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Figure 3.8: Feature map of the positions of the PCB and forkhead motifs within the promoters of S. pombe M-G1
transcribed genes. The RSAT web resource was used to retrieve spo12+, cdc15*, plo1+, fkh2+, sip1*, ace2* and sid2*
promoter sequences (spanning an upstream 800 bp region), which were then searched with the DNA-pattern matching
tool for the positions of the PCB (GNAACR) and the forkhead motifs, the latter in both orientations, TGTTTAY and
RTAAACA, respectively. Red, blue and boxes correspond to GNAACR, TGTTTAY and RTAAACA sequence
motifs. Scale bar denotes distance every 100 bp for a 800 bp upstream promoter sequence. R stands for G or A, Y for C
orTandNfor G, C, TorA.
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Based on these findings, Northern blot analysis was employed to examine whether the
TGTTTAC forkhead-related sequence is involved in cell cycle specific transcription of cdc15*. To
accomplish this, a mutated version of the forkhead sequence (TGTTTAC substituted for GTGGGGT)
within the cdc15* promoter fragment (Section 3.2), was monitored, either alone or in combination
with a mutated version of the PCB sequence (GCAACG substituted for TTGGTT), for its effect on
cell cycle transcription of lacZ.

Two pSPA178 plasmids were created, one containing a cdc15* promoter fragment with the
mutated forkhead sequence and the wild-type PCB (pSPA178.15UAS.MUT3), while the other a
fragment with the mutated forkhead sequence and the mutated PCB (pSPA178.15UAS.MUT4). The
plasmids were transformed separately into cdc25-22 cells, which were then synchronised by
transient temperature arrest and allowed to progress through the mitotic cell cycle. Samples were
then collected and analysed by Northern blot to monitor the cell cycle transcriptional profile of lacZ
and that of endogenous cdc15*.

3.4.1 Construction of pSPA178.15UAS.MUT3 and pSPA178.15UAS.MUT4 reporter plasmids

Standard molecular procedures were adopted to make the pSPA178.15UAS.MUT3 and
pSPA178.15UAS.MUT4 plasmids (Section 3.2.1.2). Two ~100 bp cdc15* promoter fragments were
generated, forkhead mut3 and PCB/forkhead mut4, the first containing the mutated forkhead
sequence alone and the other the mutated forkhead together with the mutated PCB.

To create forkhead mut3 and PCB/forkhead mut4 fragments two single stranded (ssDNA)
oligonucleotides were annealed in each case, GO 701 with GO 702 and GO 703 with GO 704,
respectively (Section 2.2.9.8) (Appendix 1), and cloned into the pSPA178 vector (GB 10). PCR
analysis was performed on transformants to identify inserts in the correct orientation (Section
3.2.1.2). This analysis identified one isolate of pSPA178.15UAS.MUT3 (GB 475) and one isolate of
pSPA178.15UAS.MUT4 (GB 471), as shown in Figure 3.9. Finally, both constructs were confirmed
by sequencing (MWG Biotech).
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Figure 3.9: Verification of pSPA178.15UAS.MUT3 and pSPA178.15UAS.MUT4 reporter constructs. (A-B) PCR
analysis was performed to verify cloning of forkhead mut3 and PCB/forkhead mut4 DNA fragments into the Xhol site of
pSPA178, yielding plasmid pSPA178.15UAS.MUT3 (GB 475) and pSPA178.15UAS.MUT4 (GB 471). Primers GO 46
and GO 47, flanking the Xhol site, were used to PCR amplify a ~180 bp fragment (Lanes A-2 and B-3 corresponding to
forkhead mut3 and PCB/forkhead mut4 DNA fragment, respectively) to check for cloning into pSPA178, while primer pair
GO 46 and GO 398 was used to PCR amplify a ~100 bp fragment (Lanes A-4 and B-6 corresponding to forkhead mut3
and PCB/forkhead mut4 DNA fragment, respectively) to check for cloning into the correct orientation. As a positive
control, pSPA178.15UAS plasmid (GB 194) was used as a template for PCR amplification with primer pair GO 46 and
GO 47 (Lanes A-1 and B-1) or primer pair GO 46 and GO 398 (Lane A-3 and B-4). (B) Lanes B-2 and B-5 show PCR
amplification using as a template empty pSPA178 plasmid (GB 10) as a negative control with primer pair GO 46 and GO
47 or GO 46 and GO 398, respectively. (A-B) Lane M indicates DNA Molecular Weight Marker X.

155



3.4.2 Requirement of TGTTTAC sequence for M-G1 specific transcription of cdc15*

To determine whether the TGTTTAC sequence motif regulates M-G1 specific transcription of cdc15*,
either in the presence or in the absence of the PCB motif, Northern blot analysis was performed to
examine the effect of either mutating only this forkhead-related sequence or both the forkhead and
the PCB sequence on cell cycle transcription of /lacZ, expressed ectopically from
pSPA178.15UAS.MUT3 or pSPA178.15UAS.MUT4, respectively (Section 3.4.1). Initially, each
reporter plasmid was transformed into cdc25-22 ura4-D18 leu1-32 cells. For each transformed
strain, a synchronous culture was created by transient temperature arrest (Section 3.2.2), and
Northern blot analysis completed on cell samples collected every 15 min, to detect cell cycle mRNA
levels of lacZ and endogenous cdc15* (Sections 2.2.10.1 and 2.2.10.3).

Figures 3.10 and 3.11 display the results from these analyses, showing the cell cycle mRNA
levels of lacZ and cdc15* in cdc25-22 cells containing the pSPA178.15UAS.MUT3 or
pSPA178.15UAS.MUT4 plasmid, respectively. In the absence of the wild-type forkhead sequence,
but in the presence of the PCB sequence, the lacZ mRNA levels were still found to oscillate in
abundance in a cell cycle manner, their amplitude relatively similar to that of endogenous cdc15*.
Nonetheless, mutating the TGTTTAC motif compromised M-G1 specific transcription of the reporter
gene, since the mRNA levels of lacZ peaked 15-30 minutes later than the mRNA levels of
endogenous cdc15* (Figure 3.10). It is important to note that the loss of the TGTTTAC sequence
only delayed but did not abolish periodic transcription of lacZ relative to cdc15*, implying that other
promoter elements might also contribute to the control of M-G1, phase-specific, transcription.
Interestingly, the cdc15* promoter fragment contains another forkhead motif in the reverse
orientation, GTAAACA (Figure 3.8). Hence, it is possible that there is redundancy between the two
forkhead motifs in their role in cell cycle specific transcription of cdc15*, with one substituting for the
loss of the other. Overall, the TGTTTAY forkhead-related sequence appears to have a role in
maintaining the temporal, M-G1 specific, transcriptional pattern of cdc15* and, presumably, of other
co-regulated genes. Contrary to the temporal effect on the cell cycle mRNA pattern of lacZ as a
result of changing the TGTTTAC sequence, mutating both the TGTTTAC and the PCB sequences
dramatically reduced lacZ mRNA levels throughout the cell cycle but did not compromise M-G1
transcription (Figure 3.11), generating a lacZ mRNA profile similar to that seen with the mutated PCB
alone (Figure 3.5). Taken together, these findings suggest that the TGTTTAY motif and the PCB
sequence possibly function in a parallel, but not additive, manner, with the former regulating the
timing of phase-specific cdc15* transcription and the latter the amplitude of cdc15* transcription but

in a cell cycle non-specific manner.
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Figure 3.10: Effect of mutating the TGTTTAC forkhead sequence on M-G1 specific transcription in fission yeast.
cdc25-22 cells (GG 308) transformed with pSPA178.15UAS.MUT3 plasmid (GB 475) were synchronised by transient
temperature arrest. Samples were collected every 15 min upon release to the permissive temperature and total RNA was
prepared for Northern blot analysis. The blot was hybridised consecutively with cdc15* and lacZ probes. Ethidium
staining of rRNA was used as a loading control. Quantification of mRNA levels against rRNA is shown. Septation indices
were counted microscopically and are plotted to indicate the synchrony of the culture. Northern blot analysis was carried
out twice with samples prepared from two individual cultures of synchronous cells. The results obtained from Northern
blot analysis of samples from one of the two cultures are shown here and are representative of the results from both
experiments.
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Figure 3.11: Effect of mutating both the PCB and the TGTTTAC sequences on M-G1 specific transcription in
fission yeast. cdc25-22 cells (GG 308) transformed with pSPA178.15UAS.MUT4 plasmid (GB 471) were synchronised
by transient temperature arrest. Samples were collected every 15 min upon release to the permissive temperature and
total RNA was prepared for Northern blot analysis. The blot was hybridised consecutively with cdc15* and lacZ probes.
Ethidium staining of rRNA was used as a loading control. Quantification of mRNA levels against rRNA is shown.
Septation indices were counted microscopically and are plotted to indicate the synchrony of the culture. Northern blot
analysis was carried out twice with samples prepared from two individual cultures of synchronous cells. The results
obtained from Northern blot analysis of samples from one of the two cultures are shown here and are representative of
the results from both experiments.
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3.4.3 Comparative analysis of lacZ mRNA levels upon mutation of the PCB, the TGTTTAC or
both the PCB and the TGTTTAC sequence

Experiments presented in Sections 3.2.2 and 3.4.2 analysed the effect of mutations in the PCB and
TGTTTAC sequence on cell cycle transcription of cdc15* in S. pombe. To allow a direct comparison
between these mutations on the levels of cdc15* transcription, separate cultures of asynchronous
cdc25-22 cells containing either pSPA178.15UAS, pSPA178.15UAS.MUT, pSPA178.15UAS.MUT2,
pSPA178.15UAS.MUT3 or pSPA178.15UAS.MUT4 were prepared and grown to mid-log phase.
Once cells were harvested, total RNA extracts were prepared and resolved on the same
formaldehyde gel prior to Northern blot analysis with DNA probes to detect /acZ and cdc15* mRNA
levels. The results obtained from this experiment are shown in Figure 3.12.

In confirmation of previous results changing the PCB sequence within the cdc15* promoter
fragment to either AAGGTT or TTGGTT resulted in a complete absence or a dramatic reduction of
lacZ mRNA levels respectively, relative to that under control of the wild-type PCB sequence.
Similarly, changing the TGTTTAC forkhead sequence to GTGGGGT reduced but did not abolish
lacZ mRNA levels, while upon mutation of both promoter motifs (GCAACG to TTGGTT and
TGTTTAC to GTGGGGT) lacZ mRNA levels were dramatically reduced, similar to when changing
the PCB from GCAACG to TTGGTT. These findings are consistent with the results of the cell cycle
experiments, showing that mutations in the cdc15* PCB sequence more drastically affect the
amplitude of transcription relative to mutations in the TGTTTAC forkhead-related sequence.
Moreover, changing both the PCB and the forkhead motif almost completely compromises lacZ
mRNA levels, as is also the case for lacZ transcript levels upon changes in the PCB sequence alone
(GCAACG replaced by TTGGTT), suggesting that the effects of these two promoter elements on

transcription are not additive.
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Figure 3.12: Northern blot analysis comparing the effects on lacZ transcription of changes in either the PCB
sequence, the TGTTTAC forkhead sequence or both the PCB and the TGTTTAC sequence. Individual populations
of asynchronous cdc25-22 cells (GG 308) transformed with plasmid pSPA178.15UAS (wt), pSPA178.15UAS.MUT (PCB
mut1), pSPA178.15UAS.MUT2 (PCB mut2), pSPA178.15UAS.MUT3 (forkhead mut3) or pSPA178.15UAS.MUT4
(PCB/forkhead mut4) were grown to mid-log phase, harvested and total RNA was prepared for Northern blot analysis.
The blot was hybridised consecutively with cdc15* and lacZ probes. Ethidium staining of rRNA was used as a loading
control. Quantification of mRNA levels against rRNA is shown. Northern blot analysis of total RNA samples was carried
out in triplicate. The results obtained from one of these Northern blot analyses are shown here and are representative of
the results obtained in all three instances.
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3.5 Summary

Previous studies have shown that a ~100bp DNA fragment from the promoter of cdc15* is sufficient
to confer M-G1 specific transcription to lacZ, strongly suggesting that this promoter region contains
the cis-acting element(s) mediating the cell cycle-dependent pattern of cdc15* expression. The PCB
sequence within the cdc15* promoter fragment is a cis-acting element previously implicated in
regulation of cdc15* and many other M-G1 transcribed genes (Anderson et al., 2002). Here,
experiments were performed to assess the requirement of the PCB motif for cell cycle specific
transcription of cdc15*. For this, changed versions of the cdc15* PCB sequence (GCAACG
substituted for AAGGTT or TTGGTT) were assayed by Northern blot analysis for their effect on lacZ
cell cycle transcription. Both PCB sequence substitutions, when compared to the wild-type
sequence, severely affected the amplitude of /acZ transcription throughout the cell cycle with
AAGGTT having a stronger effect than TTGGTT and completely abolishing transcription of the
reporter gene (Figures 3.3, 3.4 and 3.5).

The stronger effect of the AAGGTT mutation on transcription of lacZ relative to TTGGTT
suggests that the first two bases of the PCB element are important for binding by the transcription
factor(s), associating directly or indirectly with the PCB sequence. In support of this, gel retardation
assays have shown that the first two bases of the PCB sequence of spo72*, another M-G1
transcribed gene, are crucial for the interaction with the PBF complex (Anderson et al., 2002). Thus
far, the Mbx1p transcription factor has been shown to be necessary for the PCB-mediated interaction
of the PBF complex with the promoters of M-G1 transcribed genes, including cdc15* and spo12-.
Interestingly, Mbx1p is dispensable for M-G1 specific transcription of cdc15* and other co-regulated
genes, although it appears to have a role in regulating the amplitude of transcription of these genes.
Taking into account that the PCB sequence itself is necessary for transcription of cdc15* regardless
of the time in the cell cycle (Figures 3.4 and 3.5), it is possible that Mbx1p exerts its effect on
transcription of cdc15* either directly or indirectly through this promoter element. Overall, these
results suggest that the PCB sequence regulates transcription of cdc15* in a cell cycle independent
manner and indicate that this promoter motif might also modulate the amplitude of transcription of
many other similarly co-regulated genes, including plo1*, spo12*, ppb1*, slp1*, ace2*, sid2* and
mid1+/dmf1* (Buck et al., 2004).

Various studies have shown that Fkh2p and Sepip are required for periodic, M-G1-
dependent, transcription in fission yeast. Taking into account that the cdc15* promoter fragment
contains all necessary cis-acting elements for efficient periodic gene expression (Anderson et al.,

2002), experiments were performed here to examine whether these transcription factors function
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through such sequences (Buck et al., 2004; Section 3.2.2). As shown in Figures 3.6 and 3.7, in the
absence of either Fkh2p or Sep1p, M-G1 specific transcription is lost both for endogenous cdc15*
and lacZ, expressed ectopically under control of the cdc15* promoter fragment (Buck et al., 2004).
This suggests that Fkh2p and Sep1p regulate M-G1 specific transcription through sequences found
in the cdc15* promoter fragment, including the PCB motif. Nonetheless, the PCB element mediates
transcription of cdc15* throughout the cell cycle, suggesting that other sequences within the cdc15*
promoter fragment might have a role in Fkh2p/Sep1p-mediated transcription during the M-G1
interval.

Apart from the PCB, the promoters of M-G1 transcribed genes also contain the forkhead
motif (RTAAAYA), which displays sequence similarities with the PCB. Notably, the forkhead motif is
present in the promoters of these fission yeast genes in both orientations. Since forkhead motifs are
also found within the cdc15* promoter fragment that drives cell cycle-dependent transcription of lacZ
(Figure 3.8) and two forkhead transcription factors, Fkh2p and Sep1p, regulate M-G1 transcription, it
is tempting to speculate that these sequences also contribute to periodic expression of these genes
(Zilahi et al., 2000; Buck et al., 2004; Bulmer et al., 2004; Rustici et al., 2004). Indeed, forkhead
sequences appear to be required for expression of ace2*, an M-G1 transcribed gene (Alonso-Nufiez
et al., 2005). To determine whether forkhead elements are important for M-G1-dependent
transcription, the TGTTTAC sequence within the cdc15* promoter fragment was mutated either
alone or in combination with PCB and the effects of these sequence changes were assayed on cell
cycle transcription of lacZ. Upon TGTTTAC sequence substitution (changed to GTGGGGT), lacZ
phase-specific transcription remained periodic but was delayed 15-30 minutes relative to wild-type
(Figure 3.10). On the contrary, changing both the forkhead and PCB sequences, substituted for
GTGGGGT and TTGGTT respectively, significantly reduced the amplitude of lacZ mRNA levels at all
cell cycle times but did not compromise M-G1 specific transcription per se, similar to when mutating
the PCB alone (compare Figures 3.11 with 3.3 and 3.5). Following individual examination of the
effects on cell cycle lacZ transcription of substitutions in the cdc15* PCB, TGTTTAC or both these
sequences, comparative Northern blot analysis was performed with asynchronous cell samples to
directly contrast the effects of these mutations on lacZ mRNA levels.

