis, it became apparent that both inserts contained runs of
AAT trinucleotide repeats which encoded asparagine residues in the case o f nrcA clones and
non-coding sequence in the case of the group II clones. I decided at this point to pause
sequencing and to quickly verify that the repeats in the nrcA insert were still present in clones
from one o f my original, amplified bacteriophage libraries. This was to demonstrate that the
repeats had not been inserted by a replication defect or recombination event during one o f the
many bacterial cloning steps or the yeast screening procedure, subsequent to library
amplification. This would not preclude the possibility that these repeats had been inserted at
an earlier stage in the library construction.
I searched for such cDNAs in the A,YES-A amplified bacteriophage library. I performed
PGR amplifications using one flanking vector primer and another that bound to sequence
complementary to that encoding the ‘PHIDIDEQ’ motif (residues 309 - 315) o f the nrcA
cD N A shown in figure 6.2. Therefore, only inserts encoding DNA upstream o f this region
would be amplified. I obtained PGR fragments o f 2 different sizes from 3 separate reactions
and determined their DNA sequence by linear amplification sequencing of the PGR fragment
templates using the Gyclist kit (Stratagene) (data not shown). Each o f these sequences was
identical to that of the rescued nrcA clone, proving that the trinucleotide repeats were indeed
present in cDNAs from the bacteriophage library and were not cloning artefacts.
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Figure 6.6 Regions of homology between the group II polypeptide and other cyclin-like
proteins
The short regions o f homology between the group II polypeptide and the Pho80, Cln3 and
P ell proteins, identified by BLAST analysis, are shown. Numbers indicate amino acid
residues o f the proteins. Consensus sequences identify identical amino acids and
conservative changes (marked by ‘+ ’).
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Figure 6.7 Comparisons between the group II am ino acid sequence and
other cyclin / cyclin-like proteins
Regions of the group II polypeptide (vertical axis) and the related S. cerevisiae
cyclin Cln3 and cyclin-like PhoSO and Hcs26 proteins (horizontal axis) were
com pared by the DIAGON analysis program using a span length of 21 and a
score of 230 (Staden, 19S2). The number of amino acid residues of each protein
is indicated and the axes are scaled in proportion to the size of each protein.
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The nrcA and group II clones produce polypeptides in in vitro translations
The constructs that I had already made in the Bluescript SK vector background could be used
to perform in vitro transcription and translation reactions. The vector contained the required
T7 RNA polymerase promoter, though the presence o f extensive polylinker sequence
immediately after this promoter often results in inefficient reactions. The translations would
determine whether the cD N A inserts could produce the 588 residue NrcA polypeptide and
the 229 residue group II polypeptide (if the first methionine encoded by the insert was the
actual start methionine) expected from the conceptual translations. This would confirm that I
had not made any frame-shift errors whilst interpreting the DNA sequence. I also in vitro
translated clone #9 from group IV (see table 5.1). Sequence analysis at each end o f the insert
o f this clone had revealed that it encoded a fragment o f the nrcA insert ranging from 20
nucleotides o f the poly(A)+ tract at the 5' end to the 3' poly(A)+ tail, but in the reverse
orientation in the original vector. It should therefore produce an identical band pattern to the
translation of the nrcA clone in the reverse orientation.
I prepared mRNA by T7 polymerase transcription o f the nrcA, group II and group IV
inserts in both orientations in the SK plasmid. I translated each clone in a rabbit reticulocyte
lysate mixture. Figure 6.8 shows that polypeptide bands besides those present in a no mRNA
added control (lane 7) were produced by the nrcA insert only when translated in the
equivalent of a reverse orientation with respect to the A D H l promoter o f the original yeast
vector (lane 2). The presence of multiple bands was likely to be due to internal translation
initiation or premature termination o f protein synthesis. Some polypeptides o f about the
expected molecular size (65 kDa) or even larger were obtained. The NrcA polypeptide may
migrate anomalously by SDS-PAGE analysis due to the presence-of the long asparagine
repeats, which could account for the larger bands. Experiments described in the next chapter
show that one o f these bands does correspond to full-length NrcA. An identical polypeptide
band pattern to that o f the nrcA clone was produced by the group IV insert in the opposite
orientation, as expected (lane 3). As predicted by the nrcA ORF map, no additional larger
bands were produced by the nrcA clone translation which were not present in the group IV
translation, in spite of the additional sequence upstream o f the poly(A)+ tract in nrcA.
The group II clone translation produced two strong polypeptide bands o f about the
expected size (25 kDa) in the expected orientation (lane 5). Fainter higher molecular weight
bands were also visible in this orientation indicating the possibility that ORFs longer than the
one that I had detected may have been present in the full-length group II insert. This would
mean than I had made a frame-shift error whilst reading the D NA sequence. I re-checked the
sequence o f the fragments but could find no such error.
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Figure 6.8 The group I, II and IV cDNA inserts produce polypeptide
bands in in vitro translation reactions
mRNA was prepared from the #14, #2 and #9 inserts in both orientations in
the Bluescript SK vector, so that the inserts were in the equivalent of a
forward or reverse orientation with respect to the A D H l promoter of the
original yeast expression vector. The mRNAs were translated in a rabbit
reticulocyte lysate mixture containing [35S]-methionine.
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If I had had sufficient time, I would have sequenced more o f the group II insert to
discover whether the remaining, undetermined sequence was G+C rich and encoded an ORF,
indicating that the stop codon of my putative ORF was incorrect. Smeared higher molecular
weight bands were obtained in the reverse orientation o f the group II clone (lane 6), but
fainter equivalents were also present in all other lanes, indicating that these were artefacts.

Discussion
The presence o f runs o f asparagine repeats in Dictyostelium proteins is not uncommon (see
examples in figure 6.9 and Shaw et a l, 1989). In addition, many Dictyostelium proteins also
contain runs o f glutamine repeats (present in the histidine kinase A and PIK3 sequences
shown) or threonine repeats (present in the dokA protein sequence shown). These are all
encoded by AAT or AAC trinucleotide repeats in different reading frames. It is unclear
whether the repeats have any significance or are mere peculiarities o f Dictyostelium which
have no functional effect. The presence o f two regions o f repeated sequence would,
however, normally be expected to make the DNA susceptible to recombination.
I have shown that AAT repeats were present in the inserts o f an original amplified
bacteriophage library and were not cloning artefacts introduced at a later stage o f library
construction or screening. This was unlikely anyway, because the yeast screen had isolated
several independent inserts of different lengths encoding fragments o f the same cD N A which
all contained the repeats (see Chapter Five). I also searched for the presence o f intron splice
sites in the sequence, in case the insert that I had isolated was actually derived from
contaminating genomic DNA present in the RNA preparation used to synthesise the library
cD N A. Dictyostelium intron splice sites have consensus sequences o f /G U AAGU at the 5'
exondntron junction and AUAG/ at the 3'junction, where underlined nucleotides are
absolutely conserved and the splice site is marked by '/' (Grant et a l , 1990). Additionally,
the introns are on average 94% A+U rich (Kimmel and Firtel, 1983). Neither the nrcA
or group II cDNAs contain sequences with strong homology to the consensus splice sites.
There are a few weakly matched sites, but the D NA regions between these putative 5' and 3'
splice sites do not have a sufficiently high A+T content for them to feasibly be introns.
The asparagine repeats of the NrcA protein are restricted to regions outside o f the
conserved cyclin box and destruction box motifs and are found only in regions o f the protein
which are also poorly conserved between other cyclins. Thus, Dictyostelium may have a
tendency to replace functionally insignificant residues with asparagine residues, to offer an
‘evolutionary in vivo' mutational analysis o f the protein!
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Histidine kinase a (Wang et a i, 1996)
MELKTFKDLNDDIIGDTSPVINTGD. PNPLRTÛÔQQIiaQQQQaaQ<2QQQOQOC<SQüOQQQC<2QQ'SQHHIPQQLYQKOQOQCHSHSYGNHSFIHNVSPTSPSYDINNN
NNNNNNNNNNNNNNNNNNNNSNNNNNNNNNNKinmiNNYYYSPIENSNISKSLEESVLNCFPHNFNLNSSNNNYLNNSSSLHNIN SVNSLSNNNNNQTNOÇPINNN
NNNNNNNNNNNSNNSNNSNNNNNGNNNNNITDSPTKSKRHSTYETNIGSHORRKSIQSLIANSAIHSFSKLKNKPLSSSTPSTVNTCGAVNNNSNNNNNNNNNSTGS
LGAIPMDRSFDGNINTITEESTGGNNSPRSNCGSNCGSNGGIPLSPRNLSSLNSGVNVSPRNIHLNNLNNNSSNLPPLSPRHINFHINVSNLNNNNNNNINPNNNPN
NSNNSNNNVSPRNNNHNISPRGSNISPRSNNGGSTTISPRNISNNNNIINNINNNNILTPPRNSPRLENVNPTNSPRLLATSLNSTLPIVSSLTSSNNNN’SNNNTN
PSINNNNGRNGHCIQTISEEILGNKPWYNNGNNNNNNNTNNSTTSNNNITTNNNNNNNNNINNNVLSTPRKRTKGNHSKTNSLQDFETSSMNGGDDSISGAGSGGS
LRRRNKDDNDEtTOGNSNNTNSNNSITONNNNNNNSSNNNNNNSNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNYHNGATMMMSHNHQSIGMSSSP
k k n n f k p f s r n c s l m g m g r r a w a i i l g l f i v g s s i s i l a t l v l r y s e e n s i a d d f a r v a r d r f t m l r i e f n n r l y i t q t l s l l l s v f p s t s e d ;^f v p f s k l w s d n a e
GLEGIMWAPRVSNLDRYTWEIEHSVKIREIVTNPNNSSDMRDVPAAAASDYYPILFSEPOSSNDHFKGYNIYSDMWRRPSLNKTRDTGEKVSVASPYINKLANVPKN
SRSNVLLYIYQAVYTYGKVLSTVEDRRHEVIGFASCRFFISRMVSASLi'RLTEEDSLDLYVFDLDSTPIGELIYYRASNAGNDDGSSPTNIMNGKMLEDRSDMIYYN
TMNVGGRNWMIALRPSRKFTNKHYTFYPYAIGGVCMLLSALVSFWFAVNTKHNIKLSATNEDLHKEIYNRKLAEKALAESQERLELAMEGSEDAVWDWKVNTGELHI
SSRWFOILKAHDTSYQSRTLYEELKSSSTNNLNFKGDSKNGGSNNGTFNLFKNGKVDSSSP<,iSITNVNTTNGGGGGELRKSNSGYLYNDELFSPIILEEMVSSPNTH
OLAIWNMKFLAELIHPDDKOKFISEIKKTITRETAIMEIECRMRKKYGGYLYIIMRGKWSNETSFKDNSLRMAGTLRDMTSRKDMQRLILEKEAAEEANKAKSAFV
a t v s h e v r t p l s g v ig v s d l l l e t n l s e e q r d y v q t iq k s s q a l l t iin d il d y s k l e s r q l k m e t l p f s iie t c q a v ih m l s v a a n d d v d il l r v p p n v p r iif g d
AM RM RQ VLLN RLSNA IK FTSRGH V LTD ISV D DSIPPTN TEEEIIHLCITIED TG IG IPQ SLFDSIFEPFS vADNSTTRKYGGTGLGLSITKRLIEEVMGGTIQVSSI
v g q g s k f k c i i p f l l p n t s p s d l n l i s p s s l p k p f i n r s p k s t y s f t d k k n s v p s t p i p s g d i l i n k v c l l i c r d t v t e l v f k e c l e w l g m i v k ;»v p r n v i d s i k n t

ILN N NNNNNNNNNNNNNNSNNSSSIISPSSLDYSDENEHLDLVLIDLEILTEHLKIPSNVPIIFITPTKFNISKHNGILNKW ITKSPNlrRVELIRRPAITDKLIPII
SKCIKSQVQFTSGSSQLQSaOANLÜ<JQLLHgQLCNNGQTLNNNYNSGGIGGGGGGGGSNTMNGSS(3JLSNiniNFG : TPLSSGLVLLVHTGRTPPLFNNNGNSIIPPL
ELAVDHHGNvQaQLYQQQQQV NNSSGNFQQFYQCr NNNSNNSFTPTLPNENSNNSIMNNSLNNNNTTPSNVTPTLFTSSPLDLQGRDTPVLQPPAYRKKALIVEDN
ELNRKVLAaLFKKIDWTISFAENGREALKEITGERCFDIVFMDCOMPVLDGFQTTKIIRSKERENNWKRMNIVALSAGSSSSFVCDCLDSGMDSFMGKPITLATLKD
ALAKWGGYNN

Histidine kinase, dokA (Schuster et a l, 1996)
MSSPHIELHSQRTLSPQPSSNNFELTGNKSCALSASLNGSIDDLNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNDGDKNDKKLLIITNAPTPPLTPPO
PTKTQQTLLELN,KFQEQQOOQÇiQO.QQLCKQNKôQOSOKQQEEPPSSOCEEPPLSQQQQEOEQEQEQEQEOEEOSKÇKIEGKGGGGEEEECEGGGGGEGEGEEQFKE
GDEEETRVLKLIQSTNNW IYW YRRSSLOINEASPKLIC-TPSVDRTLCILDSLPCPIFQIGIIENTENGNITLTGFANERLTTLLSCSSNLLVDSLKSIPSPHYNTVP
SLESCNSIPINNLAPGLLPNTDPTKILDPYISLYNKK-SLKERYSNNNNNTNTNNNNNNNNNNNNNNNNNNNNNNNDTTTTTTTTTTTTTTTTTTTTTTTTNESDNNN
n n n n n n n n n n n n n n n n n n n n e e ik ::n t k e g e e i l h e s t n s t g t g n s i s r p n s i l q c i l d s f h e q k t i t e k v l l s n f l i r q q y k s r a t i k p f p d g c i c i f e y i e n i n l
NYQQPPTSLNDRINSTNKLTNEMELLSLSPDSNHSHVvKLHNHNHNHHNHNHNNTTiRASSTDSPFIHSVSANSLSSMSSNSSVTSACASLSSNSSSNSNNNSNNAS
SSNCSSNANSNNTNSSSSNCCCCCNNNNNNNTSSTSSTISSASSTKSKSYLHOftHKNSKVYSTLLNSFENLSFLLKSTPIIIWRADHNGEMVFFKKSDEIPIDEKKV
VGNNFQDFLQWVPQTYRTNFQEMFvNSLKCGKIFEFLFWFQTP; NYVQLFKIAGYPIFHIDGKDCIASKRYLIGWLGVTYNYLINDGAEISIKGSANLDSMYEKFKI
lYEMPNIERTKLTNNGISSGGDITNANNNGGSSESSNKILEKKKHLISEAEKECFLKCKETYNILFKLSLLGVMFSTFKGIILDANDMLLgTIGYTRGDLENGKIDW
MLLTPPEHFEISARALwELKAKRWC<^PIEKAYIHKSGKRVPVLITSAMIDGSTE;fCITFVFDLSRYRÇAEMAAIEATRLKTQFITNISHELRTPCHGIVGMSQLLLD
SQLTNTC'RDNIDSIKRSTDSLISLINDILDFSKLEYGKVTLENESFELLPMIEEVLDSOATAANRKGIDLIFVMGRDYPVPPVIFGDRNSLKKVLLNLVGNAVKFTE
TGFVLLEISTDYESGDglSLRFTVKDSGIGIPENKIEJIFVPFGvIDGSFSRKYGGSGLGLSFCKELVALMGGYIRVESGDQEGGKGTTFWFAIKVSISSPSYLPNS
VPAAN,iFFYPEYRPSHYNNVIGNGDSPKNVLIIESN,:MVIM SI0SILLSM KCECISASKAITALDLLESSKSTEN,;IDIIVCSDKSTFVaQILDYVTTEKVILYGVD
PNSKYNENSKVYSYLVTPITHSKLISSILLSKNLKSKNSFLTTTNNTNNTNNTNNIENKSSIDSPLSITSTSSSIITPILTSNNLDLNNNNNNNNNSILVSNNGGVD
GGNNVPSTLTTIQQSCPKKYILVAEDNDINIKVWRgLEKLGYTAIVGINGLKALEIIGSFPICLILLDCOM PC’MDGFTCSTILRQIEPTGÇRIPIIAMTANDSKDR
CFEVGMDDYLSKPVRVDRLQKTLSDWIKTDENGNPTNSYNFYPLSYSLVYNNFIDTvJLKKEKNDD