As shown in Figure 3.12 and consistent with the results from the cell cycle experiments,
distinct substitutions in the cdc15* PCB sequence, when compared to wild-type, either dramatically
reduce or even abolish lacZ mRNA levels. Moreover, changing the cdc15* TGTTTAC significantly
reduces but does not eliminate /acZ transcript levels, whereas when TGTTTAC and PCB mutations
are combined, lacZ mRNA levels are compromised to an extent identical to that observed upon

respective changes in the PCB sequence alone.
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Overall, the results of this chapter suggest that the PCB sequence is required for
transcription of cdc15* throughout the cell cycle and reveal a role for the TGTTTAC forkhead-related
motif in regulation of the M-G1 specific transcriptional pattern of cdc15*. Furthermore, these findings
imply that the two cis-acting elements function in transcriptional control of cdc15* and, presumably,
of other co-regulated genes in a parallel but not additive manner, with each sequence mediating
distinct functions. Finally, taking into account that the promoters of many of these genes, including
cdc15*, possess the forkhead motif in either orientation, it is possible that forkhead sequences, in
either orientation, have redundant roles in M-G1 specific transcription of these genes.

In the next results chapter, analysis of PCB-PBF-dependent transcriptional controls in fission
yeast is continued by exploring the interactions between Fkh2p, Sep1p and Mbx1p to understand
how this may contribute to their mechanism of action.

163



Chapter 4

In vivo and in vitro analysis of interactions
between PBF components Fkh2p, Sep1p and
Mbx1p
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4.1 Introduction

In fission yeast two forkhead transcription factors, Fkh2p and Sep1p, regulate periodic transcription
of several genes, such as cdc15*, plo1* and ace2*, through the PCB and forkhead promoter DNA
sequences (Buck et al., 2004; Bulmer et al., 2004; Alonso-Nufiez et al., 2005; Chapter 3). A MADS-
box protein Mbx1p is also implicated in M-G1 specific transcription, as it is necessary for PCB-
mediated binding of the PBF complex to the genes’ promoters in vitro, and mbx1* shows genetic
interactions with fkh2* and sep1* (Anderson et al., 2002; Buck et al., 2004). Both Mbx1p and Fkh2p
appear to negatively influence ace2* expression, since deleting either cognate gene leads to an
increase in Ace2p protein levels. In contrast, Sep1p has been shown to positively regulate ace2*
expression (Alonso-Nufiez et al., 2005; Petit et al., 2005). Consistent with these findings, genome-
wide microarray analysis in S. pombe has uncovered a positive role for Sep1p and a negative role
for Fkh2p in transcriptional regulation of many genes expressed coincidentally with ace2* (Rustici et
al., 2004).

mbx14, fkh2A and sep1A cells all display cytokinetic defects. Furthermore, analyses of all
the respective double and triple mutants have shown that the cytokinetic defects are aggravated
relative to the single mutants (Buck et al., 2004). Additionally, deleting mbx1A rescues the slow
growth phenotype of fkh24, since mbx1A fkh2A grow at a similar rate to wild type cells. Moreover,
strong overexpression of fkh2* is lethal in wild-type cells but not in sep74 cells, indicating that Sep1p
is required for Fkh2p function, and this might be explained by Sep1p and Fkh2p interacting with each
other as part of their role in regulation of periodic gene expression (Buck et al., 2004). Combined,
these genetic observations imply that Mbx1p, Fkh2p and Sep1p share both common and distinct
functions. To explore further these findings using biochemical methods, co-immunoprecipitation and
GST pull-down assays were performed to examine whether Mbx1p, Fkh2p and Sep1p interact with

each other in vivo and in vitro.

4.2 Co-immunoprecipitation analysis of interactions between Sep1p,
Mbx1p and Fkh2p

Co-immunoprecipitation analysis was employed to determine whether Fkh2p, Sep1p and Mbx1p
associate with each other in vivo. For this, soluble protein extracts were prepared from appropriate
S. pombe strains, either sep1-3HA fkh2-13myc, sep1-3HA mbx1-13myc or fkh2-3HA mbx1-13myc,

which express one protein as an HA fusion and the other as a myc fusion, tagged in each case at the
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C- terminus in the endogenous locus and so expressed from the native promoter at normal levels
(Section 4.2.1). Immunoprecipitation and Western blotting with HA and myc antibodies then followed
(Sections 4.2.2,4.2.3 and 4.2.4).

It is important to mention that an attempt was made to produce antibodies against native
Fkh2p, Sep1p and Mbx1p in rabbits (Table 2.1), using as antigens synthetic, gene-specific peptides
(Eurogentec). In parallel, efforts also focused on raising an antibody against Mbx1p in sheep (Table
2.1) (NHSScotland), using as antigen bacterially expressed and purified GST-Mbx1p, prepared as
described in Sections 4.3.4 and 4.3.6. Following immunisation, first, second (data not shown) and
third bleed (Appendix VIII) sheep polyclonal GST-Mbx1p antisera, first, second and third bleed rabbit
polyclonal Fkh2p, Sep1p and Mbx1p antisera (data not shown) and the respective affinity purified
antibodies (third bleed) (Appendix VIII) were tested for their specificity by Western blotting against S.
pombe protein extracts and/or bacterially expressed and purified GST-/HIS-fusions of Mbx1p, Fkh2p
and Sep1p, the latter prepared as described in Sections 4.3.2-4.3.7. Unfortunately, as shown in
Appendix VIII, with the exception of the Sep1p affinity purified antibody that detected a specific band
of the expected size corresponding to Sep1p only in the bacterially purified GST-/HIS-Sep1p fraction,
all antisera and the respective affinity purified antibodies failed to detect a specific band of the
expected size corresponding to Mbx1p, Fkh2p or Sep1p in S. pombe protein extracts. Therefore,
these antisera were inappropriate for use in co-immunoprecipitation assays with extracts from S.

pombe cells, and were not used.

4.2.1 Construction of double tag strains sep1-3HA fkh2-13myc, sep1-3HA mbx1-13myc and
fkh2-3HA mbx1-13myc

A classical genetic cross between two haploid S. pombe strains of opposite mating type, each
containing the appropriate HA- or myc- tagged version of sep1*, fkh2* or mbx 1+, was the first step in
the construction of the three double tagged strains, sep1-3HA fkh2-13myc, sep1-3HA mbx1-13myc
and fkh2-3HA mbx1-13myc.

The fkh2-13myc:kanR (GG 507), mbx1-13myc.kanR (GG 504) and fkh2-3HA:kanR (GG
558) strains have been described previously (Buck et al., 2004). The sep1-3HA:kanR (GG 313),
mbx1-13myc:kanR pIRT2u:mbx1* (GG 527) and fkh2-3HA:kanR pUR19:fkh2* (GG 539) strains
derive from the Glasgow laboratory S. pombe collection (Appendix II).

All sep1*, fkh2* or mbx 1+ specific HA and myc tagged strains used for mating (Figure 4.1,
4.2 and 4.3) were generated by the PCR-based gene targeting method of Bahler et al. (1998a)

and/or Krawchuk and Wahls (1999), which enables the C-terminal tagging of genes in their
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chromosomal locus by homologous recombination. Briefly, appropriate primers are used to PCR
amplify a DNA fragment with 60-80 bp gene-specific C-terminus sequences, flanking not only the
3HA or 13myc tagging module but also the heterologous selectable marker KanMX6, which allows
for selection of G418-resistance upon transformation into S. pombe cells. G418-resistant
transformants are then screened by PCR for integration by homologous recombination of the gene-
specific 3HA or 13myc KanMX6 construct into the correct chromosomal location, replacing the
respective genomic fragment between the gene-specific sequences. As a result, the encoded protein
of the tagged gene is expressed as a C-terminus 3HA or 13myc fusion under control of the
endogenous promoter, a situation closely resembling expression of the untagged wild-type gene.

4.2.1.1 The sepl-3HA fkh2-13 myc double tagged strain

To generate the sep?-3HA:kanR fkh2-13myc:kanR double tagged strain, freshly grown h* sep1-
3HA:kanR (GG 313) and h- fkh2-13myc:kanR (GG 507) cells were mixed and allowed to mate for 2-3
days at 25°C on solid ME medium (Section 2.2.13), since nutrient starvation is a prerequisite for
conjugation and sporulation in S. pombe. Following mating, meiotic progeny were analysed by tetrad
dissection (Section 2.2.14). Several four spore-containing zygotic asci were picked with a Singer
micromanipulator, orderly placed on solid YE, and incubated at 36°C for 2-4 hours to induce break
down of the asci walls. Once cell walls were broken, the four spores were separated with the
micromanipulator, placed in a row, and left to grow at 30°C. Upon colony formation, cells were
replica plated onto solid YE supplemented with G418 to select for the Kan® marker.

As revealed by G418 selection (Figure 4.1A), all possible types of tetrad were produced,
including the parental ditype (Kan® marker segregating at a 1:1:1:1 ratio, no recombination; row A1-
4), the tetratype (KanR marker segregating at a 3:1 ratio, two recombinants/ascus; row B1-4) and the
non-parental ditype (KanR marker segregating at a 2:2 ratio, all recombinants; row C1-4) whose two
G418-resistant progeny (C2 and C4) have the desired sep1-3HA:kanR fkh2-13myc:kanR genotype.
One of the G418-resistant isolates (GG 1030) was then selected and backcrossed to wild-type (GG
217) for confirmation. After tetrad dissection and G418 selection, various tetrads were identified in
which the KanR marker segregated at a 3:1 ratio (row A and B; Figure 4.1B), possible only if the
G418-resistant parent in the backcross possesses two Kan® markers.

Following backcross verification, sep1-3HA fkh2-13myc (GG 1030) soluble protein extracts
were prepared and analysed by Western blot together with protein extracts from sep?-3HA (GG 313)
and fkh2-13myc cells (GG 507) used as negative controls. As expected, both Sep1p-3HA and
Fkh2p-13myc were detected in protein extracts from sep?-3HA fkh2-13myc cells with HA and myc
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antibodies and resolved at sizes that are consistent with their predicted molecular masses (~72 kDa
for Fkh2p and 73 kDa for Sep1p) and the presence of the 3HA and 13myc tag, respectively. On the
contrary, Sep1p-3HA was absent from fkh2-13myc cells and Fkh2p-13myc from sep1-3HA cells
(Figure 4.1C). It is important to mention that the 13myc tag resolves at a molecular mass of ~35-40
kDa, instead of the predicted molecular mass of ~20 kDa (data not shown), consistent with previous

observations (Jansen et al., 2005).

GG 507 x GG 313
YE + G418

A

= GG 1030

m O O W >

Back-cross to wt

B YE + G418
A A
B B
c c
D D
1 2 3 4 1 2 3 4
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Figure 4.1: Generation of a sep1-3HA fkh2-13myc double tagged strain. (A) Tetrad analysis following mating of
sep1-3HA:kanR (GG 313) and fkh2-13myc:kanR cells (GG 507) to select for sep7-3HA:kanR fkh2-13myc:kanR cells. After
mating, ascospores were picked on solid YE medium and once asci walls were broken each ascus was dissected into
four individual spores. Upon colony formation, cells were replica plated onto solid YE supplemented with G418 to select
for the Kan® marker segregating at a 2:2 ratio. (B) sep7-3HA:kanR fkh2-13myc:kanR cells (GG 1030) were backcrossed
to wild-type cells (GG 217) for confirmation. (C) Western blot analysis of soluble protein extracts from sep1-3HA fkh2-
13myc cells. sep1-3HA fkh2-13myc extracts were analysed by Western blot with antibodies against HA and myc to
detect Sep1p-3HA and Fkh2p-13myc. sep?-3HA (GG 313) and fkh2-13myc (GG 507) extracts were used as negative
controls. Protein molecular masses are indicated in kDa.
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4.2.1.2 The sepl-3HA mbx1-13myc double tagged strain

The sep1-3HA:kanR mbx1-13myc:kanR strain was constructed by the same genetic approach as
described in Section 4.2.1.1. Briefly, h* sep7-3HA:kanR (GG 313) cells were mated with h- mbx1-
13myc:kanR (GG 504) cells and meiotic progeny were analysed by tetrad dissection. Replica plating
onto G418 supplemented solid YE medium allowed selection of the Kan® marker. Figure 4.2A shows
all types of dissected tetrads, including the non-parental ditype (Kan® marker segregating at a 2:2
ratio; row A1-4) containing two G418-resistant progeny (A2 and A4) of the desired sep?-3HA:kanR
mbx1-13myc:kanR genotype. One of the G418-resistant isolates (GG 1032) was backcrossed to
wild-type for confirmation (Figure 4.2B; row B, 3:1 KanR segregation ratio), before Western blot
analysis of sep?1-3HA mbx1-13myc protein extracts to detect Sep1p-3HA and Mbx1p-13myc using
HA and myc antibodies, respectively (Figure 4.2C). As shown, Mbx1p-13myc resolved at a molecular
mass of ~100 kDa. Taking into account that the 13myc tag resolves with a molecular mass of ~35-40
kDa, this suggests that Mbx1p resolves at a size slightly larger than the predicted value of ~51 kDa,

consistent with results presented in Section 4.3.4.

A GG 504 x GG 313 B Back-cross to wt

YE +G418 YE + G418

=» GG 1032 A
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Figure 4.2: Generation of a sep7-3HA mbx1-13myc double tagged strain. (A) Tetrad analysis following mating of
sep1-3HA (GG 313) and mbx1-13myc cells (GG 504) to select for sep1-3HA mbx1-13myc cells. Following mating,
ascospores were picked on solid YE medium and once asci walls were broken each ascus was dissected into four
individual spores. Upon colony formation the cells were replica plated onto solid YE supplemented with G418 to select
for the KanR marker segregating at a 2:2 ratio. (B) sep?-3HA mbx1-13myc cells (GG 1032) were backcrossed to wild-
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type cells (GG 218) for confirmation. (C) Western blot analysis of soluble protein extracts from sep7-3HA mbx1-13myc
cells. sep1-3HA mbx1-13myc extracts were analysed by Western blot with antibodies against HA and myc to detect
Sep1p-3HA and Mbx1p-13myc. sep1-3HA (GG 313) and mbx1-13myc (GG 504) extracts were used as negative
controls. Protein molecular masses are indicated in kDa.

4.2.1.3 The fkh2-3HA mbx1-13myc double tagged strain

To create the fkh2-3HA:kanR mbx1-13myc:kanR strain, mating was performed between h* fkh2-
3HA:kanR pUR19:fkh2* (GG 539) and h- mbx1-13myc:kanR pIRT2u:mbx1* cells (GG 527). For this
cross both the fkh2-3HA and the mbx1-13myc cells carried plasmids with untagged versions of fkh2*
and mbx7*, respectively, to improve mating efficiency. Upon mating, tetrad analysis of meiotic
progeny and G418-resistance selection followed. Various tetrad types were identified, including the
non-parental ditype (Figure 4.3A, row D) with two G418-resistant spores of the desired fkh2-
3HA:kanR mbx1-13myc:kanR genotype (D3 and D4). One of the G418-resistant spores (GG 1035)
was then backcrossed to wild-type for confirmation (Figure 4.3B; row B, 3:1 KanR segregation ratio),
before Western blot analysis of fkh2-3HA mbx1-13myc protein extracts to detect Fkh2p-3HA and
Mbx1p-13myc using HA and myc antibodies, respectively (Figure 4.3C).

A GG 527 x GG 539 B Back-cross to wt
YE + G418 YE + G418
................ >
A : A A
{ B :
D =» GG 1035 ¢ c
E s D D
12 3 4 1 2 3 4 1 2 3 4
C GG 1035 GG 504 GG 558
~100 kDa=—
- o aemye

Figure 4.3: Generation of a fkh2-3HA mbx1-13myc double tagged strain. (A) Tetrad analysis following mating of h*
fkh2-3HA:kanR pUR19:fkh2* (GG 539) and h- mbx1-13myc :kanR pIRT2u:mbx1* cells (GG 527) to select for fkh2-3HA
mbx1-13myc cells. Following mating, ascospores were picked on solid YE medium and once asci walls were broken
each ascus was dissected into four individual spores. Upon colony formation, the cells were replica plated onto solid YE
medium supplemented with G418 to select for the KanR marker segregating at a 2:2 ratio. (B) fkh2-3HA mbx1-13myc
cells (GG 1035) were backcrossed to wild-type cells (GG 218) for confirmation. (C) Western blot analysis of soluble
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protein extracts from fkh2-3HA mbx1-13myc cells. fkh2-3HA mbx1-13myc extracts were analysed by Western blot with
antibodies against HA and myc to detect Fkh2p-3HA and Mbx1p-13myc. fkh2-3HA (GG 558) and mbx1-13myc (GG 504)
extracts were used as negative controls. Protein molecular masses are indicated in kDa.

4.2.2 Co-immunoprecipitation analysis of sep1-3HA fkh2-13myc protein extracts reveals an in

vivo interaction between Sep1p and Fkh2p

To determine whether Sep1p and Fkh2p interact with each other in vivo, soluble protein extracts
(Section 2.2.12.1) were prepared from sep1-3HA fkh2-13myc S. pombe cells (Section 4.2.1.1) and
analysed by co-immunoprecipitation assay (Section 2.2.12.2).

Sep1p-3HA was immunoprecipitated from sep1-3HA fkh2-13myc protein extracts with an HA
antibody followed by SDS-PAGE electrophoresis and Western blotting with HA and myc antibodies
to detect Sep1p-3HA and co-immunoprecipitated Fkh2p-13myc. As a negative control, sep?-3HA
protein extracts were also prepared and subjected to immunoprecipitation with an HA antibody
before Western blotting with HA and myc antibodies.

Two milligrammes of protein extract were incubated with an appropriate volume of protein A-
Sepharose beads for an hour at 4°C prior to centrifugation to remove all proteins that might bind non-
specifically to the beads. The pre-cleared sep7-3HA fkh2-13myc and sep1-3HA protein extracts were
then incubated with 2-3 ug of HA antibody (Table 2.1) for 3 h at 4°C before addition of protein A-
Sepharose beads and further incubation for an hour. Pre-cleared sep1-3HA fkh2-13myc extract was
also incubated for an hour with beads alone (no HA antibody). In each case, beads were washed
thoroughly (Section 2.2.12.2) before re-suspension and boiling in 2x Laemmli buffer supplemented
with DTT to release immunoprecipitated protein material. SDS-PAGE electrophoresis and Western
blotting with HA and myc antibodies was then employed to detect Sep1p-3HA and any co-
immunoprecipitated Fkh2p-13myc.

As shown in Figure 4.4, Fkh2p-13myc specifically co-immunoprecipitated with Sep1p-3HA in
sep1-3HA tkh2-13myc protein extracts, a finding indicating an in vivo interaction between Fkh2p and
Sep1p (Papadopoulou et al., 2008). The weak nature of the interaction between Sep1p and Fkh2p,
exemplified by the low amount of Fkh2p-13myc co-immunoprecipitating with Sep1p-3HA, may be
explained by these two forkhead-like transcription factors binding to each other transiently during the

course of the mitotic cell cycle (see Section 7.1).
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Figure 4.4: Fkh2p co-immunoprecipitates with Sep1p from sep7-3HA fkh2-13myc S. pombe protein extracts.
Sep1p-3HA was immunoprecipitated with antibody against HA (a-HA) from soluble protein extracts of sep1-3HA fkh2-
13myc fission yeast cells, expressing Sep1p-3HA and Fkh2p-13myc, in each case under control of the endogenous
promoter. The soluble extract (input) and the immunoprecipitated sample (IP) were analysed by Western blotting with
antibodies against HA and myc (the former to detect Sep1p-3HA, while the latter Fkh2p-13myc). As negative controls,
immunoprecipitated sample from sep1-3HA fission yeast cells and precipitated sample without HA antibody (beads only)
from sep1-3HA fkh2-13myc cells were also included. In each case, the input was used in a 1:10 ratio relative to the IP
sample. The arrow indicates co-immunoprecipitated Fkh2p-13myc using a a-myc antibody. Immunoprecipitation assays
of sep1-3HA fkh2-13myc and sep1-3HA soluble protein extracts with the HA antibody were carried out twice. The results
of Western blot analysis of immunoprecipitated material with HA and myc antibody in one of the two assays are shown
here and are representative of the results of Western blot analysis of the other assay.
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4.2.3 Co-immunoprecipitation analysis of sep1-3HA mbx1-13myc protein extracts reveals no

in vivo interaction between Mbx1p and Sep1p

Following the discovery that Fkh2p interacts with Sep1p in vivo, co-immunoprecipitation assays
(Section 2.2.12.2) were employed to examine whether either of these two forkhead proteins also
interacts with Mbx1p. Immunoprecipitations were carried out as described in Section 4.2.2.

In the case of Sep1p and Mbx1p, an HA antibody was used to immunoprecipitate Sep1p-
3HA from sep1-3HA mbx1-13myc (Section 4.2.1.2) and sep7-3HA protein extracts, the latter as a
negative control. Western blot analysis was then performed to detect Sep1p-3HA and co-
immunoprecipitated Mbx1p-13myc, using HA and myc antibodies, respectively. As shown by
immunoblotting, no Mbx1p-13myc was co-immunoprecipitated with Sep1p-3HA in sep1-3HA mbx1-
13myc protein extracts (Figure 4.5A).

To exclude the possibility that the failure to identify an interaction between Mbx1p and
Sep1p is an indirect result of inefficient co-immunoprecipitation of Mbx1p-13myc itself, another co-
immunoprecipitation assay was performed to examine whether Sep1p-3HA is detected in co-
immunoprecipitates with Mbx1p-13myc. Briefly, Mbx1p-13myc was immunoprecipitated from sep?-
3HA mbx1-13myc protein extracts with a myc antibody before Western blotting with an HA antibody
to detect any co-immunoprecipitated Sep1p-3HA. As a negative control, Mbx1p-13myc was also
immunoprecipitated from mbx1-13myc soluble protein extracts prior to Western blot analysis.
Immunoprecipitation was carried out as before (Section 4.2.2), except for the use of protein G-
instead of protein A-Sepharose beads. Immunoblotting using an HA antibody detected no Sep1p-
3HA co-immunoprecipitating with Mbx1p-13myc (Figure 4.5B), consistent with the inability to detect
Mbx1p-13myc in co-immunoprecipitates with Sep1p-3HA (Figure 4.5A). Taken together, these
findings suggest that Mbx1p and Sep1p do not bind to each other in vivo.
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Figure 4.5: Mbx1p does not co-immunoprecipitate with Sep1p and vice versa in sep1-3HA mbx1-13myc S. pombe
protein extracts. (A) Sep1p-3HA was immunoprecipitated with antibody against HA (a-HA) from S. pombe sep1-3HA
mbx1-13myc protein extracts. The soluble extract (input) and the immunoprecipitated sample (IP) were analysed by
Western blotting with antibodies against HA and myc (the former to detect Sep1p-3HA, while the latter Mbx1p-13myc).
As negative controls, immunoprecipitated sample from sep7-3HA fission yeast cells and precipitated sample without HA
antibody (beads only) from sep1-3HA mbx1-13myc cells were also included. (B) Mbx1p-13myc was immunoprecipitated
with antibody against myc (a-myc) from soluble protein extracts of sep1-3HA mbx1-13myc fission yeast cells. The
soluble extract (input) and the immunoprecipitated sample (IP) were analysed by Western blotting with antibodies against
myc and HA (the former to detect Mbx1p-13myc, while the latter Sep1p-3HA). As negative controls, immunoprecipitated
sample from mbx1-13myc fission yeast cells and precipitated sample without myc antibody (beads only) from sep1-3HA
mbx1-13myc cells were also included. (A-B) In each case, the input was used in a 1:10 ratio relative to the IP sample. (A-
B) Immunoprecipitation assays of sep7-3HA mbx1-13myc and sep7-3HA soluble protein extracts with either the HA or
myc antibody were carried out twice. In each case, the results of Western blot analysis of immunoprecipitated material
with HA and myc antibody in one of the two assays are shown here and are representative of the results of Western blot
analysis of the other assay.
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4.2.4 Co-immunoprecipitation analysis of fkh2-3HA mbx1-13myc protein extracts reveals no

in vivo interaction between Mbx1p and Fkh2p

To investigate a potential interaction between Mbx1p and Fkh2p, soluble protein extracts were
prepared from S. pombe fkh2-3HA mbx1-13myc cells (Section 4.2.1.3) and analysed by co-
immunoprecipitation assays.

As for Mbx1p and Sep1p (Section 4.2.3), immunoprecipitations were carried out with either
an HA or a myc antibody to immunoprecipitate Fkh2p-3HA or Mbx1p-13myc, respectively. Western
blotting was then performed to detect Fkh2p-3HA and any co-immunoprecipitated Mbx1p-13myc, or
Mbx1p-13myc and any co-immunoprecipitated Fkh2p-3HA. As negative controls, fkh2-3HA and
mbx1-13myc protein extracts were prepared and subjected to immunoprecipitation analysis with HA
and myc antibodies.

As shown in Figure 4.6A, co-immunoprecipitation analysis of fkh2-3HA mbx1-13myc protein
extracts revealed that no Mbx1p-13myc was co-immunoprecipitated with Fkh2p-3HA. The reverse
was also true, since no Fkh2p-3HA was detected in co-immunoprecipitates with Mbx1p-13myc
(Figure 4.6B). These results show that at least under the current experimental conditions Mbx1p and

Fkh2p do not interact with each other in vivo.
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Figure 4.6: Mbx1p does not co-immunoprecipitate with Fkh2p and vice versa in fkh2-3HA mbx1-13myc S. pombe
protein extracts. (A) Fkh2p-3HA was immunoprecipitated with antibody against HA (a-HA) from soluble protein extracts
of fkh2-3HA mbx1-13myc fission yeast cells, expressing Fkh2p-3HA and Mbx1p-13myc, in each case under control of
the endogenous promoter. The soluble extract (input) and the immunoprecipitated sample (IP) were analysed by
Western blotting with antibodies against HA and myc (the former to detect Fkh2p-3HA, while the latter Mbx1p-13myc).
As negative controls, immunoprecipitated sample from fkh2-3HA fission yeast cells and precipitated sample without HA
antibody (beads only) from fkh2-3HA mbx1-13myc cells were also included. In each case, the input was used in a 1:10
ratio relative to the IP sample. (B) Mbx1p-13myc was immunoprecipitated with antibody against myc (a-myc) from
soluble protein extracts of fkh2-3HA mbx1-13myc fission yeast cells. The soluble extract (input) and the
immunoprecipitated sample (IP) were analysed by Western blotting with antibodies against myc and HA (the former to
detect Mbx1p-13myc, while the latter Fkh2p-3HA). As negative controls, immunoprecipitated sample from mbx1-13myc
fission yeast cells and precipitated sample without myc antibody (beads only) from fkh2-3HA mbx1-13myc cells were
also included. In each case, the input was used in a 1:10 ratio relative to the IP sample. (A-B) Immunoprecipitation
assays of fkh2-3HA mbx1-13myc and fkh2-3HA soluble protein extracts with either the HA or myc antibody were carried
out twice. In each case, the results of Western blot analysis of immunoprecipitated material with HA and myc antibody in
one of the two assays are shown here and are representative of the results of Western blot analysis of the other assay.
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4.3 GST pull down analysis of interactions between Sep1p, Mbx1p and
Fkh2p

The GST (Glutathione S-Transferase) pull-down assay is an in vitro method used routinely to
determine whether two proteins interact directly with each other. A bacterially expressed and purified
GST-tagged protein, immobilised on a glutathione affinity gel, is tested for its ability to bind and ‘pull
down’ another protein, which can also be bacterially expressed and purified as a fusion with a
different tag, such as HIS. The GST-tagged protein serves as a ‘bait’ to capture a putative binding
partner, the so-called ‘prey’ protein.

As already described, a series of co-immunoprecipitation experiments have shown that
Fkh2p and Sep1p bind to each other in vivo, whereas under the same experimental conditions no
interaction was observed between Mbx1p and either Fkh2p or Sep1p. To analyse further these
findings, the GST pull-down method was employed to examine in vitro whether Fkh2p and Sep1p
interact with each other directly, as well as whether under these conditions an interaction between
Mbx1p and either Fkh2p or Sep1p could be detected. The first step in the process involved cloning of
fkh2*, sep1* and mbx1* into an appropriate expression vector with a fusion tag to allow their bacterial

overexpression and purification.

4.3.1 Cloning of sep1*, mbx1* and fkh2*

The cloning of fkh2*, sep1* and mbx1+ was accomplished using standard DNA manipulation
methods (Section 2.2.9). Genomic ORFs of fkh2*, sep?* and mbx1* were obtained from the S.
pombe database (Wood et al., 2002), showing that while introns are absent from sep1+, fkh2*
contains one intron and mbx1* three introns. Therefore, in the case of fkh2* and mbx1*, cDNA was
generated and used as a template for PCR amplification to remove the introns to permit expression
of these genes in bacteria, which cannot process intervening sequences.

Full-length sep?* DNA was amplified by PCR from S. pombe genomic DNA using primers
GO 570 and GO 571 to introduce Smal and Xhol restriction sites at the 5’ and 3’ ends, respectively.
PCR amplification was carried out with Ventr DNA polymerase, which has extensive 3’ to 5
exonuclease proofreading activity, to minimise errors in base incorporation. As shown in Figure 4.7A,
analysis of the PCR product on a 1% agarose gel revealed a ~2 kb DNA fragment, corresponding to
the predicted size of sep7* (ORF: 1992 bp).
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The PCR product was next cloned into the linearised pCR®2.1 vector (~3.9 kb), carrying
single 3’ deoxythymidine (T) residues. Since Ventr polymerase does not leave single 3’
deoxyadenosine (A) overhangs, the PCR product was incubated at 72°C for 10 min with Taq
polymerase, which adds single deoxyadenosine (A) to the 3' ends of PCR products in a template
independent manner, to facilitate efficient ligation to pCR®2.1 vector, followed by transformation into
InVaF’ cells (Section 2.2.4). To allow for selection of successful transformants, cells were grown
overnight at 37°C on solid LB medium supplemented with ampicillin, as well as X-gal. Individual
white colonies were picked and cell cultures were set and grown overnight.

Following plasmid purification (Section 2.2.9.1), successful cloning of the sep1* PCR product
into the pCR®2.1 vector was confirmed by a restriction digest with EcoRI (Figure 4.7B) and a double
digest with EcoRI and BamHI (Figure 4.7C). As expected, digestion with EcoR| alone yielded a ~2 kb
DNA fragment corresponding to full-length sep7+, since no EcoRI site is present within sep?*, but
pCR®2.1 contains two EcoRI sites flanking the sep?* DNA fragment (Figure 4.7B). Digestion with
EcoRI and BamHI generated two DNA fragments around 1.8 kb and 0.2 kb, consistent with the
presence within sep1* of a BamHI site at position +1784 (Figure 4.7C). Various isolates of pCR®2.1
plasmid constructs carrying sep?* were DNA sequenced (MWG Biotech) to search for mutations.

One isolate free of mutations was identified (GB 444) and used for further experiments.
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Figure 4.7: Cloning of the S. pombe sep7* gene. (A) Lane 1, PCR amplified fulllength sep1* DNA using as a template
S. pombe genomic DNA. Lane M, 1 kb DNA ladder (Promega). (B) Lane 1, EcoRI restriction digest of empty pCR®2.1
vector. Lane 2, EcoRI restriction digest of pCR®2.1 vector containing full-length sep?+. Lane M, 1 kb DNA ladder
(Promega). (C) Lane 1, BamHI/EcoRI restriction digest of pCR®2.1 vector containing full-length sep7+. BamHI cuts within
the sep?* DNA sequence, generating two DNA fragments around 1.8 kb and 0.2 kb, respectively. Lane M, 1 kb DNA
ladder (Promega). (A-C) Sizes of DNA fragments are indicated.

The presence of introns within mbx7* necessitated the use of mbx7* cDNA as a template for
PCR amplification. In order to generate mbx1* cDNA, mRNA was purified from total S. pombe RNA
(Section 2.2.10.1-2.2.10.2) and used as a template for gene-specific cCDNA synthesis with an mbx1*
anti-sense primer (GO 573) (Section 2.2.9.13). The mbx1*-specific cDNA was used as a template for
PCR amplification with primers GO 572 and GO 573 to introduce Smal and Xhol restriction sites at

the 5’ and 3’ ends, respectively. As shown in Figure 4.8A, analysis of the PCR products on a 1%
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agarose gel identified two DNA fragments, ~1.4 kb and ~1.6 kb, respectively. As expected, the ~1.4
kb DNA fragment corresponded to the predicted size of mbx7+* cDNA (1437 bp). In contrast, the ~1.6
kb fragment corresponded to the predicted size of mbx1* genomic DNA (1664 bp), suggesting that
this DNA fragment was PCR amplified from contaminating genomic DNA, present in the cDNA
sample. Consequently, the ~1.4 kb DNA fragment was excised from the gel and purified (Figure
4.8B), before cloning into the pCR®2.1 vector and transformation into InVaF’ cells. Once cells were
grown overnight on solid LB-ampicillin supplemented with X-gal, white colonies were selected and
cell cultures were set and grown overnight.