Protein tyrosine phosphatase, ptp3 (Camper et a l, 1996)
MISSSMSYRHSTNSVYTLNPHLNIPISTSTTIPPTSFYANNTPEMIOSQSENTNTNNINNSSSNINNNNNNTPDSMSMSTSLSSSPSVSFNHLDLNSINNKINNNTT
TNNNOTJNNITONDDKFDTNALKLSOTMIIKNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNSNSNIEINVPSIQFDNEPAMEVDSVAPL
NVPSNHTRTTLAMHNTKSLSTSNIGLLNILPNgwSSSSSSLSSTTTTTTTTSSSLLMPgSLFNNSTYNNHHNNNNSSNAGIVGGLNGSTSSLPT.'AQVQLOgMQQCM
QQHQQHQYKKANLSSLSTWDNNLNNNPMNTSTSSPAQPNASPFSFSSSSLFSNSSLSNSGSGSASTTSTSTSSSNSMSSSPPPSLKTSFSQLDEDREKMRLEFEMI
KKPEMASKKSHKHHORHYSHNDLDNRKHDEEKFFSALv PNNYGKNRYHDVLPNESTRVRLTPIESGDGDYINANYINGEVFNSYRYYIACgAPLPSTIKDFWRMVWE
e r s s v iv c l t k l e e n g k k k a d v y y p e t s q a q e y g s f w i h l h k k v m f k d i g v s s l h l y k k g e e f p r e w l l h y t

w p d c g a p p s s s h ir t l s v m v n t f k a r g s a k n t n

GPVIVHCSAGIGRSGTFISININMAKIERFGNDPSOMNISIKDSVLELRRORRGMVQTLDgY IFIFK VIN D VLTD M G IRSLSSPSK RRSCEM IK STPM PRLDISIPP
PLTFTPK DFCSSISPSTD M IA SLSIITvM TOTLKFPPQOQ.DNPFSKSSIKISPSPLNSTNISIPKN;:vF{JHPFQIQPQLDLNLgOSQQQSSQOLNDNPPLNM SSNS
IKFPPVTSLSSCHLFEDSKNNDNNNKQQOOQQQQQ v KNNOQCSGFSHFLNNNNNNDNNGSSGGGFNGSFLFNSNNSGSSSTNSECENNNKNNNNNSNNNNNNNNNKN
SDNNGTKDKDENDSCESPRVTPIKCF

Phosphatidylinositol-4,5-diphosphate 3-kinase, PIK3 (Zhou et a l, 1995)
EQLEFTIKDLIDFKENYDKLESTEgFKÇWSNLIKNIKENSLNNSNIYLTIPTTC'NLINNNNNNNNNNNNNNNNNNNNNNNNNNNVIIPSASTENKEENDNNNSNNNN
NINLSPDSSITKDINITENKITEIKTTETKETSTGTSPLEKSPSKGFIISPKKPEEENEIEGETINNIAITOYTQGPSMLTLMKKKLENIKKNNNNNNNNGNGNNNS
NNNNSNSNNNNNGISPSSSPPSHLNGNNNNNNSNNTNSNNTTNATTNSVGFSITMTOSNSLSVSKRMNKFKSWTSSKPTSSSIGFASSPvNNGKPUlISGSSRFFTS
RgDSKIDLLKSPSSSPPTv'SDIFNENNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNEELINNNNNNNNDENYKIEETEESLKELLEKEKLENEEREKILKERNEID
NLKKKNHLSKGYFMRACNASNDDGLEEEDIPLvDEHWETNVIVLLPCRHHVKVPGSSSSSIDSIRCLAWASGKMOGHLNLEKDEKFFTLRWCNKDWFDCiDTPLGHL
IQYNLNYNNPT KPTNIKLELVLEDELCKERLVDLQSLEINNGRPSIWKSHIDDVLSFNRKLRELAMLAKP'/SNVPAARLTPYPPPKTIPEFFVIRVHLFKNgTKSL
RCANNHTAFSLMTILSEKLKNTTPFDPTQYRFLITGINQYVDPNVPLLSVEYIVEKIKRKGEIDLTMVELLSLGLIIQQ0QgQQQQ<J0QQQQ0Qi2IENIDDENILKL
NNGILNVLSKIEKPIREKDNCISSLTVTENLgVRLLHAHEIFASKASEIIGTDSPSIQLFIEAAVYFGGELLATQSSKLVSFQDTWWNEWVNIPLAVSNIPNGARM
CLGLNARYRGDIFNIGWVGHRLFDSKGILNTFAPFSLLLWPGKINPIGTCVDNLESKDOAIIIAFEFKDYWPKTIHYEDDLIELISKDENGNELPWTMEEMDRVE
OIILODPLYSLNKEERLLIWKSRYFCHTKFgALSKLLC-SVEWTNYKgVGEAFOLLKIWPTLSAVDALELLDPKFADCVEIREYTVKCLDCMSDYELEIYLLCLVCAI
KHDVFHNSVLSLFLIGRVWgNMOVLGHPFFWHLRADIDNQEVCERFRVLSSGFLRYAPTgLMESFKREITTLRILENLAKRVKEVPYEKRKQYVENNLREEQSFPTE
LFVPFDPSIRILNIIPEKCKSMDSAKVPLWVTFKNADPFAPPLQMIAKTGDDLRQDILTLQLLRLMDHMWKSODLDLHMTIYRCIATGMGTGLIEWPNSETAARIQ
AGAGGVSGAFKQTPIANWLKNHNQTENSYQKAVSKFTLSCAGYCVATYVLGIGDRHNDNIMVDIHGHLFHIDFGHFLGNFKTFAGFQREKAPFVLTPDFVYVIGGKD
SPNFAFFVDICCKAFNIIRSNAHVFINMFELMLSTGIPELRSENDIVYLRDKFRLDLTDAEASEYFKKLIHESIGTLTTTINFAIHIMAHRKNLVSGNSAPKIGSAS
SLNLNKNKPSSgSKLDLSRSDLSRSDSSRSDSSRLDLSRSDKKNNKDNKEKEKEKEKEKEKENNDNNDKDNNNNSNNDTEKENSIDK

NrcA
MNQTLSNENDEVKRSSSNKRESPFPQEDTNKNHKRVALYDVTHaQNIQPQPFNVNNNDCLVNNNYNNNNNNNNNNNYNNKNLMAKPIQSNKNNSIITASNIPSTFNN
TATNNSNNNNNNNNNNNINNNNNNNINIISNNNNNNNNNNNNNNNNNNNNNNNNNNNKLKS . TVNGGIKTENLPSKNNNDNNSNSDDSNNSNKTNvTQODNSNNEIA
PPTKPNNNNNNNNNNNNNNNNNNNNNNNNNNLTENENNELNNIKNNNNNNNNNNNNNNNNNNNNNNNNNNNNKENNSLEKTFHAHIHADFSHVPHIDIDEQFGACOI
LCAEYAEEIFDNARKN WKT. PTDYM- NQSELKPGMRAILIDWIVDIGCELGVKNETIYLSINILDRYLSLOPVTRNEFOMIGACAFFIAAKYEEYKGACPQFIIQS
AGEFFNVDQLLECECKMLKTLNFSLCTPTIKFFLGRYLIAVGDSDISHVAHLFGELSLLEVNLINYPPSVIAAACVYLACLVLQKgWTTTLTYHCRVEVNDIYFQKC
VRFIYDKFQSNESETYSRTIKSKYAYVFDIFNKYSSNgSSSAPFCNKQOLIYS

Figure 6.9 Dictyostelium proteins which contain runs o f asparagine repeats
The polypeptide sequences of several Dictyostelium N-rich proteins, in addition to that of
NrcA, are shown. Asparagine residues are highlighted in bold. Glutamine residues also form
repeats in many Dictyostelium proteins and are shown here as faint residues.
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Similarity trees and alignments o f the first 60 residues o f the cyclin box (the most
conserved region) o f many cyclins, including NrcA, were shown in figures 1.1 and 1.2,
Using this analysis, Dictyostelium cyclin B is closely related to plant B-type cyclins. By
comparison, NrcA is not closely related to any particular group o f cyclins but is more similar
to A, B and E-type cyclins than to D or F-types. The sequence analysis described earlier in
this chapter though suggests that nrcA is a mitotic cyclin.
Both novel classes o f cDNA able to rescue the cyclin-deficient yeast are related to
known cyclins, demonstrating that the approach o f yeast complementation to detect new
Dictyostelium cyclins can be successfully used, whereas other approaches had not previously
worked. nrcA was not detected by low stringency Southern blot analysis with a probe
containing most o f the Dictyostelium cDNA despite its extensive homology with mitotic
cyclins (Luo et a l, 1994). This may be because although cyclin homology is strong at the
amino acid level in certain regions of the protein, homology at the D NA level is extremely
weak.
Neither cyclin was isolated by extensive attempts using PCR amplifications with
degenerate oligonucleotide primers based on several highly conserved regions within the
cyclin box. This was despite strongly conserved cyclin box residues being reasonably well
retained in the NrcA protein, as shown in figure 1.2.
I had a limited amount o f time left available to perform experiments and decided to
concentrate exclusively on the nrcA clone, a full-length cDNA encoding a protein with strong
cyclin homology, rather than the group II clone which was only a partial clone with very
limited homology to cyclins.
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Chapter Seven
The nrcA gene
In the limited amount of time left to characterise the nrcA gene, I decided to concentrate on
three areas:
1) The interaction between NrcA and Dictyostelium Cdc2. This required the in vitro
translation o f a single NrcA polypeptide band. So far, several high molecular weight
polypeptide bands had been obtained by in vitro translation of the nrcA clone (see figure 6.8).
This was likely to be due to the use o f the Bluescript SK vector, which is not optimised for in
vitro translation but was convenient to use at the time because the required constructs had
already been made for sequencing reactions. I decided instead to subclone the nrcA gene into
a more suitable vector to try and obtain a single translated polypeptide and to then study the
interaction o f this with other proteins.
2) The level of NrcA protein present in cells during growth and development and
possible fluctuations during the cell cycle. This required the production o f an anti-NrcA
antibody.
3) The possible function of nrcA in the Dictyostelium cell cycle. This could be
investigated by gene disruption, overexpression o f anti-sense RNA or overexpression o f the
protein, which are all well established techniques in Dictyostelium. Disruption o f a large
number o f Dictyostelium genes, including those involved in intracellular signalling
(Hadwiger et a l, 1994; Johnson et a l, 1993), chemotaxis (Jung and de Hammer, 1990) and
multi-cellular structure (Morrison et a l , 1994) have yielded information about their function.
None o f the three Dictyostelium cell cycle genes - cycB, cdcA or crp - have been inactivated
by this method. Disruption of the nrcA gene may have resulted in no observable phenotype
since cyclins are partially redundant in many organisms, requiring the inactivation o f several
cyclins to observe a phenotypic effect. For example, S. cerevisiae strains are still viable
when only one mitotic cyclin gene, CLB2, is expressed instead o f the C LB l-4 genes found in
wild-type cells (Richardson et a l, 1992; Fitch et a l, 1992).
An anti-sense RNA strategy has also been successfully used to investigate the function
o f a number o f Dictyostelium proteins including those involved in intracellular signalling
(Sun et a l, 1990) and cytokinesis (Liu et a l, 1992). However, this technique would again
not be successful if the nrcA cyclin was redundant.
The overexpression o f a truncated version o f Dictyostelium cyclin B, lacking a
destruction box, had already successfully indicated a role for this cyclin (Luo et a l , 1994), as
had the overexpression of mitotic cyclins in other organisms described in the Introduction.
Performing overexpression o f the nrcA cyclin in vivo offered the best prospect o f discovering
the function o f this cyclin and would still provide information even if the gene was
redundant.

135

The nrcA cDNA produces a single polypeptide band in in vitro translations
I subcloned nrcA into two different vectors to try and obtain a single polypeptide band from
in vitro translations. In one case I cloned the entire insert fragment rescued from yeast into
X hol cut pGEM4 vector, which contains the T7 RNA polymerase promoter. Additionally, a
PCR fragment was generated encoding only the full ORF of nrcA with a N col restriction site
engineered at the 5' end and a B ell site engineered at the 3' end. This was subcloned into the
E SPl 1 construct, an in vitro translation vector containing the Xenopus cyclin A l cD N A
described in Chapter Three, from which the cyclin A l ORF and the c-myc tag had been
removed by a N col / B ell digest. The final construct encoded the full nrcA ORF with
Xenopus cyclin A l 5' and 3' untranslated regions. These sequences would be expected to aid
the translation o f the nrcA cyclin if elements in the native Dictyostelium sequences were not
recognised efficiently by the in vitro extract.
Both constructs served as substrate for in vitro coupled transcription / translation
reactions in a reticulocyte lysate mixture. Figure 7.1 shows that no bands were detected
when D N A was absent from the reaction (lane 1) but nrcA in both ESPl 1 (lane 2) and
pGEM4 (lane 3) vector backgrounds produced a strong polypeptide band o f approximately
75 kDa. This was larger than the predicted size of 65 kDa, which may be due to the
extensive asparagine repeats causing the protein to migrate anomalously during
electrophoresis. An experiment described later in this chapter, in which a truncated version
of NrcA which lacked the asparagine repeats migrated at its expected size during
electrophoresis, supports this view. The identical size o f the bands produced from the nrcA
ORF and the whole insert rescued from yeast provides further evidence that the ORF
identified in the insert was the correct one. The production of a single, prominent NrcA band
in in vitro translations was a large improvement upon the multiple, weak bands previously
obtained by the translation o f nrcA in the Bluescript SK vector (figure 6.8).