Following plasmid purification, successful cloning of the mbx1* PCR product into pCR®2.1
was confirmed by a restriction digest with Smal and Xhol (Figure 4.9A), as well as with EcoRI and
BamHI (Figure 4.9B). Restriction digest with Smal and Xhol yielded an ~1.4 kb DNA fragment
corresponding to full-length mbx 1+ cDNA, since neither Smal nor Xhol cut within mbx1*. Digestion
with EcoRI and BamHI generated three DNA fragments, ~0.9 kb, ~0.5 kb and ~0.04kb, since BamHI
cuts within mbx 1+ at position +1187, as well as within pCR®2.1. Different isolates of pCR®2.1 plasmid
constructs carrying mbx1+ were DNA sequenced (MWG Biotech). One isolate was identified (GB
445) carrying only a silent mutation at position 203 (TCT mutated to TCC; both encode serine) and
used for further experiments. Importantly, DNA sequencing revealed that the third intron was shorter
than predicted in the S. pombe genome database (Wood et al., 2002). Sequencing the cDNA
showed that the third intron was present from position +501 to +572 instead of +501 to +635 (Figure
4.10), with this part of the mbx1* DNA sequence from +573 to +635 comprising part of the final exon.
This corrected genomic sequence has now been added to the S. pombe genome database
(http://www.genedb.org/genedb/pombe/coordChanges.jsp).

Cloning of fkh2* was performed by a colleague, Dr Szu Shien Ng, using a similar approach
to that used for mbx1*, since fkh2* also contains an intron. Briefly, fkh2*-specific cDNA was
generated and used as a template for PCR amplification with primers GO 568 and GO 569 to
introduce BamHI and Xhol restriction sites at the 5" and 3’ ends, respectively. The resulting PCR
product was cloned into pCR®2.1 vector and transformed into InVaF’ cells. Successful cloning was
confirmed by DNA sequencing (MWG Biotech), identifying one isolate (GB 403), carrying a silent

mutation at position +903, which was used for further experiments.
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Figure 4.8: S. pombe mbx1+ cDNA. (A) Lanes 1 and 2, PCR amplified DNA products using as a template mbx1* cDNA.
Lane M, 1 kb DNA Ladder (NEB). (B) Lanes 1 and 2, purified DNA products of mbx1* cDNA. Lane M, DNA Molecular
Weight marker X (Roche). (A-B) Sizes of DNA fragments are indicated.
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Figure 4.9: Cloning of S. pombe mbx1+* cDNA. (A) Lanes 1 and 2, Smal/Xhol restriction digest of pCR®2.1 vector
containing full-length mbx1+. Lane M, DNA Molecular Weight marker X (Roche). (B) Lanes 1, 2 and 3, BamHI/EcoRI
restriction digest of pCR®2.1 vector containing full-length mbx1*. BamHI cuts within the mbx1* DNA sequence,
generating two DNA fragments around 0.9 kb and 0.5 kb, respectively. Lane M, 1 kb DNA ladder (NEB). (A-B) Sizes of
DNA fragments are indicated.
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AAAGTGAATA

TCTTACTTTT
GTGTGATGCT

TTTCATATTT
CATTATAGGG

AATCGTCGAC
AAAGTGGTGG

CCCGTTTTTC
AAGGTGATGA

GACTTGGCTT
TCATGATTTT

TGATCCTTTT
AGGTCAACAA

TGGCAATGTT TTTACAAGTT TTTAATATTA ACATACACCT CTTTAG]*2 TATT

ACCGGAAGAG
TGACCCTCTG

ACATAATCCC TTGGGGAGAA AG]*3 AGAAACAT AAATCCTAAT

TCATAATTGG
TTCTAATAAT
ATCCTCTACC
GATTACCATA
ACATTCTTTT
TTCATCGTCT
TGATGTTCCG
ACAATCATCT
TCGTAATGGA
AACTGATTTT
ACCTTTGGAC
AGAAAACCGT
AAAATTTGAT
CTCATTTACA
TTTTACCGAC
TTTAGATTTA
GAAAGACGGC

CAAAGAGATG

CCTTGCTGCA

AAAATTCCTG

[GTAAGTCACT TATCAGCAAT  CATTATGCTT

AGACCTAAAG
TGCTCTTCTG
ACGTACCATA
CCGGACCATG
GTCTCTCCAG
TTTTCTGTTC
CAAACCGATA
TCCCGAGCTG
AAACCGCGAA
ATTCAAAGTC
TCTGCTATAA
GGAGAATTAT
GAATTGCCCA
GCATCTCCTA
AATCCAGTTG
GATTATGAGA
GTCCCCACAA

ATAAGCGGAT
CTACCGACAG
CTACTCCAAC
CGTCGGTTTA
TTTCTGGAGA
CTCCTGAATC
ATTTTATCCC
ATCGTAGCTC
TATCCAGGCT
CTTCTTCTGG
ATCAAATTAC
ATTCTCACGA
ACGGATTTAT
ACCAAATTCT
ATGCAACTTG
GGTCATCAAT
ATTCGGTATA

ATAATTTATA TCCGTCTTTA AATATTGAAC GAAATGCCCC TTAA

TGCTTCTGTT
TGAAAATGAC
TACTGCAAGC
TAATGACCTT
TTACTCTGAC
GTTGAATCCT
TTTCCTTACT
TGTTCGTCGC
GCATACTTCT
TTATTTGGAT
GCCTCCTTTT
TAATCCTACT
TGATACTCAT
TCGCGAATCG
GGATGCTTTA
ACCCTCATCC
TCGAAATAAC

AACAAGGACT
GTCCTGTATT

ATACCATCTG

ACCACATACA
TTTCAATCTT
GAGAACAAGA
CCTCTTTCTC
TCACCTTTAG
ACACTGTCTT
CCTAAGCGTC
AGCCAATCTT
CATGCTTCTA
CCCAGCTCAA
CTTCCCGATA
TCTATGGTAT
GAGTTGAACA
AATATGGTTA
ATTGGTACAA
ACTATTCCTG
ATGGTTGATC

Figure 4.10: Sequence of mbx1+* cDNA and inferred genomic structure. DNA sequencing of mbx1* cDNA cloned into
the pCR®2.1 vector. Introns are in red. *1 indicates the position of the 1st intron, *2 the position of the 2nd intron and *3 the

position of the 3 intron. #in

the Sanger pombe genomic data base (http://www.genedb.org/genedb/pombe/coordChanges.jsp).

denotes T changed to C; silent mutation. This corrected sequence has been added to
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4.3.2 Generation of GST-tagged versions of sep1* and mbx1*

sep?* and mbx1+ were cloned into pGEX-KG (GB 159), a bacterial expression vector that upon
addition of IPTG allows over-expression of the cloned gene as an N-terminal GST-fusion protein
(Appendix IV). pCR®2.1 containing mbx1* (GB 445) or sep1* (GB 444) was digested with Smal and
Xhol, the respective mbx1+ or sep?* DNA fragment was gel extracted, purified and cloned into
linearised pGEX-KG vector digested with Smal and Xhol (Section 2.2.9.6). pGEX-KG containing
either sep?* or mbx1* was then transformed into the E. coli BL21 CodonPlus bacterial strain (Section
2.2.4) to allow protein overexpression and purification. Successful cloning was confirmed by a
Smal/Xhol restriction digest of pGEX-KG containing either sep?* (GB 441) or mbx1+ (GB 448),
revealing an ~2 kb or an ~1.4 kb DNA fragment, respectively (Figure 4.11A and 4.11B). The integrity
of the pGEX-KG-sep1* construct was also confirmed by DNA sequencing (MWG Biotech).

A

kb —
2kb

~5kb S5kb —

~2kb

1.5kb —

Figure 4.11: Cloning of the sep?* and mbx7* genes into the pGEX-KG expression vector. (A) Lanes 1 and 2,
Smal/Xhol restriction digest of the pGEX-KG expression vector containing full-length sep7+. Lane M, 1 kb DNA Ladder
(NEB). (B) Lanes 1, 2 and 3, Smal/Xhol restriction digest of the pGEX-KG expression vector containing full-length
mbx1+. Lane M, 1 kb DNA Ladder (NEB). (A-B) Sizes of DNA fragments are indicated.

4.3.3 Generation of HIS-tagged versions of sep1* and fkh2*

pET-28-c (+) and pET-28-a (+) are bacterial expression vectors that carry a N-terminal 6xHIS tag,
which, in the presence of IPTG, allows over-expression of the cloned gene as an N-terminal HIS
fusion protein (Appendix V). fkh2* and sep1* were cloned into appropriate restriction sites of pET-
28-c (+) and pET-28-a (+) vector respectively, by Dr Szu Shien Ng, using standard molecular cloning
procedures (Section 2.2.9). Briefly, pCR®2.1 vector containing fkh2* (GB 403) or sep1* (GB 444)
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was digested with appropriate restriction enzymes, the respective fkh2* or sep1* DNA fragment was
gel extracted, purified and cloned into linearised pET-28-c (+) and pET-28-a (+) vector digested with
the same enzymes. pET-28-a (+)containing sep1* (GB 425) or pET-28-c (+) containing fkh2* (GB
417) was then transformed into the E. coli BL21 CodonPlus bacterial strain (Section 2.2.4). In each

case, successful cloning was confirmed by DNA sequencing (MWG Biotech).

4.3.4 Bacterial overexpression of GST-fusion proteins

Following successful cloning of mbx7* and sep?* into pGEX-KG, the resulting plasmids were
transformed into the BL21 CodonPlus bacterial strain (GB 448 and GB 441). BL21 (DE3)
CodonPlus-RIL cells are ideal for the overexpression of proteins from species other than E. coli,
since they contain extra copies of several tRNA genes that are ‘rare’ to E. coli but more frequent in
other species, thus dramatically improving overexpression of heterologous proteins.

Small-scale protein inductions (50 ml) were carried out to examine the overexpression
efficiency and solubility of GST-Mbx1p and GST-Sep1p. BL21 CodonPlus cells transformed with
empty pGEX-KG vector were also induced for protein overexpression, since GST was required as a
control for the subsequent GST pull-down assay.

Optimal conditions of protein overexpression in the BL21 CodonPlus strain were selected to
allow the production of GST-Mbx1p, GST-Sep1p and GST. Specifically, a single colony of BL21
CodonPlus cells transformed with empty pGEX-KG (GB 159) or pGEX-KG carrying either mbx1+ (GB
448) or sep1* (GB 441) was picked from a colony grown overnight on appropriate solid medium and
inoculated into 10 ml of NZY* broth supplemented with ampicillin. Following growth for 16 h at 37°C
with shaking, 1 ml of culture was added to 50 ml of fresh media. The culture was grown further at
37°C with shaking until the ODgoonm reached 0.5 and IPTG was added at a final concentration of 0.5
mM to induce over-expression of GST, GST-Mbx1p or GST-Sep1p for 3-4 h at 30°C. In each case, 1
ml samples were collected from the culture immediately before addition of IPTG (0 h), as well as at
hourly intervals after IPTG induction (1 h, 2 h, 3 h and 4 h). Following protein overexpression, cells
were harvested by centrifugation, resuspended in PBS and lysed by French pressure disruption. 1 ml
of lysate (L) was collected and kept on ice, while 1 ml of lysate was centrifuged to separate the
supernatant (S) and pellet fraction (P). From each sample, 10 ul were taken and resuspended in an
equal volume of 2x Laemmli sample buffer, denatured by boiling for 5 min in the presence of 150 mM
DTT and analysed by SDS-PAGE electrophoresis and Coomassie blue staining to examine the
overexpression and solubility of GST, GST-Mbx1p and GST-Sep1p (Figures 4.12, 4.13 and 4.14).
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The solubility of each protein was determined by comparing the fraction of protein present in the

supernatant (soluble fraction) with that in the pellet (insoluble fraction).
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Figure 4.12: GST overexpression and solubility. GST overexpression was induced in BL21 CodonPlus (DE3)-RIL
cells with 0.5 mM IPTG at 30°C for 4 h. Samples were collected at the point of induction (0 h) and at 4 h following
induction. Cells were harvested by centrifugation, resuspended in PBS and lysed by French pressure disruption. The
lysate (L) was centrifuged to separate the supernatant (S) and pellet fraction (P). 1 ml samples were collected at all
stages. All samples were resuspended in Laemmli sample buffer, denatured by boiling for 5 min in the presence of DTT
and analysed by SDS-PAGE and Coomassie blue staining. Molecular weight marker is shown (M), with sizes indicated in
kDa. The arrow indicates GST.

M Oh1h 2h 3h L S P

<= GST-Mbx1p

00O
SO
==
o0
oo
L1
L
l 1
1
L

50 kDa =—|] s

SDS-PAGE

Figure 4.13: GST-Mbx1p overexpression and solubility. GST-Mbx1p overexpression was induced in BL21 CodonPlus
(DE3)-RIL cells with 0.5 mM IPTG at 30°C for 3 h. Samples were collected at the point of induction (0 h) and at hourly
intervals thereafter (1 h, 2 h and 3 h). Following 3 h induction, cells were harvested by centrifugation, resuspended in
PBS and lysed by French pressure disruption. The lysate (L) was then centrifuged to separate the soluble and insoluble
protein material into the supernatant (S) and pellet fraction (P), respectively. 1 ml samples were collected at all stages.
All samples were resuspended in Laemmli sample buffer, denatured by boiling for 5 min in the presence of DTT and
analysed by SDS-PAGE and Coomassie blue staining. Molecular weight marker is shown (M), with sizes indicated in
kDa. The arrow indicates full-length GST-Mbx1p.
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Figure 4.14: GST-Sep1p overexpression and solubility. GST-Sep1p overexpression was induced in BL21 CodonPlus
(DE3)-RIL cells with 0.5 mM IPTG at 30°C for 4 h. Samples were collected at the point of induction (0 h) and every hour
thereafter. Following 4 h induction, cells were harvested by centrifugation, resuspended in PBS and lysed by French
pressure disruption. The lysate (L) was then centrifuged to separate the supernatant (S) and pellet fraction (P). 1 ml
samples were collected at all stages. All samples were resuspended in Laemmli sample buffer, denatured by boiling for 5
min in the presence of DTT and analysed by SDS-PAGE and Coomassie blue staining. Molecular weight marker is
shown (M), with sizes indicated in kDa. The arrow indicates full-length GST-Sep1p.

As shown in Figures 4.12, 4.13 and 4.14, overexpression of GST, GST-Mbx1p and GST-
Sep1p was successful. As expected, GST resolved at ~26 kDa and was present almost exclusively
in the supernatant (Figure 4.12). GST-Mbx1p resolved at a size slightly higher than the predicted
value of ~77 kDa, while GST-Sep1p resolved at a size close to the predicted value of ~100 kDa.
Approximately 100% of GST-Mbx1p was recovered in the soluble fraction (Figure 4.13), whereas in
the case of GST-Sep1p a significant proportion of the fusion protein (>70%) was also detected in the

supernatant (Figure 4.14).

4.3.5 Bacterial overexpression of HIS-fusion proteins

Overexpression and solubility of 6HIS-Fkh2p and 6HIS-Sep1p was examined by a procedure similar
to that followed for overexpression of GST-Mbx1p and GST-Sep1p, but with modifications. In
particular, a single colony of BL21 CodonPlus cells transformed with either pET-28-a (+) vector
containing sep7* (GB 425) or pET-28-c (+) containing fkh2* (GB 417) were grown overnight on solid
medium before transfer to 10 ml of kanamycin supplemented NZY+* broth, which was then grown at
37°C for no more than 16 h. 1ml of culture was removed, added to 50 ml of fresh NZY* plus
kanamycin and allowed to grow until an ODego of ~0.5 was reached. IPTG was added to a final
concentration of 0.5 mM and the culture was grown at 30°C for 3 h to induce overexpression of

6HIS-Fkh2p or 6HIS-Sep1p. 1 ml samples were removed at the point of induction (0 h) and every
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hour onwards for 3 h. Following overexpression, cells were collected by centrifugation, resuspended
in Buffer A and lysed by French pressure. 1 ml of lysate (L) was collected and kept on ice, while 1 ml
of lysate was centrifuged to separate the supernatant (S) and pellet fraction (P). From each sample,
10 ul were taken and resuspended in an equal volume of 2x Laemmli sample buffer, denatured by
boiling for 5 min in the presence of 150 mM DTT and analysed by SDS-PAGE electrophoresis and
Coomassie blue staining to examine the overexpression and solubility of 6HIS-Fkh2p and 6HIS-
Sep1p (Figures 4.15 and 4.16).
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Figure 4.15: 6HIS-Fkh2p overexpression and solubility. 6HIS-Fkh2p overexpression was induced in BL21 CodonPlus
(DE3)-RIL cells with 0.5 mM IPTG at 30°C for 3 h. Samples were collected at the point of induction (0 h) and 3 h after
induction (3 h). Cells were harvested by centrifugation, resuspended in Buffer A and lysed by French pressure disruption.
The lysate (L) was centrifuged to separate the supernatant (S) and pellet fraction (P). 1 ml samples were collected at all
stages. All samples were resuspended in Laemmli sample buffer, denatured by boiling in the presence of DTT and
analysed by SDS-PAGE and Coomassie blue staining. Molecular weight marker is shown (M), with sizes indicated in
kDa. The arrow indicates full-length 6HIS-Fkh2p.
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Figure 4.16: 6HIS-Sep1p overexpression and solubility. (A-B) 6HIS-Sep1p overexpression was induced in BL21
CodonPlus (DE3)-RIL cells with 0.5 mM IPTG at 30°C for 3 h. Samples were collected at the point of induction (0 h) and
3 h after induction (3 h). Cells were harvested by centrifugation, resuspended in Buffer A and lysed by French pressure.
The lysate (L) was centrifuged to separate the supernatant (S) and pellet fraction (P). 1 ml samples were collected at all
stages. All samples were resuspended in Laemmli sample buffer, denatured by boiling in the presence of DTT and
analysed by SDS-PAGE and Coomassie blue staining. (C) 6HIS-Sep1p was overexpressed for 16 h at 15°C with 0.15
mM IPTG. Prior to IPTG induction, cells were heat-shocked for 20 min at 42°C. Samples were collected at the point of
induction (0 h) and 16 h after induction (16 h). Following induction, cells were harvested by centrifugation, resuspended
in Buffer A and lysed by French pressure. The lysate was centrifuged to separate the supernatant (S) and pellet fraction
(P). 1 ml samples were collected at all stages. All samples were resuspended in Laemmli sample buffer, denatured by
boiling in the presence of DTT and analysed by SDS-PAGE, followed by Western blotting. To detect 6HIS-Sep1p, the
blot was probed with anti-HIS antibody. (A-B) Molecular weight marker is shown (M), with sizes indicated in kDa. (A-D)
The arrow indicates full-length 6HIS-Sep1p.
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As shown in Figures 4.15 and 4.16, overexpression of 6HIS-Fkh2p and 6HIS-Sep1p was
successful with both HIS-tagged proteins resolving at sizes close to their predicted molecular
masses, ~72 kDa for 6HIS-Fkh2p and ~73 for 6HIS-Sep1p. Almost 100% of 6HIS-Fkh2p was
detected in the soluble fraction (Figure 4.15), whereas in contrast more than 70% of 6HIS-Sep1p
was present in the pellet, with only 25-30% of protein recovered in the soluble fraction (Figure 4.16A
and B). Therefore, in order to improve 6HIS-Sep1p solubility, alternative overexpression conditions
were adopted, including heat-shock at 42°C for 20 min prior to IPTG induction. Heat shock has been
shown to improve solubility of heterologous proteins expressed in bacteria due to the synthesis of
bacterial heat shock proteins, known to facilitate proper folding of proteins and prevent their
aggregation (Chen et al., 2003; Oganesyan et al., 2007). After heat-shock of cells, 6HIS-Sep1p
expression was induced with 0.15 mM IPTG for sixteen hours (16 h) at 15°C (Figure 4.16C), since
high level 6HIS-Sep1p overexpression, observed upon induction with 0.5 mM IPTG at 30°C over a
short three hour period (Figure 4.16A and B), might itself have contributed to protein insolubility.
Following 16 h IPTG induction at 15°C, cells were collected, resuspended in Buffer A and lysed by
French pressure disruption. The lysate was centrifuged to separate the supernatant (S) and pellet
fraction (P). Samples collected at all stages during IPTG induction and lysis were analysed by SDS-
PAGE electrophoresis and Western blot with an anti-HIS antibody (Table 2.1) to detect 6HIS-Sep1p
(Figure 4.16C). As revealed by the Western blot, heat-shock combined with IPTG induction at a low
temperature significantly improved 6HIS-Sep1p solubility, since more than 60% of the protein was

detected under these conditions in the supernatant (soluble fraction).

4.3.6 Purification of GST-fusion proteins

Once conditions for protein induction of GST-tagged proteins were optimised (Section 4.3.4), large
amounts of GST-Mbx1p, GST-Sep1p and GST were overexpressed from 200 ml (GST-Mbx1p and
GST) or 500 ml (GST-Sep1p) cultures, and purified in preparation for the GST pull-down assay.
Overexpression and column purification of all GST-tagged proteins using Glutathione Sepharose 4B
slurry was performed as described in detail in Sections 2.2.11.2-2.2.11.3. For each protein several
0.4 ml (GST-Mbx1p and GST) or 1 ml (GST-Sep1p) elution fractions were collected. 10 pl of each
elution fraction were removed and analysed by SDS-PAGE, followed by Coomassie blue staining
(Figure 4.17). All elution fractions containing in each case the purified protein (GST, GST-Mbx1p or
GST-Sep1p) were combined prior to overnight dialysis in 1x PBS (Section 2.2.11.7) and subsequent

concentration (Section 2.2.11.8).
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Figure 4.17: Purification of GST-fusion proteins. (A-C) GST-Mbx1p, GST-Sepip or GST were separately
overexpressed in BL21 CodonPlus (DE3)-RIL cells (200-500 ml) for 3-4 h at 30°C with 0.5 mM IPTG. Following
induction, cells were harvested, resuspended in PBS and lysed by French pressure disruption. The lysate was
centrifuged and the supernatant (soluble protein fraction) was collected and subjected to GST column purification. In
each case, various elution fractions were collected and 10 pl samples were taken (Elution lanes). All samples were
diluted in an equal volume of Laemmli sample buffer, denatured by boiling in the presence of DTT and analysed by SDS-
PAGE and Coomassie blue staining. (A) The lysate (L), supernatant (S) and pellet (P) samples are also shown. (B-C)
Samples taken at the time of induction (0 h) and following induction (3 h) or (4 h) are also shown. Lane M, Molecular
weight marker with sizes indicated in kDa. The arrow indicates GST-Mbx1p (A), GST-Sep1p (B) or GST (C).
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4.3.7 Purification of HIS-fusion proteins

The most favourable conditions were used to overexpress large quantities of 6HIS-Fkh2p and 6HIS-
Sep1p (Section 4.3.5). Following overexpression in 500 ml cultures, 6HIS-Fkh2p and 6HIS-Sep1p
were purified for use in the GST pull-down. Overexpression and column purification of HIS-tagged
proteins using Chelating Fast Flow slurry was performed as described in detail in Sections 2.2.11.2
and 2.2.11.4. For each protein several 1ml elution fractions were collected. 10 pl of each elution
fraction were removed and analysed by SDS-PAGE, followed by Coomassie blue staining. As shown
in Figure 4.18, 6HIS-Sep1p and 6HIS-Fkh2p were successfully purified. As in the case of GST-
tagged proteins, elution fractions containing either 6HIS-Fkh2p or 6HIS-Sep1p were combined prior
to overnight dialysis in 1x PBS (Section 2.2.11.7) and subsequent concentration (Section 2.2.11.8).

~—Elution — B

M O0h 3h| 1 2 M Elution
90 kDa
90kDa_| BHIS- o100 — E 4_6HIS
80 kDa— 4_
-— Sepip
Fkh2p -
50 kDa — ' 50 kDa = '
e

Figure 4.18: Purification of HIS-fusion proteins. (A-B) 6HIS-Fkh2p was overexpressed in BL21 CodonPlus (DE3)-RIL
cells for 3 h at 30°C with 0.5 mM IPTG, while 6HIS-Sep1p was overexpressed for 16 h at 15°C with 0.15 mM IPTG. In
the case of 6HIS-Sep1p, cells were also heat-shocked before IPTG induction. Samples were collected at the point of
induction (0 h) and after induction, (3 h) or (16 h). Cells were then harvested, resuspended in Buffer A and lysed by
French pressure disruption. The lysate was centrifuged and the supernatant was collected and subjected to HIS column
purification. Elution fractions were collected and 10 ul samples were taken (Elution lanes). Samples were diluted in an
equal volume of Laemmli sample buffer, denatured by boiling in the presence of DTT and analysed by SDS-PAGE,
followed by staining with Coomassie brilliant blue. (A) Samples taken at the time of induction (0 h) and following induction
(3 h) are also shown. Lane M, Molecular weight marker with sizes indicated in kDa. The arrow indicates full-length 6HIS-
Fkh2p (A) or 6HIS-Sep1p (B).
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4.3.8 GST pull down unravels a direct in vitro interaction between Sep1p and Fkh2p

Following purification, dialysis and concentration of GST- and HIS- tagged proteins, GST pull-down
assays were performed to examine whether GST-Sep1p interacts with 6HIS-Fkh2p, as well as
whether GST-Mbx1p interacts with 6HIS-Fkh2p or 6HIS-Sep1p. In each case, the GST pull-down
was carried out as described in Section 2.2.11.9. Briefly, 3-4 ug of GST-tagged protein (GST-Sep1p
or GST-Mbx1p) or GST alone, used as a negative control, were incubated with Glutathione
Sepharose beads for one hour to allow binding. In each case, 3-4 ug of the appropriate HIS-tagged
protein (6HIS-Fkh2p or 6HIS-Sep1p) were added to the beads suspension and incubated for another
hour to enable interaction between the two proteins. As another negative control 6HIS-Fkh2p or
6HIS-Sep1p were incubated for one hour with Glutathione Sepharose beads. After removal of the
supernatant and sufficient washes the beads with all bound protein(s) were resuspended in 2x
Laemmli buffer supplemented with 150 mM DTT and boiled to release the protein(s) from the beads.
Following centrifugation, the supernatant containing all the protein was TCA precipitated. Finally, the
pelleted protein material was resuspended in 10 pl Laemmli buffer with 150 mM DTT, boiled and
analysed by SDS-PAGE electrophoresis, followed by Western blot using a HIS antibody to detect
whether 6HIS-Fkh2p is pulled down by GST-Sep1p or GST-Mbx1p, as well as whether 6HIS-Sep1p
is pulled down by GST-Mbx1p. In each case, all samples were also analysed by a Western blot
using a GST antibody to confirm the presence of the respective GST protein, GST-Sep1p, GST-
Mbx1p or GST itself, in the pull-down fraction (data not shown).

As shown in Figure 4.19A, 6His-Fkh2p was detected in the GST-Sep1p pull-down fraction,
whereas no 6His-Fkh2p was found in the GST pull-down fraction or in the Glutathione Sepharose
beads fraction, showing that the interaction between GST-Sep1p and 6His-Fkh2p is specific and not
the indirect result of 6His-Fkh2p non-specific binding to either the GST moiety or Glutathione
Sepharose beads. Thus, the pull-down experiment not only confirmed the physical interaction
between Sep1p-3HA and Fkh2p-13myc, observed in vivo by co-immunoprecipitation, but also
revealed that Sep1p and Fkh2p can bind to each other directly, at least in vitro (Papadopoulou et al.,
2008). In contrast, neither 6His-Fkh2p nor 6HIS-Sep1p was detected in the GST-Mbx1p pull-down
fraction (Figure 4.19B and C). This result is in agreement with the findings of co-immunoprecipitation
experiments (Sections 4.2.3 and 4.2.4), showing that at least under these conditions no physical
interaction was observed between Mbx1p-13myc and either Sep1p-3HA or Fkh2p-3HA. Taken
together, the combination of co-immunoprecipitation and GST pull-down experiments have
demonstrated a direct interaction between Sep1p and Fkh2p, whilst no interaction was observed

between the MADS box-like protein Mbx1p and either of the two forkhead transcription factors.
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Figure 4.19: GST pull-down analysis reveals that Fkh2p and Sep1p directly interact with each other in vitro, while
no interaction is detected between Mbx1p and either Fkh2p or Sep1p. (A) 6His-Fkh2p is pulled down by GST-Sep1p
in vitro. Bacterially expressed and purified 6HIS-Fkh2p was mixed with purified GST-Sep1p bound to Glutathione
Sepharose 4B beads. Following GST pull-down analysis, the GST-Sep1p pull down fraction was resuspended in
Laemmli sample buffer supplemented with DTT and analysed by SDS-PAGE, followed by Western blotting. To detect
6HIS-Fkh2p the blot was probed with an antibody against HIS. As negative controls, 6His-Fkh2p was mixed with purified
GST bound to beads, as well as with beads alone. Input indicates purified 6His-Fkh2p. The arrow indicates 6His-Fkh2p
present in the GST-Sep1p pull down fraction. (B) GST pull-down analysis using purified 6His-Fkh2p and GST-Mbx1p. As
in (A), appropriate negative controls were included and Western blot with an antibody against HIS was performed to
examine whether 6HIS-Fkh2p is present in the GST-Mbx1p pull-down fraction. (C) GST pull-down analysis using purified
6His-Sep1p and GST-Mbx1p. As negative controls, 6His-Sep1p was mixed with purified GST bound to beads, as well as
with beads alone. Input indicates purified 6His-Sep1p. To detect 6HIS-Sep1p the blot was probed with an antibody
against HIS. (A-C) GST pull-down assays of 6HIS-Fkh2p with either GST-Sep1p or GST-Mbx1p and of 6His-Sep1p with
GST-Mbx1p were carried out three times. In each case, the results of Western blot analysis of pulled-down material with
the HIS antibody in one of these assays are shown here and are representative of the results of Western blot analysis of
all three assays.
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4.4 Summary

In fission yeast Fkh2p, Sep1p and Mbx1p are all involved in the co-ordinate expression of several
genes during late mitosis and early G1 phase, are components and/or related to the PBF complex
and, as suggested by genetic analyses, they exhibit both overlapping and separate functions (Buck
et al., 2004; Bulmer et al., 2004; Bahler, 2005; Ng et al., 2006). To examine further the relationship
between these transcription factors, co-immunoprecipitation analysis was performed here to
determine whether they associate with each other in vivo. Due to the unavailability of antibodies
against native Fkh2p, Sep1p and Mbx1p (Section 4.2), immunoprecipitations were carried out with
appropriate double-tagged S. pombe strains (sep1-3HA fkh2-13myc, sep1-3HA mbx1-13myc or
fkh2-3HA mbx1-13myc), expressing one protein as an HA fusion and the other as a myc fusion,
tagged in each case at the C-terminus (Figures 4.1, 4.2 and 4.3). Immunoprecipitation and ensuing
Western blot analyses with HA and myc antibodies detected a specific in vivo interaction between
Sep1p-3HA and Fkh2p-13myc, but not between Mbx1p-13myc and either Sep1p-3HA or Fkh2p-3HA
(Figures 4.4, 4.5 and 4.6; Papadopoulou et al., 2008).

To confirm the observed interaction between Fkh2p and Sep1p and determine whether
these forkhead transcription factors can bind to each other directly, GST pull-down assays were
performed with bacterially expressed and purified GST and HIS-fusions of Sep1p and Fkh2p
respectively, tagged in each case at their N-terminus. Moreover, GST pull-down assays were carried
out with an N-terminal GST-fusion of Mbx1p and HIS-fusions of Sep1p and Fkh2p to examine
whether Mbx1p, although not shown to associate in vivo with Fkh2p or Sep1p, binds to either of
these proteins under these conditions in vitro. For this, cDNA or genomic DNA preparations of
mbx1*, fkh2* and sep?* were cloned into GST- and/or HIS- specific expression vectors as
appropriate, followed by bacterial overexpression and purification of the respective fusion proteins
(Sections 4.3.1-4.3.7). In agreement with the results of the co-immunoprecipitation assays, GST pull
-down analyses showed that GST-Sep1p and 6HIS-Fkh2p bind to each other directly in vitro, while
no direct interaction was detected, at least under these experimental conditions, between GST-
Mbx1p and either 6HIS-Fkh2p or 6HIS-Sep1p (Figure 4.19; Papadopoulou et al., 2008).