Dictyostelium Cdc2 may bind more strongly to NrcA tban to Dictyostelium
cyclin B
I performed some preliminary in vitro binding experiments to try and determine whether
NrcA interacted with Dictyostelium Cdc2. I also tested whether cyclin B was able to bind to
Cdc2 under these conditions, since previous attempts to find an interaction in vitro have been
unsuccessful (data not shown and Gerry Weeks, pers. comm.). Some evidence that an
interaction might occur between these two proteins was provided by an increase in Cdc2associated kinase activity when truncated cyclin B was overexpressed in vivo (Luo et a l,
1995) and also by the in vivo expression of hexa-histidine tagged cyclin B in Dictyostelium
vegetative cells (Gerry Weeks, pers. comm.). In the latter case, a cell extract was made and
passed over a nickel affinity column which retained the his-tagged cyclin and any proteins
binding to it. A protein of the same size as Cdc2 was recognised by immunoblotting with
anti-Dictyostelium Cdc2 polyclonal antibody and the complex had weak HI kinase activity.
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Figure 7.1 A single NrcA polypeptide band is obtained in coupled in vitro
transcription / translation reactions
Coupled in vitro iranscription / translation reactions were performed in a reaction
mixture containing reticulocyte lysate and [35S)-methionine. nrcA in either an
ESPl 1 or pGEM4 vector background was added to the reaction. A no DNA control
reaction was also performed. The samples were analysed by SDS-PAGE and
autoradiography.
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Figure 7.2 Dictyostelium Cdc2 binds more strongly to NrcA than to cyclin B
in vitro
Dictyostelium cdcA and/or the cycB or nrcA cyclins were transcribed and
translated in a reaction mixture containing rabbit reticulocyte lysate and [35S1methionine.
Each sample (same lane order) was immunoprecipitated with 'dnh-Dictyostelium
Cdc2 polyclonal antibody.
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I subcloned the cycB ORF into the ESPl 1 vector as I had done previously with nrcA.
The cdcA, cycB and nrcA DMAs were added either singly or in combination to reticulocyte
lysate coupled transcription / translation reaction mixtures. Strong bands o f the expected size
for Cdc2, cyclin B and NrcA were obtained, shown in figure 7.2 lanes 2 to 4. Other weakly
translated bands were also detected, due to the long exposure time o f the autoradiograph.
The reactions were incubated with an anti-Dictyostelium Cdc2 polyclonal antibody and
immune complexes were collected on protein A Sepharose prior to analysis by SDS-PAGE
and autoradiography. This revealed that very faint cyclin B (lane 7) or NrcA (lane 8) bands
were obtained by immunoprécipitation in comparison with the strong Cdc2 band. The NrcA
band was immunoprecipitated more effectively than the cyclin B band indicating that it may
bind more strongly to Cdc2. However, the lack o f any positive control known to bind to
Dictyostelium Cdc2 means that the presence o f the bands could be merely due to non-specific
binding. Although the intensities o f the cyclin B and NrcA bands are very weak relative to
the Cdc2 band, this is often found in immunoprécipitation reactions even when a cyclimCDK
interaction does occur (Julian Gannon, pers. comm.). One reason for the weakness o f the
cyclin bands could be the use of too harsh a wash buffer during the immunoprécipitation
procedure. However, I found no evidence of any stronger interactions when I repeated the
experiment using milder washing conditions (data not shown).

The production of an anti-NrcA antibody
A fragment encoding 264 residues o f the NrcA protein (from A318 to K582 shown in figure
6.2), including virtually all o f the region with homology to other cyclins, was subcloned into
the pET21b vector and transformed into E. coli. The expressed polypeptide lacked the
asparagine repeats which might have caused the antibody to cross-react with other N-rich
Dictyostelium proteins. Figure 7.3A shows that a strong band o f the expected size o f 29 kDa
was observed when expression o f the polypeptide was induced (lane 3). The polypeptide
appeared as a strong band in the pellet fraction (lane 4) but not in the supernatant fraction
(lane 5) when induced cells were lysed and centrifuged, indicating that the protein was
predominantly insoluble.
The protein was purified as described in Materials and Methods. The final product is
shown in lane 7 o f figure 7.3B alongside BSA concentration standards (lanes 1 to 6).
Although some other extremely faint bands were present, the purified fraction consisted
almost exclusively o f the NrcA polypeptide. Comparison o f this band with the BSA
standards indicated that the polypeptide was present at a concentration o f approximately
1 mg/ml. The total quantity o f purified polypeptide, 1.8 mg, was sufficient to immunise two
rabbits.
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Figure 7.3 The production and purification of a NrcA polypeptide antigen
(A) A nrcA fragment subcloned into the pET21b vector was expressed in E. coli.
Equal numbers of cells were harvested for each of the samples shown, lysed, analysed
by SDS-PAGE and stained with Coomassie Blue. Samples were taken at the point
when expression was induced (zero-time) or after 4 hrs of incubation at 37°C in either
a control uninduced or an induced culture. The pellet and supernatant fractions after
centrifugation of the lysed, induced cells are also shown.
(B) 5 pi of the gel purified and electro-eluted fraction (out of a total of 1800 pi) was
analysed by SDS-PAGE alongside BSA concentration standards and stained with
Coomassie Blue.
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The specificity o f the resulting antibody was assayed by immunoblotting using either the
pre-immune or inunune serum from one of the rabbits. Figure 7.4 shows that no bands
whatsoever were recognised by the pre-immune serum (lanes 1 to 7). A 1 p g sample o f BSA,
which was loaded to test non-specific binding, was not recognised by the immune serum
(lane 8). However, a 29 kDa band corresponding to the polypeptide antigen was strongly
recognised in the pellet fractions from lysed, induced bacterial cells which had been
expressing this antigen (lane 9 ,1 0 and 11). Serial dilutions o f these fractions showed that in
fact as little as 0.1 ng o f protein was sufficient for detection (lane 11). Other fainter, non
specific bands were detected when larger quantities of the pellet fraction were loaded (lane 9)
but these were recognised much more weakly than the extremely strong antigen band.
Samples o f the in vitro coupled transcription / translations shown in figure 7.1 were also
analysed. When no DNA was added to the in vitro reaction, no immunoreactive band was
observed (lane 12). However, when nrcA D NA in the E SPl 1 vector background was added
to the reaction, a band corresponding in size to NrcA was detected (lane 13). Finally, a single
band was also recognised in a Dictyostelium vegetative cell extract prepared from cells at a
density o f 1 xlO^ /ml (lane 14). This band appeared to be significantly smaller in size than
that obtained by in vitro translation o f nrcA (lane 13). This discrepancy is discussed later,
leading to the conclusion that the band identified here in the cell extract is non-specific
whilst the true NrcA band is too weak to be detected.

The levels of NrcA protein expression during growth
The levels o f NrcA protein expressed during the growth o f vegetative cells were examined.
The Dictyostelium cyclin B and Cdc2 protein levels are both constant and high during
vegetative growth but decline markedly upon entry into stationary phase (Luo et a l , 1995), a
pattern o f expression consistent with a cell cycle role with strong expression during
exponential growth and low expression when cells are not actively dividing.
Vegetative Dictyostelium Ax-2 cells were grown in axenic liquid culture and equal
numbers o f cells were removed at various time points, shown in figure 7.5A. Samples of
1 xlO^ cells were analysed by SDS-PAGE and immunoblotted with the anti-NrcA antibody
serum. I initially analysed the results o f film that had been exposed for a normal period of
time to the ECL reaction, but inconsistencies described below caused me to return to this
experiment and analyse the results o f a much longer exposure, shown in figure 7.5B. The
levels o f the single strong band previously recognised in a Dictyostelium cell extract (figure
7.4 lane 14) remained virtually constant throughout vegetative growth (figure 7.5B, lanes 5 to
11). These bands were analysed by scanning densitometry o f less overexposed film which
confirmed that the protein levels fluctuated very little during exponential growth (time points
A to E) and early stationary phase (time point F) and there was only a small drop o f about
25% in level after the cells had been in stationary phase for over a day (time point G).
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Figure 7.4 The immune serum from a rabbit injected with the truncated
NrcA polypeptide antigen recognises NrcA protein
Each sam ple w as analysed by S D S -P A G E and im m unoblotted with either the
rabbit pre-im m une or im m une serum before detection by ECL. The sam ples
included 10-fold serial dilutions o f the p ellet fraction, from lysed cells that had
expressed the original polypeptide antigen, coupled in vitro transcription /
translations (IVT) with either no D N A or nrcA D N A added and a sam ple o f
D ictyostelium vegetative cell extract.
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Figure 7.5 The levels of NrcA protein expression during growth
(A) C ell counts o ï D ictyostelium vegetative am oebae grown in axenic liquid culture
were taken over a period ol 4 days using a Neubauer chamber.
(B ) Equal numbers o f cells were harvested from this culture at the time points
show n and analysed by S D S -P A G E before im m unoblotting with the anti-NrcA
antibody and detection by ECL. A lso analysed were 10-fold serial dilutions o f the
pellet fraction, from lysed c e lls that had expressed the original polypeptide antigen,
and a coupled in vitro transcription / translation (IVT) o f nrcA D N A .
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The long exposure also revealed a number o f much weaker additional bands which were
undetectable with a normal length exposure (lanes 5 to 11). One o f these bands corresponded
in size to that obtained by coupled in vitro transcription / translation o f nrcA D NA (lane 4).
This band was present at nearly constant levels throughout exponential growth (lanes 5 to 9,
time points A to E) but disappeared when cells entered stationary phase (lanes 10 and 11,
time points F and G). The only other, slightly larger, band corresponding approximately in
size to in vitro translated nrcA varied significantly in level during exponential growth with
higher levels at a later stage o f growth which persisted into early stationary phase (time point
F). Thus, the weak band of the same size as in vitro translated nrcA bore the closest relation
to a cell cycle protein with higher, constant expression during exponential growth and a rapid
reduction in levels as cells entered stationary phase.
Because a polyclonal antibody was used, only approximate comparisons of the band
intensities with those o f known quantities o f the smaller NrcA polypeptide antigen (figure
7.5B, lanes 1 to 3) can be made. These indicate that about 3 ng /lO^ cells o f the strong band
was present during exponential growth, corresponding to 30 000 copies/cell and about
0.1 ng /lO^ cells of the weak band o f the same size as in vitro translated nrcA was present,
equivalent to 1000 copies/cell.
Attempts were then made to synchronise Dictyostelium vegetative cell growth to
determine if the levels o f these protein bands oscillated during the cell cycle, which would
have given a much better indication of whether one o f the bands exhibited cyclin-like
behaviour. I tried to synchronise cells by the well established Dictyostelium method of
release from stationary phase (Weijer et a l , 1984). Good synchrony should have resulted in
a period o f low increase in cell number after release followed by a rapid cell doubling.
Unfortunately, my preliminary attempts at synchrony gave a relatively constant rise in cell
number after release and I did not have sufficient time to repeat the experiment.