The detected in vivo and in vitro interaction between Fkh2p and Sep1p validates previous
genetic observations that have established a requirement of Fkh2p for Sep1p function and
suggested a potential interaction between the two forkhead proteins. Moreover, the inability to
identify here an interaction between Mbx1p and Fkh2p or Sep1p, might imply that this MADS-box

protein exerts its role on transcriptional regulation of M-G1 genes, not by direct association with the
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forkhead proteins but indirectly as a PBF component, bound to the PCB sequence within the genes’
promoters. Consistent with this, Mbx1p has been shown to be necessary for binding of PBF to the
PCB sequence, at least in the case of cdc15*, and most probably binds close to Fkh2p and/or Sep1p
on the cdc15* promoter (Anderson et al., 2002; Buck et al., 2004). Intriguingly, MADS-box motifs are
absent from the promoters of M-G1 transcribed genes (Rustici et al., 2004). Presumably, unlike the
situation in S. cerevisiae, whereby MADS-box and forkhead sequences mediate G2-M specific
expression of the ‘CLB2’ gene cluster, in fission yeast PCB sequences in concert with forkhead
sequences accommodate M-G1 specific expression of the PBF-dependent gene cluster (Bahler,
2005).

Apart from Fkh2p, Sep1p and Mbx1p, the Plo1p kinase is also involved in control of PBF-
mediated M-G1 specific transcription. The next chapter examines the relationship between Plo1p
and these three transcription factors to determine whether this kinase exerts its role on M-G1-
specific gene expression via its interaction with PBF components.
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Chapter §

In vivo analysis of interactions between Plo1p
kinase and PBF components Fkh2p, Sep1p
and Mbx1p
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5.1 Introduction

Previous studies and research work presented in Chapter 3 have demonstrated that PBF
components Mbx1p, Sep1p and Fkh2p regulate M-G1 specific transcription, through the PCB and
forkhead promoter sequences (Anderson et al., 2002; Buck et al., 2004; Bulmer et al., 2004; Rustici
et al., 2004; Alonso-Nufiez et al., 2005; Petit et al., 2005). fkh2* is itself periodically transcribed
during the M-G1 phase, indicating that it modulates its own expression as part of an autoregulatory
loop (Buck et al., 2004, Ng et al., 2006). Moreover, experiments presented in Chapter 4 have shown
that Fkh2p associates with Sep1p in vivo and in vitro, providing further information about the
mechanism that regulates cell cycle specific transcription at the M-G1 boundary. Consistent with the
M-G1 pattern of late cell cycle expression, most M-G1 transcribed genes encode proteins that are
necessary for mitosis and cytokinesis (Ng et al., 2006). Prominent among them is plo1*, encoding a
Ser/Thr Polo-like kinase (Sections 1.3.2.3 and 1.3.2.4.2).

5.1.1 Polo-like kinases

Polo-like kinases (Plks) are found in organisms as diverse as yeast and humans. Well-known
members include several human Plks, Drosophila Polo, Xenopus PIx1p, S. cerevisiae Cdc5p and S.
pombe Plo1p kinase. They all share a common structure with an N-terminal catalytic domain and a
C-terminal regulatory domain containing characteristic motifs; the so-called polo-boxes. The Plks
regulate a plethora of events during mitosis, including bipolar spindle assembly, chromosome
segregation and in some organisms cytokinesis (Sections 1.3.2.3 and 1.3.2.4.2). In humans, Plks are
also crucial for centrosome separation and maturation (Barr et al., 2004). Moreover, Plks from
various species have been shown to interact with and regulate the activity of the anaphase
promoting complex/cyclosome, contributing to degradation of B-type cyclins and mitotic exit
(Descombes and Nigg, 1998; Kotani et al., 1998; Shirayama et al., 1998; May et al., 2002).

Plks are also key players in early mitotic events. They are thought to phosphorylate Cdc25p
in a p34cdc/Cdk1p-dependent manner, thus forming part of an amplification loop that further
activates the p34cdc2/Cdk1p-cyclin B complex at the G2-M transition and promotes irreversible
commitment to mitosis (Barr et al., 2004; Section 1.3.2.3). Consistent with their roles in early and late
mitosis, Plks localise to specific substructures of the mitotic apparatus at distinct times during mitosis
(Golsteyn et al., 1995; Lee et al., 1995; Shirayama et al., 1998; Bahler et al., 1998b; Mulvihill et al.,
1999; Tanaka et al., 2001). Similarly, as shown by studies in mammals and the budding and fission
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yeasts, the pattern of Plk activity appears to correlate well with their functions in space and time in
the various organisms (Glover et al., 1998).

Research in S. cerevisiae and S. pombe has also uncovered a role for Plks in the regulation
of cell-cycle specific expression of genes that are required for progression through mitosis and
cytokinesis (Anderson et al., 2000; Darieva et al., 2006; Papadopoulou et al., 2008). In S. cerevisiae,
Cdc5p controls G2-M specific transcription of the ‘CLB2’ gene cluster by phosphorylating the co-
activator protein Ndd1p, promoting its recruitment to the genes’ promoters in a cell cycle-specific
manner. Ndd1p is recruited to the promoters of the ‘CLB2’ cluster genes via interaction with the FHA
domain of Fkh2p, which is found in the promoters as a complex with Mcm1p throughout the cell
cycle. Apart from Cdc5p, the Cdc28p-Clb2p and Cdc28p-ClbSp complexes also promote the
association between Ndd1p and Fkh2p, phosphorylating the former Ndd1p and the latter Fkh2p
(Darieva et al., 2003; Reynolds et al., 2003; Pic-Taylor et al., 2004; Darieva et al., 2006). Markedly,
since CDC5 is a ‘CLB2’ cluster gene, Cdc5p seems to regulate its own expression as part of a
positive feedback loop.

5.1.2 Plo1p: a regulator of mitotic events and M-G1 transcription

Analyses in S. pombe of plo1 disruptants and plo7 temperature sensitive mutants have
demonstrated that Plo1p function is essential for viability and necessary for various mitotic events
and cytokinesis, including bipolar spindle assembly, the arrangement of the acto-myosin medial ring
and septum formation. As shown by overexpression studies, Plo1p is both necessary and sufficient
to induce septum formation from any point in the cell cycle, without prior commitment to mitosis,
suggesting that Plo1p acts as a septum promoting factor (Ohkura et al., 1995; Bahler et al., 1998b).

As well as these functions, Plo1p also regulates M-G1 specific transcription. This is shown
by the fact that plo7+ overexpression leads to an increase in the mRNA levels of M-G1 transcribed
genes, such as cdc15* and spo12+, while loss of Plo1p function, in the temperature sensitive plo7-
ts35 kinase mutant, compromises M-G1 specific transcription of these same genes. Notably, loss of
Plo1p function also abolishes PCB-mediated binding of the PBF complex. These findings suggest
that Plo1p regulates M-G1 specific transcription by controlling the activity of PBF (Anderson et al.,
2002). Since Plo1p is a Polo-like kinase it could modulate PBF activity by binding and
phosphorylating one or more of its components, Mbx1p, Fkh2p and Sep1p. Interestingly, both Mbx1p
and Fkh2p have previously been shown to be phosphorylated specifically during mitosis (Buck et al.,
2004; Bulmer et al., 2004).
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5.2 Two-Hybrid analysis of interactions between Plo1p and PBF components
Mbx1p, Sep1p and Fkh2p

For more than a decade the yeast two-hybrid system has been used extensively as an in vivo means
to study whether two proteins of interest interact with each other, as well as to identify novel binding
partners of a known protein (Fields, 2005). This yeast genetic system, initially developed by Fields
and Song (1989), exploits the observation that transcription factors consist of functionally
autonomous domains, such as the DNA-binding domain (DBD) that recognises and binds to its
cognate promoter sequence, and an activation domain (AD) that activates transcription, via
interactions with the RNA polymerase Il machinery (Hope and Struhl, 1986). The independency of
these domains is exemplified by the ability of the DBDs or ADs of different transcription factors to
compensate functionally for one another. For example, the DBD of LexAp, an E.coli transcriptional
repressor, successfully substitutes for the DBD of Galdp, an S. cerevisiae transcriptional activator,
since a chimera resulting from the fusion of the LexAp DBD with the Gal4p AD activates ectopic
expression of B-galactosidase in budding yeast, provided that LexAp binding sites are present
upstream of the lacZ reporter gene (Brent and Ptashne, 1985).

Despite the autonomy of the DBD and AD, transcriptional activation takes place only in the
presence of both a DBD and AD. On its own a DNA-binding domain, although able to associate with
its cognate DNA, is unable to activate transcription. Similarly, an AD domain without a DBD domain
cannot target itself to the promoter region, resulting in no transcription. The inability of the AD to
activate transcription in the absence of the DBD and vice versa allows screening for an interaction
between two proteins by yeast two-hybrid, outlined in Figure 5.1B. In this system, the cDNA of gene
X is cloned into the “bait” vector that expresses protein X as a fusion with a DBD (e.g. LexAp or
Gal4p), while the cDNA of gene Y is cloned into the “prey” vector that expresses protein Y as a
fusion with the AD of Galdp. An S. cerevisiae strain containing a reporter gene (the HIS3 or ADE2
auxotrophic marker or lacZ colour marker) with multiple upstream DNA-binding sites for the
respective DBD, either on a plasmid or integrated into the genome, is then transformed with both the
‘bait” and “prey” vectors. When proteins X and Y physically interact with each other, the DBD and the
AD are brought close enough to reconstitute a functional transcriptional factor that activates
transcription and ensuing expression of the reporter gene. Conversely, if proteins X and Y do not
associate with each other, no transcriptional activation of the reporter takes place, since the DBD-X
fusion protein, although bound to its promoter sequence, lacks a nearby AD, while the AD-Y fusion

protein lacks a DBD and is unable to locate itself to the promoter of the reporter gene.
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Research has revealed that Fkh2p and Sep1p regulate M-G1 specific transcription, while
Mbx1p was shown to be a core component of the PBF complex that binds via the PCB sequence to
the promoters of M-G1 transcribed genes (Buck et al., 2004; Bulmer et al., 2004; Chapter 3). As
discussed above, the Ser/Thr kinase Plo1p controls M-G1 specific expression in fission yeast and is
necessary for binding of the PBF complex to PCBs, at least in vitro (Anderson et al., 2002). These
findings, combined with the fact that plo7* genetically interacts with fkh2*, sep1* and mbx1*, suggest
that Plo1p influences M-G1-specific expression by interacting with and phosphorylating one or more
PBF components. Consistent with this, the yeast two-hybrid system was employed here to examine
whether Plo1p physically associates with either Mbx1p, Fkh2p or Sep1p and if so, determine which
Plo1p domain(s), the kinase and/or the polo-box, mediate the interaction. To do this, fkh2*, mbx1*
and sep1* were cloned separately into the pACT2 prey vector (Appendix V), allowing expression of
each gene as a fusion protein with the Galdp activation domain (Section 5.2.1). Cloning of plo7*, as
well as of the plo1.K69R, plo1.DHK625AAA and plo1.472-684 plo1 mutants, into the pBTM116 bait
vector (Appendix V), expressing a fusion protein with the LexAp DNA-binding domain, was
described previously (May et al., 2002; Reynolds and Ohkura, 2003).
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Figure 5.1: Model of yeast two hybrid-mediated transcriptional activation. (A) Gal4p-regulated expression of GAL1
in S. cerevisiae. The budding yeast Galdp transcription factor binds via its DNA binding domain (DBD) to the upstream
activation sequence of the GAL1 promoter (UASc) and activates transcription, mediated by its activation domain (AD).
(B) The yeast two-hybrid system. In the yeast two hybrid assay, transcription of a reporter gene, e.g. lacZ, takes place in
S. cerevisiae only if protein X, expressed as a fusion with a DNA-binding domain (here the LexAp DBD) from the “bait”
vector, interacts with protein Y, expressed as a fusion with the Gal4p activation domain (Gal4p AD) from the “prey”
vector. The association between X and Y proteins brings in close proximity the promoter bound LexAp DNA-binding
domain with the Galdp activation domain, enabling transcriptional activation. LexA op denotes the /exA operator

recognised by the DBD of LexAp.
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5.2.1 Cloning of sep1*, fkh2* and mbx1* into the pACT2 prey vector

fkh2*, sep1* or mbx1* full-length cDNA was introduced separately into pACT2 (GB 331), a shuttle E.
coli and S. cerevisiae expression vector that facilitates the expression of the cloned gene as an N-
terminal GAL4AD-fusion protein from the constitutive ADHT promoter (Appendix IV). Cloning of
sep1* genomic DNA and fkh2* and mbx1+ cDNA into pCR®2.1 vector was described in Section 4.3.1.
Standard DNA manipulation methods were employed to insert each gene into pACT2 in the correct
orientation and reading frame relative to the upstream GAL4AD domain (Section 2.2.9).

pCR®2.1 containing mbx1* or sep?* was digested with Smal and Xhol, whereas pCR®2.1
containing fkh2* was digested with BamH| and Xhol. Each DNA fragment was then gel extracted and
purified before cloning into linearised pACT2 vector digested with either Smal and Xhol (mbx1* or
sep1*) or BamHI and Xhol (fkh2*). Transformation of pACT2 containing sep1*, mbx1* or fkh2* into E.
coli DH5a cells followed. Once cells were grown overnight on solid LB supplemented with ampicillin,
transformants were selected and grown overnight in liquid selective media. Following plasmid
purification, successful cloning of sep1*, mbx1* or fkh2* into pACT2 was confirmed by a Smal/Xhol
or a BamHI/Xhol restriction digest as appropriate, revealing a ~2 kb, ~1.4 kb or ~2 kb DNA fragment,
respectively (Figures 5.2, 5.3 and 5.4). One isolate of pACT2-mbx1* (GB 447), pACT2-sep1* (GB
442) and pACT2-tkh2* (GB 438) was selected and used for subsequent transformation into the
budding yeast strain CTY10-5d (Section 5.2.2). The integrity of the pACT2-sep1* and pACT2-fkh2*

constructs was also confirmed by DNA sequencing (MWG Biotech).
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Figure 5.2: Cloning of full-length sep7* into pACT2 two-hybrid prey vector. (A) Lanes 1 and 2, Smal/Xhol restriction
digest of pCR®2.1 vector containing full-length sep*. Lane M, 1 kb DNA Ladder (NEB). (B) Lane 1, purified fragment of
Smal/Xhol digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length sep1+, following Smal/Xhol
restriction digest of pCR®2.1 vector containing full-length sep 1+, shown in (A). Lane M, 1 kb DNA Ladder (NEB). (C) Lane
1, undigested circular pACT2 vector. Lane 2, Smal/Xhol restriction digest of pACT2 vector containing full-length sep7*.
Lane M, DNA Molecular Weight marker X (Roche). (A-C) Sizes of DNA fragments are indicated.
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Figure 5.3: Cloning of full-length mbx7* into pACT2 two-hybrid prey vector. (A) Lanes 1 and 2, Smal/Xhol
restriction digest of pCR®2.1 vector containing full-length mbx7+. Lane M, DNA Molecular Weight marker X (Roche). (B)
Lane 1, purified fragment of Smal/Xhol digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length
sept*, following Smal /Xhol restriction digest of pCR®2.1 vector containing full-length sep7+. Lanes 3 and 4, purified gel
excised DNA fragment of full-length mbx 1+, following Smal/Xhol restriction digest of pCR®2.1 vector containing full-length
mbx 1+, shown in (A). Lane M, DNA Molecular Weight marker X. (C) Lanes 1, 2 and 3, Smal/Xhol restriction digest of
pACT2 vector containing full-length mbx1+. Lane M, DNA Molecular Weight marker X. (A-C) Sizes of DNA fragments are
indicated.
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Figure 5.4: Cloning of full-length fkh2* into pACT2 two-hybrid prey vector. (A) Lane 1, BamHI/Xhol restriction digest
of pCR®2.1 vector containing full-length fkh2*. Lane M, 1 kb DNA Ladder (NEB). (B) Lane 1, purified fragment of
Smal/Xhol digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length sep7*, following Smal/Xhol
restriction digest of pCR®2.1 vector containing full-length sep?*. Lane 3, purified fragment of BamHI/Xhol digested
pACT2 vector. Lane 4, purified gel excised DNA fragment of full-length fkh2+, following BamHI/Xhol restriction digest of
pCR®2.1 vector containing full-length fkh2*, shown in (A). Lane M, 1 kb DNA Ladder (NEB). (C) Lane 1, BamHI/Xhol
restriction digest of pACT2 vector containing full-length fkh2*. Lane M, 1 kb DNA Ladder (NEB). (A-C) Sizes of DNA
fragments are indicated.
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5.2.2 Plo1p interacts with Mbx1p but not Fkh2p or Sep1p in the Two-Hybrid assay

After cloning, each of the pACT2-sep?*, pACT2-fkh2* and pACT2-mbx1* constructs was co-
transformed with pBTM116-plo7* (GB 329) into competent S. cerevisiae CTY10-5d cells (GGBY
138), which carry the lacZ gene integrated into the genome together with multiple upstream binding
sites for the LexAp DBD (Section 2.2.7 and 2.2.8). As negative controls to ensure that Sep1p, Fkh2p,
Mbx1p, Plo1p or even the LexAp DBD and Galdp AD can not alone stimulate /acZ transcription,
pACT2-sep1*, pACT2-fkh2* and pACT2-mbx1+ were co-transformed into budding yeast with empty
pBTM116 vector (GB 332), pBTM116-plo7+ was co-transformed with empty pACT2 vector and empty
pACT2 vector was co-transformed with empty pBTM116 vector. Moreover, as a positive control to
confirm the efficiency of the yeast two-hybrid system, pBTM116-plo7* was co-transformed into
CTY10-5d cells with pGADGH-sck1+ (GB 520), which expresses a fusion of the Galdp AD with
Sck1p, a known Plo1p-interacting protein (Reynolds and Ohkura, 2003).

After transformation, cells were grown on solid SD medium lacking tryptophan and leucine
for 3-4 days at 30°C. Successful transformants were selected in each case and screened for lacZ
expression by a semi-quantitative X-gal overlay assay, which detects the activity of B-galactosidase,
the encoded product of lacZ (Section 2.2.16.1). For this, all the transformants were grown on solid
media for 2-3 days before covered with an X-gal solution and incubated at 30°C to allow for blue
colour development. Cells were checked for blue colour formation at hourly intervals for a 6 hour
period and then were left to incubate overnight. The X-gal overlay assay was performed three times
for two transformants of each S. cerevisiae strain. The results obtained from the X-gal overlay assay
in one of these occasions are displayed in Figure 5.5A. As shown, a strong blue colour, representing
a high level of B-galactosidase activity, was observed only in cells expressing plo1* and either sck1*
(positive control) or mbx1+. In the case of sck1*, blue colour was observed within 2 hours, while for
mbx1* after 5-6 hours. In contrast, no blue colour was seen in cells expressing plo7* and either
sept* or fkh2t, as well as in cells expressing plo1*, mbx1*, fkh2* and sep1* alone, even after
overnight incubation at 30°C. These observations suggest a specific in vivo interaction between
Plo1p and Mbx1p.

Following these results, a quantitative [B-galactosidase assay was also performed to
measure the interaction between Plo1p and Mbx1p relative to the positive and all negative controls
(Section 2.2.16.2). Protein interactions were quantified in 1 ml samples from S. cerevisiae cells
grown in liquid medium using the following formula:

B-galactosidase activity (Miller Units) = 1000 x ODa2o / (t x V x ODgoo)
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The assay was performed in triplicate for two transformants of each S. cerevisiage strain. The
results obtained from statistical analysis, shown in Figure 5.5B, confirm the findings of the X-gal
overlay assay and, moreover, reveal that the interaction between Plo1p and Mbx1p is ~40-60% the
strength of that between Plo1p and Sck1p.

A . Bait vector | Prey vector
1 | empty empty
1 2
2 | plot* empty
3 4 3 | empty fkh2+
5 6 4 | plot* fkh2+
5 | empty sept*
i g - 6 | plot* sept*
9 10 “ 7 | empty sck1*
8 | plot+ sckt1+
9 | empty mbx1*
10 | plot* mbx1*
100
g - Error bars: +/- 2 SE
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Figure 5.5: Yeast two hybrid analysis reveals a specific in vivo interaction between Plo1p and Mbx1p. (A) The
budding yeast-two hybrid system was used to examine whether Plo1p interacts with Mbx1p, Fkh2p or Sep1p. plo1* fused
to the LexAp DNA binding domain of the pBTM116 bait vector (GB 329) was co-transformed with either mbx 1+ (GB 447),
fkh2+ (GB 438) or sep1* (GB 442), fused to the Galdp activation domain of prey vector pACT2, into budding yeast strain
CTY105d (GGBY 138) and transcriptional activation was monitored by an X-gal overlay assay. As a positive control, prey
vector with sck1* (GB 520), encoding a known Plo1p-interacting protein, was co-transformed into budding yeast with bait
vector containing plo7*. In each case as negative control, the prey vector with mbx1+, fkh2*, sep1* or sck1* was co-
transformed into budding yeast with empty bait vector, while bait vector with plo7* was co-transformed with empty prey
vector. The table indicates combinations of bait and prey vectors co-transformed into budding yeast for two-hybrid
analysis. The X-gal overlay assay was performed three times for two transformants of each S. cerevisiae strain. The
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results obtained from the X-gal overlay assay in one of these occasions are displayed here and are representative of the
results of all experiments. (B) Quantitative 3-galactosidase assay to quantify protein interactions identified with the X-gal
overlay assay. In each case colour reactions were quantified in cells grown in liquid medium for two individual
transformants in triplicate. Numbers 1-10 correspond to the combinations of bait and prey vectors co-transformed into
budding yeast, shown in Table of upper panel. Error bars indicate two standard errors (SE).

5.2.3 The Two-hybrid interaction between Plo1p and Mbx1p requires both the kinase and the
polo-box domains

Section 5.2.2 revealed that the Plo1p kinase physically associates with Mbx1p, but not Fkh2p or
Sep1p. As described in Section 1.3.2.4.2, Plo1p contains both N-terminal catalytic and C-terminal
polo-box domains, the latter a signature polo-kinase region that is necessary and sufficient for
various functions, such as subcellular localisation (Lee et al., 1998; Jang et al., 2002; Seong et al.,
2002; Reynolds and Ohkura, 2003). Notably, the polo-box domain of human Plk1p has been shown
to bind to phospho-serine/-threonine peptides (Elia et al., 2003a; Elia et al., 2003b). In fission yeast,
the polo-box domain is also necessary and sufficient for the interaction of Plo1p with several proteins
and comprises three polo-box motifs that behave as a single entity (May et al., 2002; Reynolds and
Ohkura, 2003). Finally, recent data have demonstrated a dependency of the ability of Plo1p to
stimulate M-G1 specific transcription on the kinase domain but not on the polo-box domain
(Papadopoulou et al., 2008).

Here, the yeast two-hybrid system was employed to determine whether the interaction of
Plo1p with Mbx1p requires the kinase domain, the polo-box domain, or both. To accomplish this,
each of the pBTM116-plo1.K69R (GB 333), pBTM116-plo1.472-684 (GB 334) and pBTM116-
plo1.DHK625AAA (GB 335) constructs was co-transformed with pACT2-mbx1* into S. cerevisiae
CTY10-5d cells. The plo1.K69R mutant contains a point mutation in the kinase domain (lysine at
position 69 changed to arginine), plo1.DHK625AAA contains a point mutation in polo-box 3, whereas
pBTM116-plo1.472-684 corresponds to a C-terminal truncated version of plo7* (amino acids 472-
684), containing only the polo-box domain (Tanaka et al., 2001; Reynolds and Ohkura, 2003). As
negative controls, pBTM116-plo1.K69R, pBTM116-plo1.472-684 and pBTM116-plo1.DHK625AAA
were co-transformed into budding yeast with empty pACT2 vector.

Successful transformants, capable of growing in the absence of leucine and tryptophan,
were selected in each case and screened for lacZ expression by the X-gal overlay assay, as well as
by the quantitative -galactosidase assay, together with two S. cerevisiae strains, the one containing
pBTM116-plo1* and pACT2-mbx1+ and the other pBTM116-plo7* and pACT2-sck1+*, as positive
controls (Section 5.2.2). As before, for the X-gal assay all S. cerevisiae strains were grown on solid

media for 2-3 days before covered with an X-gal solution, followed by incubation at 30°C to allow for
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blue colour development (Section 2.2.16.1). In the case of the quantitative assay, colour reactions
were quantified in samples from cells grown in liquid medium (Section 2.2.16.2).

The results obtained from the X-gal overlay and quantitative B-galactosidase assays are
displayed in Figure 5.6. As shown, mutations either in the Plo1p kinase domain (plo1.K69R) or the
polo-box domain (plo1.DHK625AAA) abolish the interaction with Mbx1p. Consistent with this, in the
absence of the kinase domain the polo-box domain alone (plo1.472-684) is unable to associate with
Mbx1p. Thus, these findings suggest that the interaction between Plo1p and Mbx1p requires both
the kinase and the polo-box domain of Plo1p (Papadopoulou et al., 2008).
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Figure 5.6: Two-hybrid interaction between Plo1p and Mbx1p requires both the kinase and the polo-box
domains. (A) The two hybrid system was used to examine the requirement of the Plo1p kinase domain and the polo-box
domain for the interaction of Plo1p with Mbx1p. Bait vector containing the plo1.K69R kinase mutant (GB 333), the
plo1.DHK625AAA polo-box mutant (GB 335) or the plo1.472-684 C-terminal truncation (GB 334) was co-transformed into
CTY10-5d cells with prey vector containing mbx1*. As positive controls, bait vector with plo7* was co-transformed into
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budding yeast with either mbx1* or sck1*. In each case as negative control, bait vector with plo1.K69R, plo1.472-684 or
plo1.DHK625AAA was co-transformed into budding yeast with empty prey vector, while bait vector with plo1* was co-
transformed with empty prey vector. The table indicates combinations of bait and prey vectors co-transformed into
budding yeast cells. . The X-gal overlay assay was performed three times for two transformants of each S. cerevisiae
strain.The results obtained from the X-gal overlay assay in one of these occasions are displayed here and are
representative of the results of all experiments. (B) Quantitative B-galactosidase assay. In each case colour reactions
were quantified in cells grown in liquid medium for two individual transformants in triplicate. Numbers 1-12 correspond to
the combinations of bait and prey vectors co-transformed into budding yeast, shown in Table of upper panel. Error bars
indicate two standard errors (SE).

5.3 Co-immunoprecipitation analysis of the interaction between Plo1p and
Mbx1p

To confirm that the two-hybrid interaction between Plo1p and Mbx1p represents the situation in
fission yeast, soluble protein extracts from mbx1-13myc S. pombe cells, expressing Mbx1p-13myc
from its endogenous promoter and thus at normal wild-type levels (Section 4.2.1), were analysed by
co-immunoprecipitation assay (Sections 2.2.12.1 and 2.2.12.2). Plo1p was immunoprecipitated from
mbx1-13myc protein extracts with an antibody against the native protein (Ohkura et al., 1995) before
SDS-PAGE electrophoresis and Western blotting with Plo1p and myc antibodies to detect Plo1p and
co-immunoprecipitated Mbx1p-13myc. As a negative control, Plo1p was also immunoprecipitated

from mbx1A S. pombe extracts before Western blotting with Plo1p and myc antibodies.

5.3.1 Mbx1p co-immunoprecipitates with Plo1p from mbx1-13myc fission yeast extracts

For immunoprecipitation, pre-cleared mbx1-13myc (GG 504) and mbx1A (GG 513) protein extracts
(2 mg of crude lysate/IP reaction) were incubated with 3-4 pl of Plo1p (HO) antibody (Table 2.1) for 3
hours at 4°C before addition of protein A-Sepharose beads and further incubation for an hour. Pre-
cleared mbx1-13myc extract was also incubated for one hour with beads without Plo1p (HO)
antibody, as an additional control. After extensive washes, beads were re-suspended and boiled in
2x Laemmli buffer supplemented with DTT, followed by SDS-PAGE and Western blotting with Plo1p
and myc antibodies to detect Plo1p and co-immunoprecipitated Mbx1p-13myc.

As shown in Figure 5.7, Mbx1p-13myc (~100 kDa) is present in co-immunoprecipitates with
Plo1p (~78kDa) from mbx1-13myc but not mbx1A S. pombe extracts. Moreover, neither Plo1p nor
Mbx1p-13myc is detected in mbx7-13myc precipitates that were incubated with beads in the
absence of Plo1p (HO) antibody. Thus, Mbx1p-13myc specifically co-immunoprecipitates with Plo1p
in mbx1-13myc protein extracts. These results confirm the two-hybrid interaction between Plo1p and
Mbx1p (Section 5.2.2) and show that these proteins physically associate with each other in S. pombe

cells.
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Figure 5.7: Mbx1p co-immunoprecipitates with Plo1p from fission yeast protein extracts. Plo1p was
immunoprecipitated with antibody against the native protein (a-Plo1p) from soluble protein extracts of mbx1-13myc
fission yeast cells (GG 504), expressing Mbx1p-13myc from its endogenous promoter. The soluble extract (input) and the
immunoprecipitated sample (IP) were analysed by Western blotting with antibodies against Plo1p and myc (the latter to
detect Mbx1p-13myc). As negative controls, immunoprecipitated sample from mbx1A (GG 513) fission yeast cells and
precipitated sample without antibody (beads only) from mbx1-13myc cells were also included. In each case, the input
was used in a 1:10 ratio relative to the IP sample. The arrow indicates co-immunoprecipitated Mbx1p-13myc using an a-
myc antibody. Immunoprecipitation assays of mbx7-13myc and mbx1A soluble protein extracts with the Plo1p antibody
were carried out three times. In each case, the results of Western blot analysis of immunoprecipitated material with Plo1p
and myc antibody in one of the three assays are shown here and are representative of the results of Western blot
analysis of all three assays.
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5.3.2 Mbx1p co-immunoprecipitates with Plo1p throughout the mitotic cell cycle

Following the finding that Plo1p not only interacts with Mbx1p in vivo within S. pombe cells but also
phosphorylates this MADS-box transcription factor in vitro (Papadopoulou et al., 2008), a co-
immunoprecipitation assay was performed to determine whether Plo1p regulates M-G1 specific
transcription by associating with Mbx1p in a cell cycle dependent manner. For this, soluble protein
extracts were prepared from synchronous mbx1-13myc cdc25-22 fission yeast cells (GG 743) and
subjected to co-immunoprecipitation analysis with the Plo1p (HO) and myc antibodies.

1.5 | of YE were inoculated with a 10 ml pre-culture of mbx1-13myc cdc25-22 cells, and
grown overnight at 25°C. The cell culture was grown to mid-log phase at 25°C and then transferred
to 36°C for 3.5 hours, allowing the cells to arrest at the G2 phase. After this transient temperature
arrest, the culture was returned and left to grow at the permissive temperature (25°C), allowing cells
to progress through the cell cycle in synchrony. Samples were collected at 20 min intervals and
soluble protein extracts were prepared and processed for immunoprecipitation. Moreover, as a
measure of cell synchrony, the septation index of each sample was counted microscopically and
plotted as a percentage of cell septa against time.

Plo1p was immunoprecipitated from each mbx1-13myc cdc25-22 extract with the Plo1p
(HO) antibody as before (Section 5.3.1). SDS-PAGE electrophoresis and Western blotting with Plo1p
and myc antibodies followed to detect Plo1p and co-immunoprecipitated Mbx1p-13myc. As shown in
Figure 5.8, Mbx1p-13myc is present in co-immunoprecipitates with Plo1p throughout the cell cycle at

similar levels, suggesting that Mbx1p interacts with Plo1p at all times during the mitotic cell cycle.
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Figure 5.8: Mbx1p binds to Plo1p throughout the mitotic cell cycle. cdc25-22 mbx1-13myc cells (GG 743) were
synchronised by transient temperature arrest and samples were taken every 20 min after returning the cells to the
permissive temperature. Septation indices were counted microscopically and were plotted to indicate the synchrony of
the culture. Soluble protein extracts were prepared from each sample and Plo1p was immunoprecipitated with antibody
against the native protein. The immunoprecipitated samples were analysed by Western blotting with antibodies against
Plo1p and myc (the latter to detect Mbx1p-13myc). asy, control sample from asynchronous cells prior to synchronisation.
Quantification of the amount of co-immunoprecipitated Mbx1p-13myc against immunoprecipitated Plo1p is shown for
each time point.
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5.4 Summary

Earlier work unravelled a positive role for Plo1p in M-G1 specific transcription and showed that Plo1p
function is required for PCB-dependent binding of the PBF complex (Anderson et al., 2002). Plo1p is
a Ser/Thr kinase raising the possibility that its effect on PBF-mediated transcription is exerted by
association and ensuing phosphorylation of PBF components, Mbx1p, Fkh2p and Sep1p. Indeed,
both Mbx1p and Fkh2p are periodically phosphorylated during the cell cycle with a timing that
coincides with M-G1 specific gene expression (Buck et al., 2004; Bulmer et al., 2004). Furthermore,
recent data show that plo7* genetically interacts with fkh2*, sep7* and mbx1* and overexpression of
a plo1 kinase mutant (plo1.K69R) compromises transcription of genes, such as cdc15* and spo12*
(Papadopoulou et al., 2008).