The construction of nrcA in a Dictyostelium expression vector
In order to overexpress NrcA protein in Dictyostelium, I subcloned nrcA D NA into the pVEII
vector containing the Dictyostelium discoidin ly promoter which had earlier been used to
express Xenopus cyclin A l in Dictyostelium, as described in Chapter Three.
I made constructs which encoded both full-length and N-terminally truncated forms of
NrcA. The truncated version lacked the N-terminal 285 residues o f the protein so that it did
not contain the putative destruction box or the asparagine-rich domain o f the protein (see
figure 7.6). The lack o f a destruction box allows truncated mitotic cyclin proteins to
accumulate to higher levels in the cell and their inability to be destroyed may cause a marked
phenotype, as discussed in the Introduction.
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Figure 7.6 Schematic representation of the nrcA constructs used for in vivo
overexpression
Either the full-length NrcA polypeptide, or an N-terminally truncated fragment
lacking the first 285 residues of the protein were overexpressed. The putative
destruction box, the region rich in asparagine residues, the cyclin box and flanking
regions with cyclin homology are shown. Drawings are scaled.

The truncated cyclin retained 71 residues upstream of the start of the cyclin box and was
still likely to be able to bind to CDKs and activate kinase activity since N-terminal deletions
of Xenopus cyclin B2 to within 28, but not 27, residues of the start of the cyclin box and of
Xenopus cyclin A l to within 35, but not to within 27, residues of the start of its cyclin box
allowed these cyclins to do so (Kobayashi et a l, 1992 and Hideki Kobayashi, pers. comm.).
The required nrcA DNA fragments were generated by PCR amplifications using
oligonucleotide primers which included restriction sites, so that the products encoded Bglll
sites at the 5' end and Kpnl sites at the 3' end. The Bglll / Kpnl cut PCR fragments were
subcloned into the c-myc tagged Xenopus cyclin A l in pVEII construct (see figure 3.2) which
had also been digested with both restriction enzymes. Since a B glll site is located at the end
of the c-myc epitope sequence, the final ligated products produced polypeptides maintaining
the c-myc epitope at the N-terminus of the NrcA protein. This would have allowed the
detection of the overexpressed cyclin to be distinguished from endogenous cyclin by use of
the anti-c-myc antibody, though in practice this was not needed. The presence of the short cmyc tag would not be expected to significantly alter the migration of the polypeptide when
analysed by SDS-PAGE.

144

The expression of full-length or truncated NrcA protein has no effect upon
the growth or development of pooled populations of transformed cells
The full-length and truncated nrcA constructs and empty pVEII vector were separately
transformed into Dictyostelium Ax-2 cells. Duplicate transformations o f each construct were
performed and each was maintained as a pooled population o f transformants in the presence
o f 20 pg/m l G418 and 1 mM folate. The principal reason for using pooled populations as
opposed to clonal populations at this point was because I was extremely short o f time. The
overexpression of cyclin B, which has strong homology to NrcA, had exhibited such a strong
phenotype that I hoped overexpression of NrcA would markedly affect growth even in a
pooled population.
The populations were grown in axenic shaken culture with folate to early log phase and
were then washed, split into two equal samples and diluted into fresh medium. Folate was
added to one culture to a final concentration o f 1 mM. Growth o f each population was then
monitored over a period o f 5 days until the cells had entered stationary phase. Figure 7.7A
compares the growth rates of pooled populations o f one o f the duplicated transformations of
each construct. There was no apparent difference between the growth rate o f any o f the
cultures transformed with different constructs or between individual populations grown either
in the presence or absence o f folate.
In order to monitor the protein expression profile, identical numbers o f cells were
harvested from each culture at the time points shown in figure 7.7A, lysed, analysed by SDSPAGE and immunoblotted with the anti-NrcA polyclonal antibody which detects both
induced and endogenous NrcA protein. Figure 7.7B shows that all o f the transformed
cultures exhibited the strong, constant endogenous band previously obtained with
untransformed cells at normal film exposures (figure 7.5B lane 5 - 11). The levels o f this
band in pooled populations are actually reduced in lanes 9 and 12 o f figure 7.7B, but this is
likely to reflect inaccuracies in cell counting due to the relatively low cell densities at the 'B'
time points.
The cultures transformed with the full-length c-myc tagged NrcA construct produced an
additional high molecular weight band at the last time point ('D') in cultures both containing
and lacking folate (lanes 11 and 14). This band was o f similar size to that obtained
previously by in vitro translation of nrcA (figure 7.5B lane 4) and also to the weak band
detected at long exposures during exponential growth o f Dictyostelium cells (figure 7.5B,
lanes 5 to 9), but it was significantly different in size to the strong endogenous band. As the
size discrepancy between protein produced by the nrcA cD N A and the strong endogenous
band was maintained in vivo, this discounted the possibilities that it could be due to a posttranslational modification o f NrcA or to the presence o f introns in the ‘cD N A ’.
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A more plausible explanation was that the strong, endogenous immunoblotted band was
in fact due to a non-specific reaction with the anti-NrcA antibody and that the true,
endogenous NrcA band was the weakly detected band o f the same size as the in vivo and in
vitro expressed nrcA cDNA. The apparent low level o f overexpressed full-length NrcA
protein until cells were already entering stationary phase, could explain why the transformed
nrcA had no effect upon cell growth.
The expression o f the N-terminally truncated NrcA protein o f 303 residues produced a
band o f the expected size (35 kDa) in the culture lacking folate (lanes 19 to 21) and also more
weakly at higher cell densities in the culture containing folate (lanes 17 and 18). The
truncated protein was overexpressed at an early stage o f growth since it can already be
detected at the 'B' time point (lane 19). It was also expressed at extremely high levels
compared to the endogenous protein if, as seems to be the case, the endogenous NrcA protein
was at too low a level to be detected here by immunoblotting. Nevertheless, it still made no
detectable difference to the growth rate.
In both cases o f transformed nrcA constructs, protein was also significantly induced in
the cultures containing folate at later time points (lanes 1 1 ,17 and 18). This is due to an
inherent weakness of the pVEII expression system, that at higher cell densities the discoidin
ly promoter becomes increasingly leaky even in the presence o f folate. This means that it is
more accurate to compare growth of cells transformed with different constructs in the minus
folate cultures than it is to compare cultures transformed with the same construct which lack
or contain folate.
Aliquots o f cells from each o f the cultures containing folate were also developed to
investigate whether nrcA played a role in development. Cells were either spread onto filters
to assay their ability to form fruiting bodies or streaked in a line onto non-nutrient agar plates
which were then stored in the dark with only a point source o f light, in order to test whether
the cells could form migrating pseudoplasmodia. The populations expressing either fulllength or truncated NrcA were able to fully develop on filters at the same rate as those
transformed with empty pVEII vector and migrating pseudoplasmodia were observed in all
cases (data not shown).

The expression of truncated NrcA protein has no effect upon the growth of
clonal populations of transformed cells
There existed the possibility that the induced, truncated NrcA protein that had been detected
was produced by only a small proportion o f the total pooled population o f cells, so that a
difference in the growth rate of this subpopulation would not be detected. I therefore
repeated the growth curves with clonal populations of cells, using two clones expressing the
truncated cyclin as this would be expected to exhibit a stronger phenotype.
I grew cells from frozen stocks o f the pooled populations o f transformed cells described
above and gradually increased the G418 concentration to 100 pg/m l in order to select for
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transformants containing high copy numbers o f the integrated plasmid, which would be
expected to produce more induced protein. Clones were selected by growing the cells on
bacterial clearing plates, as described in Materials and Methods, and the growth rates o f one
clone transformed with empty pVEII vector and two clones transformed with truncated nrcA
were measured as before. However, this time I diluted the cultures daily by adding fresh
medium (including fresh folate where necessary) to maintain the cell density between
approximately 2 xlO^ /ml and 1 xlO^ /ml in an attempt to limit the expression o f induced
protein from the leaky discoidin ly promoter at high cell density.
The growth curves shown in figure 7.8A indicated that there was again no significant
difference in growth rate between cultures transformed with truncated nrcA or with empty
pVEII vector whether plus or minus folate. There was an unexplained, slight decrease in
growth rate in the empty pVEII vector-transformed culture containing folate compared with
that lacking folate.
Immunoblotting o f cell samples, shown in figure 7.SB, demonstrated that a large
quantity o f truncated NrcA protein was produced by each o f the clones transformed with
truncated nrcA from an early stage o f growth (lanes 10 to 12 and 16 to 18). The elevated
G418 concentration though did not appear to have selected clones with increased expression
levels above that obtained with pooled populations. Also, despite the daily dilution o f
cultures, induced protein was still produced in the presence of folate (lanes 7, 9, 13 and 15).
Samples for inununoblotting were taken immediately before the daily dilution o f cultures so
that cell densities would be high enough to ensure accurate cell counts, but these densities
were probably still too high to prevent induction o f the promoter.
I have therefore shown that the overexpression of either full-length NrcA protein or a
truncated version lacking the putative destruction box had no effect upon the growth or
development o f pooled populations o f transformed cells and additionally, the overexpression
o f truncated NrcA in clonal populations had no effect upon the growth o f cells.

Discussion
Time constraints meant that I could only perform a small proportion o f the experiments
which I had hoped to accomplish. The two most fundamental questions which remain
unanswered by these experiments are whether the anti-NrcA antibody correctly recognises
NrcA protein and why in vivo overexpression o f NrcA protein has no effect upon the growth
or development o f Dictyostelium cells.
Although only one strong protein band was immunoblotted with the anti-NrcA antibody
(figure 7.5B), two pieces o f information indicated that this was not the correct protein. First,
its expression during exponential growth and entry into stationary phase did not mirror that
o f other cell cycle proteins (figure 7.5B). Secondly, it differed in size to the protein band
produced when the isolated nrcA cDNA was transcribed and translated in vitro (compare
figure 7.4 lanes 13 and 14) and in vivo (figure 7.7 lanes 11 and 14).
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The in vivo result demonstrated that the difference could not be due to a posttranslational modification or the presence o f introns in the rescued cDNA. Also, the presence
o f the short N-terminal c-m yc tag on the in vivo overexpressed polypeptide could not be
responsible for the size difference because the in vitro translated nrcA ORF, which lacked a
c-m yc tag, also produced a much larger polypeptide than the endogenous D ictyostelium
protein (compare figure 7.4, lanes 13 and 14).
Instead, the true NrcA protein band was most likely to be the very weak band only found
on highly overexposed film when immunoblotted bands were detected by ECL. This band
was o f similar size to in vitro translated nrcA with an expression pattern characteristic o f cell
cycle proteins during exponential growth and stationary phase (figure 7.5B) and was also of
similar size to the band obtained by expression o f full length NrcA in vivo (figure 7.7B lanes
11 and 14).
Three further experiments would clarify whether this, or indeed any other band,
corresponded to the NrcA cyclin. First, the ability o f the anti-NrcA antibody to isolate
proteins from D ictyostelium cell extracts with associated HI kinase activity would strongly
suggest that a cyclin:CDK complex including NrcA was present. Secondly, levels o f the
weak immunoblotted band may be very low because the protein is only expressed during a
short period o f the cell cycle, so that in an asynchronous culture it would be present in only a
small proportion of cells. My preliminary attempts to synchronise Dictyostelium vegetative
cells in order to establish the pattern of NrcA protein expression during the cell cycle were
unsuccessful. It would be worthwhile to persist with these experiments and search for a cellcycle regulated protein band, which was likely to be more strongly expressed and thus more
easily detectable during certain cell cycle phases, to provide good evidence that this band
corresponded to the NrcA cyclin. Finally, a nrcA gene disruption, if not lethal, would result
in the absence o f the NrcA protein band which would unequivocally show which o f the
immunoblotted bands was the correct one.
The lack o f an observable phenotype when full-length NrcA was overexpressed in vivo
could be explained by the lack of detectable induced protein until the cells were already in
stationary phase (figure 7.7B lanes 8 to 14). However, more difficult to explain is why there
was no phenotype when significant levels of truncated NrcA were expressed in vivo in clonal
populations during the growth of Dictyostelium cells and in pooled populations during both
growth and development (figures 7.7B and 7.8B). This result differs markedly from the
overexpression o f an N-terminally truncated form of Dictyostelium cyclin B, or o f truncated
forms o f A- and B-type cyclins expressed in cells of other organisms, which cause mitotic
arrest (see Introduction and Luo et a l, 1994). If the weak immunoblotted band in
figure 7.5B does correspond to NrcA, it was extremely likely that sufficient induced protein
was produced to exhibit a phenotype. This was because the endogenous NrcA was
undetectable on immunoblots of the transformed cells whereas the truncated, overexpressed
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protein gave very strong bands even at early time points in the growth curves (figure 7.7B
lanes 17 to 21 and figure 7.8 lanes 7 to 18).
Another explanation is that the N-terminal truncation o f the cyclin was too great so that
the polypeptide fragment no longer retained the ability to bind to its CDK partner and
activate kinase activity. This seems unlikely by comparisons with the truncated mitotic
cyclins discussed at the start of this chapter, but it is entirely possible that NrcA requires
additional sequence for CDK binding and activity. The truncation o f Dictyostelium cyclin B
used for overexpression was 111 residues upstream o f the start o f the cyclin box, compared to
71 residues in the case o f NrcA (Luo et a l, 1994). Comparisons o f the levels o f associated
histone HI kinase activity after isolation o f either truncated or full-length NrcA from cell
extracts in which they had been overexpressed should indicate whether the truncated version
could still activate the complex.
An alternative reason for NrcA being unable to activate its CDK partner could be the
accumulation o f a mutation in the nrcA sequence encoding an important residue. If the nrcA
insert used for the overexpression experiments was subcloned into the pADH vector and
could still rescue the S. cerevisiae triple cln mutation, it would show that the expressed
protein could at least still interact with Cdc28.
Finally, nrcA may play only a minor role during growth or development so that no
phenotype or only a very subtle effect is observed. If time had been available, I would have
repeated the overexpression during growth and development o f clonal populations expressing
a less truncated cyclin which still lacked the putative destruction box.
The in vitro coupled transcription / translation reactions that I performed suggested that
Cdc2 may bind to NrcA and cyclin B. Since the binding o f many anti-CDK antibodies
disrupt the interaction between a CDK and its cyclin partner (Julian Gannon, pers. comm.), a
more conclusive result could be obtained by immunoprécipitations with the anti-NrcA
antibody. The interactions could also be weak because the Dictyostelium proteins cannot fold
or bind correctly in reticulocyte lysate. The production o f a Dictyostelium in vitro extract,
which could be mixed with reticulocyte lysate, may improve binding in the same way that the
addition o f Xenopus frog egg extract to a reticulocyte lysate in vitro translation mix aids the
binding o f Xenopus cyclins to their CDK partners (Kobayashi et a l, 1992). A Dictyostelium
cell extract has not been prepared for in vitro translation, though such an extract which
retains protein activities has been produced to isolate a Dictyostelium protein binding to a
specific ligand (Insall and Kay, 1990).
However, NrcA may instead bind to Grp or to another as yet undiscovered D ictyostelium
CDK. The c-myc tagged, full-length NrcA construct from my overexpression studies could
be used to isolate and identify CDK partners from Dictyostelium cell extracts or alternatively,
a two hybrid screening strategy in S. cerevisiae could be employed.
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Chapter Eight
General discussion
In retrospect
During the course o f my Ph.D., I have constructed a number of useful tools for further
investigation o f the Dictyostelium cell cycle. These are :
1) Dictyostelium cD N A libraries. Bacteriophage libraries were constructed using
mRNA from vegetative cells and two different yeast expression vectors. One library also
exists in plasmid form. There are extensive stocks of both bacteriophage and plasmid
libraries for future use.
2) Two new Dictyostelium cyclins. The full-length nrcA cD N A clone encodes a protein
with strong cyclin homology, whilst another partial clone shows much weaker homology.
3) Epitope-tagged constructs o f nrcA which can be expressed in vivo. These can be
utilised to study further the effects o f overexpression or alternatively, isolate proteins which
bind to NrcA.
4) Constructs allowing the in vitro translation o f single Dictyostelium NrcA and cyclin
B polypeptide bands. These can be used to study the interaction o f CDKs with cyclins and
the ability o f complexes to activate kinase activity.
5) An anti-NrcA antibody. A weak NrcA protein band appears to be recognised by the
antibody, though a strong non-specific band is also present. The intensity o f the NrcA band
during synchronised growth would indicate how useful this antibody is likely to be. A
second, untested serum from a rabbit which was immunised over a longer period o f time
exists which may not recognise the non-specific band.
6) A series o f ordered 5' and 3' deletions o f both Dictyostelium genes. Such deletion
series have already been successfully used for functional analysis o f other cyclin proteins
(Kobayashi et a l, 1992). The Dictyostelium gene deletions were created in order to sequence
the clones and thus the extent o f each deletion is already precisely known. They are in a
Bluescript SK vector background, which has an extensive cloning cassette allowing easy
transfer, if necessary, to another vector.
In addition, I have shown that the approach of yeast complementation can be
successfully used to isolate Dictyostelium genes. Although the creation o f good cDNA
libraries took a great deal o f time and effort, at the expense o f time which could have been
spent investigating the function o f isolated clones, these libraries will hopefully be a valuable
resource for future Dictyostelium gene isolation and indeed are currently in use in other
laboratories. A less stringently made cDNA library may have allowed me more time to
investigate cyclin function but would have offered a potentially perilous strategy, in case the
library did not contain cyclin clones.
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In all cases where I overexpressed a cyclin in Dictyostelium in vivo and obtained
significant amounts o f induced protein - either wild-type or an indestructible mutant form of
Xenopus cyclin A1 or a putative indestructible form o f Dictyostelium nrcA, no phenotype
was observed during growth or development. This lack o f success contrasts with the
overexpression o f a truncated form o f Dictyostelium cyclin B in vivo (Luo et a l , 1994) and of
Xenopus cyclin A1 in either S. cerevisiae or S. pom be (Hideki Kobayashi and Hiro Yamano,
pers. comm.s). The reason for the lack of effect by Xenopus cyclin A1 appears to be its
inability to bind to Dictyostelium CDKs, but the lack o f phenotype by truncated nrcA is less
easily explained. It would be worthwhile though to repeat the nrcA overexpression using
different truncations o f the gene, already created by the ordered set o f deletions, in case the
truncation that I had used could not form an active kinase. Transformation o f the nrcA
deletions in a yeast expression vector back into the S. cerevisiae (cln l, cln2, cln3) strain and
the assaying o f their relative abilities to complement the phenotype would give a prior
indication o f the regions o f the proteins required for activity. Merely reversing the
orientation o f the nrcA construct in the pVEII vector would also allow overexpression of
anti-sense nrcA mRNA, providing an alternative strategy to investigate the cyclin function.

The future investigation of the cell cycle in Dictyostelium
Due to my work, the known components o f the Dictyostelium cell cycle are now extended to
two CDKs, two definite cyclins and a further cyclin-like protein. Comparisons with the
simpler eukaryotes S. cerevisiae and S. pom be suggest that there may well be more
unidentified cyclins. In order to fully understand the Dictyostelium cell cycle and unravel its
role in growth and development, it would be pertinent to attempt the isolation o f further
cyclins. This could be done by additional screening o f my libraries in the {cln l, cln2, cln3)
strain or reattempting a PCR screening strategy based on conserved regions between the
NrcA and cyclin B proteins.
There may also be other CDKs besides cdcA and crp. A Southern blot probed at low
stringency with the cdcA DNA revealed a number of fragments in addition to those generated
by the cdcA and crp genes (Michaelis and Weeks, 1993). S. cerevisiae cdc28 and S. pom be
cdc2 mutant strains have been successfully used to identify CDKs from other organisms (Lee
and Nurse, 1987; Elledge and Spottswood, 1991; Sherlock e t a l , 1994). Complementation o f
these strains with my cD N A libraries may identify such CDKs.
NrcA shows strong homology to mitotic cyclins over a extensive region o f 214 amino
acids (see figure 6.3), yet similarity trees based on the most highly conserved 60 residues of
cyclins show that it does not obviously fall into any cyclin subclass (see figure 1.1) and
overexpression has been unable to produce a phenotype associated with mitotic cyclins. In S.
cerevisiae, a number of redundant mitotic cyclins exist as described in the Introduction.
Further experiments are required to determine whether nrcA has a mitotic role and may
therefore share an overlapping role with cycB, whether it is involved at another point in the
cell cycle or whether it does not have a cell cycle role at all. mRNA and protein expression
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during synchronised cell growth and development may help explain its role. cdcA and cycB
mRNA and protein are expressed during growth and development suggesting a role in both,
whilst crp mRNA is only expressed at high levels during development indicating that this
CDK probably has no role in vegetative growth (see Introduction). The group II clone also
requires further investigation to establish whether it has a cell cycle role, if so most probably
early in the cell cycle, or if it is involved in an entirely different process.
Disrupting these cell cycle genes in vivo may identify mutants arrested at particular
points in the cell cycle. A number o f mutants, arrested at various cell cycle stages could then
be used to investigate the influence o f cell cycle position at the time o f starvation on
development.
Much further work is needed to enable us to understand the detailed molecular biology
o f the Dictyostelium cell cycle - not least because in addition to cyclins and CDKs, there will
be other proteins, probably including CDK inhibitors, whose products interact with them.
This work though w ill be valuable because Dictyostelium is amenable to genetic
manipulation allowing detailed analysis of components and their interactions, is more closely
evolutionary related to humans than are the yeasts S. cerevisiae and S. pom be upon which a
large proportion o f cell cycle work to date has been based and it also offers a system where
the cell cycle’s role in a developmental process as well as growth can be investigated.
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