In this study, the budding yeast two-hybrid system was employed to explore whether Plo1p
influences M-G1 specific expression by associating with either Mbx1p, Fkh2p or Sep1p and, if so,
which domain(s) of the kinase mediate such interaction(s). These analyses revealed a specific,
direct, interaction only between Plo1p and Mbx1p and established a requirement for this association
for both the kinase and the polo-box domains of Mbx1p (Figures 5.5 and 5.6). Subsequent co-
immunoprecipitation experiments with appropriate fission yeast extracts confirmed the findings of the
yeast two-hybrid assay and in parallel showed that Plo1p and Mbx1p can associate with each other
in vivo at all times during the mitotic cell cycle (Figures 5.7 and 5.8; Papadopoulou et al., 2008).

In agreement with the observed in vivo interaction between Plo1p and Mbx1p, kinase assays
have shown that this Plk directly phosphorylates in vitro Mbx1p, but not Fkh2p or Sep1p. Notably,
this is the first time a Polo-like kinase has been shown to bind and phosphorylate a MADS-box
protein in any organism (Papadopoulou et al., 2008).

The next chapter explores further how Plo1p, Mbx1p, Fkh2p and Sep1p control M-G1 phase-
specific gene expression by analysing in vivo their interactions with the PCB promoter regions of

their co-regulated genes, including plo1* and fkh2* themselves.
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Chapter 6

In vivo analysis of Fkh2p, Sep1p, and Plo1p
binding to the promoters of M-G1 transcribed

genes
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6.1 Introduction

In fission yeast a group of genes is periodically transcribed during late mitosis and early G1 phase.
Since most of the genes encode proteins involved in late mitotic events and cytokinesis it is possible
that the transcriptional control of their expression might provide a means of promoting progression
through these later cell cycle stages.

Previous studies and experiments in Chapter 3 have shown that expression of M-G1
transcribed genes is regulated by the Sep1p, Fkh2p and Mbx1p transcription factors, the Plo1p
kinase and two cis-acting DNA promoter motifs, the PCB and forkhead-like sequences (Utzig et al.,
2000; Anderson et al., 2002; Buck et al., 2004; Bulmer et al., 2004; Rustici et al., 2004; Alonso-
Nufiez et al., 2005; Petit et al., 2005). Sep1p, Fkh2p and Mbx1p are thought to be components of the
PBF complex, which has been shown to associate in vitro with PCB sequences in the promoters of
M-G1 transcribed genes. Mbx1p is necessary for the interaction in vitro of the PBF complex with the
PCB sequence (Buck et al., 2004). Interestingly, Plo1p is also required for PCB-mediated binding of
PBF, suggesting that it exerts its function in M-G1 specific gene expression by modulating the
properties of PBF, via interaction and phosphorylation of one or more PBF components (Anderson et
al., 2002). Indeed, experiments presented in this thesis show that Plo1p interacts in vivo with Mbx1p,
with two-hybrid assays revealing that binding of Plo1p to Mbx1p relies on both the kinase and polo-
box domains of Plo1p. Furthemore, Plo1p binds directly and phosphorylates Mbx1p in vitro, and
Sep1p and Fkh2p associate with each other in vivo, possibly directly (Papadopoulou et al., 2008).

plo1* not only regulates periodic expression of M-G1 transcribed genes, but is itself
transcribed during the M-G1 interval and contains PCB and forkhead sequences in its promoter
(Anderson et al., 2002). Similarly, fkh2* possesses PCB and forkhead promoter motifs and is
transcribed during late M-early G1 phase (Buck et al., 2004). These observations suggest that both
Plo1p and Fkh2p regulate their own expression via feedback mechanisms. Indeed, Fkh2p varies in
abundance during the cell cycle, both in terms of protein levels and phosphorylation status, with
higher and lower protein levels coinciding with un-phosphorylated and phosphorylated forms of
Fkh2p, respectively. These findings suggest that regulation of cell-cycle specific fkh2* expression
might also be important for the functional properties of Fkh2p (Buck et al., 2004; Bulmer et al., 2004).
In contrast to Fkh2p, however, Plo1p protein levels remain constant during the cell cycle, although its
kinase activity varies (Tanaka et al., 2001).

As another way to explore the regulatory mechanisms underlying periodic gene expression

at the M-G1 interval in fission yeast, chromatin immunoprecipitation analysis (ChIP) was performed
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to determine whether Fkh2p, Sep1p, Mbx1p and Plo1p interact with the promoter regions of M-G1

transcribed genes in vivo.

6.2 ChIP analysis of interactions of PBF components and Plo1p with the

promoters of genes transcribed during M-G1 phase

Chromatin immunoprecipitation analysis (ChIP) is a powerful tool to study the in vivo interaction of
proteins with chromosomal DNA. A great advantage of this method is that it allows the recovery of
protein-DNA complexes in a near-native state via chemical cross-linking of living cells with
formaldehyde. Moreover, this initial fixation step stabilises bulky chromatin complexes, and thus
enables the detection not only of proteins that directly bind to their cognate DNA, but also of proteins
that indirectly associate with chromosomal DNA, via protein-protein interactions (Ekwall and
Partridge, 1999; Takahashi et al., 2000).

A schematic outline of the ChIP method is shown in Figure 6.1. Once cells are fixed, cell
extracts are prepared and sonicated to fragment the chromatin to appropriate, smaller sizes. The
desired DNA-protein complexes are then recovered by immunoprecipitation with a suitable antibody.
Finally, cross-linking is reversed to allow purification of precipitated DNA, which is then subjected to
PCR amplification to screen for binding of the protein(s) of interest to specific target sequences.

The ChIP method was employed to detect Fkh2p, Sep1p and Mbx1p transcription factors
and the Plo1p kinase at the promoters of genes transcribed during the M-G1 interval, including
cdc15*, plo1* and fkh2*. Due to the unavailability of suitable antibodies against native Fkh2p, Sep1p
and Mbx1p (Section 4.2; Appendix VIII), ChIP analysis was performed with cross-linked chromatin
extracts from S. pombe cells that express each one of these transcription factors as an HA and/or
myc fusion, tagged in each case at the C-terminus of the protein, and so expressed under control of
the native promoter at normal levels. In the case of Plo1p, ChIP analysis was performed with
extracts from either wild-type cells, cells expressing Plo1p as an HA fusion from the endogenous
promoter at normal levels, or in cells mildly over-expressing Plo1p as an HA fusion from the nmt41
promoter. For the immunoprecipitation step, HA and myc antibodies were used for HA- and myc-
tagged versions of Fkh2p, Sep1p, Mbx1p and Plo1p, whereas for immunoprecipitation of native
Plo1p from wild-type S. pombe cells two Plo1p antibodies (HO and IH) were utilised (Table 2.1). In
each case, following immunoprecipitation and reversal of cross-linking, purified immunoprecipitated
DNA was analysed by PCR with primers to amplify a 130-200 bp fragment from the promoter region
of cdc15*, plo1* and fkh2* that contains the PCB sequence(s), as well as the TGTTTAC sequence
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in the case of plo1* (Figure 6.2). As a negative control, appropriate primers were also used to PCR
amplify a DNA fragment from the coding region of the act1* gene, encoding actin, which is not under

PCB control and is not expressed at the M-G1 interval.

Chromatin complexes in living cells

e & o S
- &0 %

Immunoprecipitation
precip 7 Reversal of cross-linking
—_— Y N \

PCR

Figure 6.1: Schematic outline of the ChIP method. Living cells are fixed with formaldehyde followed by sonication of
cell extracts to shear the chromatin to a small size. Specific DNA-protein complexes are then recovered by
immunoprecipitation with an antibody against the protein of interest. The cross-linking is then reversed and the
precipitated DNA purified before PCR amplification to analyse for association of the protein of interest with a specific
DNA sequence. The letter x denotes chemical cross-linking of chromatin complexes. Precipitated DNA is shown as a
grey line. Black, and dark yellow lines denote non-precipitated DNAs. Antibodies are shown in red.
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Figure 6.2: DNA fragments amplified by PCR for ChIP analysis. For cdc15*, fkh2*, or plo1*, appropriate primers were
designed to PCR amplify in each case a 130-200 bp DNA promoter fragment containing the PCB or both the PCB and
forkhead-related sequences. As a negative control primers were designed to amplify by PCR a DNA fragment from the
coding region of the act1* gene. Positions of the PCB and TGTTTAC sequences within the promoters of cdc15*, fkh2*

and plo1* are shown.
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6.2.1 Fkh2p, Sep1p and Plo1p bind in vivo to the promoters of genes transcribed during M-G1

phase

ChlP assays were employed to determine whether Fkh2p, Sep1p, Mbx1p and Plo1p associate in
vivo with the PCB promoter regions of cdc15*, fkh2* and plo1* (Section 2.2.12.3). ChIP analysis was
performed with either fkh2-13myc (GG 507) or fkh2-3HA (GG 558) cells for Fkh2p, sep1-13myc (GG
767) cells for Sep1p, mbx1-13myc (GG 504) cells for Mbx1p and either wild-type (GG 217), plo1-
3HA (GG 1110) or nmt41:plo1-3HA (GG 704) cells for Plo1p.

The first step in the ChIP process involved chemical cross-linking of cells. Routinely, a 500
ml culture of complete or selective media was inoculated with 5-10 ml of an overnight pre-culture of
an appropriate S. pombe strain. This culture was then grown overnight to 5x106 cells/ml before
fixation with a final concentration of 1% formaldehyde for 30 min at 25°C with shaking. Following
cross-linking, glycine addition and appropriate washes, fixed cells were harvested by centrifugation
and processed for preparation of chromatin extracts. As shown in Figure 2.1, optimal cell lysis and
sonication conditions were established to generate a high proportion of 300-1000 bp fragments of
sheared chromatin (Sections 2.2.12.3.1 and 2.2.12.3.2).

After cell breakage and sonication, the resulting crude lysates were clarified by
centrifugation prior to immunoprecipitation (Section 2.2.12.3.3). Briefly, 4 mg of each crude lysate
was incubated with either protein A- or protein G- Sepharose beads as appropriate for an hour at
4°C to remove material that binds non-specifically to the beads. Following incubation, the pre-cleared
lysate was separated from the beads by centrifugation. 10% of the pre-cleared lysate was removed
and used as the control non-immunoprecipitated chromatin sample. An HA, myc or Plo1p (HO or IH)
antibody was then added as appropriate to the remainder of the pre-cleared lysate and the
suspension was incubated overnight at 4°C before addition of protein A- or protein G- Sepharose
beads, and further incubation for 1-2 hours. As a positive control to confirm the efficiency of the ChIP
assay, pre-cleared lysates were also incubated overnight with an antibody against histone 3 (H3)
(Table 2.1). As negative controls, pre-cleared lysates were incubated overnight without antibody or
with normal mouse, rabbit or sheep IgG, since the HA and myc antibodies were raised in mouse,
while the Plo1p (HO and IH) antibodies in rabbit and sheep, respectively. Furthermore, pre-cleared
lysate prepared for ChIP analysis from wild-type, un-tagged, S. pombe strains was also incubated
with the HA or myc antibody as another negative control for antibody specificity.

Following incubation, each bead suspension was recovered on a polypropylene column and
after successive washes the immunoprecipitated antibody-protein-DNA complexes were eluted.

Appropriate treatment followed to reverse the cross-linking and purify the immunoprecipitated (IP)
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DNA from all associated antibodies and proteins. The non-immunoprecipitated sample was also
treated in a similar way to remove all associated proteins from the DNA, termed “whole cell extract”
(WCE) (Sections 2.2.12.3.3 and 2.2.12.3.4). Finally, PCR analysis was performed with primer pairs
GO 708/GO 709, GO 710/GO 711 and GO 712/GO 713 to amplify a 130-200 bp fragment from the
cdc15*, tkh2* and plo1* promoters, respectively, while primer pair GO 714/GO 715 was used to
amplify a fragment from the coding region of act?* (Sections 2.2.9.4 and 2.2.9.4.1). Routinely, PCR
amplification of IP DNA (1 pl) was performed with Taq Polymerase under optimal cycling parameters
as follows: 95°C for 2 min, 23-26 cycles of 95°C for 1 min, 54°C for 1 min and 72°C for 1 min, and
72°C for 5 min. Moreover, in each case PCR analysis was performed with five-fold serially diluted
WCE DNA to ensure that PCR amplification was within a linear range. Following PCR analysis,
amplified products were resolved on 2% agarose gels and visualised by ethidium bromide staining.
The results obtained from ChlP analysis of the association of Fkh2p, Sep1p, Mbx1p and Plo1p with
the cdc15*, fkh2* and plo1* promoter regions are shown in Figures 6.3-6.8.

As shown in Figures 6.3 and 6.4, ChlP assays with myc and HA antibodies and fixed cell
extracts from fkh2-13myc and fkh2-3HA cells specifically detected Fkh2p-13myc and Fkh2p-3HA
bound to the promoters of cdc15*, plo1* and fkh2*, but not to the coding region of actf*. As
expected, ChIP analysis of fkh2-13myc and fkh2-3HA cells with the H3 antibody also detected
histone 3 associated with the cdc15*, fkh2* and plo1* promoters and the act1* coding region,
yielding a strong PCR signal, similar to that following PCR amplification of the WCE DNA, consistent
with the fact that histones are abundant chromatin proteins. Furthermore, no PCR signal was
retrieved in any of the negative controls, including precipitated samples from fkh2-13myc and fkh2-
3HA cells in the absence of a myc or HA antibody and immunoprecipitated samples from wild-type,
un-tagged, cells in the presence of a myc or HA antibody. Finally, the ChIP was shown to be
quantitative, since a serial dilution of the WCE DNA resulted in a corresponding reduction of the
observed PCR signal.

Similar to Fkh2p, as seen in Figure 6.5, ChIP analysis of sep?-13myc cells with the myc
antibody to examine the interaction of Sep1p with the promoter regions of M-G1 transcribed genes,
could detect specific binding of Sep1p-13myc to the promoters of cdc15* and plo7*. Unlike Fkh2p
however, Sep1p-13myc could not be detected associated with the promoter of fkh2*. As before,
appropriate positive and negative controls were completed.

To examine the association of Plo1p with the promoters of cdc15*, fkh2* and plo1*, ChIP
analysis was performed with a Plo1p antibody and fixed extracts from wild-type cells, or with an HA
antibody and extracts from cells expressing Plo1p-3HA from the endogenous promoter at normal

levels or cells mildly over-expressing Plo1p-3HA from the medium-strength thiamine-repressible
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nmt41 promoter integrated into the genome. As shown in Figure 6.6A, using one Plo1p (HO)
antibody and extracts from wild-type cells, Plo1p could not be detected at the promoters of cdc15*,
fkh2* and plo1*. Similar results were obtained when ChIP assays were performed with wild-type
extracts and another Plo1p (IH) antibody (data not shown) or, as observed in Figure 6.6B, with an
HA antibody and extracts from plo1-3HA cells, expressing Plo1p-3HA from the native promoter.
However, mild over-expression of Plo1p-3HA under control of the nmt41 promoter drastically
improved the sensitivity of the ChIP assay, since under these conditions, and with the use of an HA
antibody, Plo1p-3HA was detected at the promoter regions of cdc15* and fkh2* (Figure 6.7). As
expected, PCR analysis of IP and WCE DNAs with primers specific for the plo7* promoter region did
not yield a PCR signal, since in the nmt41:plo1-3HA strain the plo1* promoter is replaced by nmt41.

Finally, Figure 6.8 shows the results obtained from ChlIP analysis of mbx1-13myc extracts
with a myc antibody to study binding of Mbx1p to the cdc15*, plo1* and fkh2* promoters. As seen,
specific binding of Mbx1p-13myc to the promoters of these genes could not be detected.
Nonetheless, the inability of the ChIP assay to detect promoter bound Mbx1p is likely due to
technical reasons, because previous studies have shown that Mbx1p is a core component of the
PBF complex and binds in vitro to the PCB promoter region of cdc15* throughout the cell cycle
(Anderson et al., 2002; Buck et al., 2004). Notably, Plo1p has also been shown to both bind to
Mbx1p (Figure 5.7) and associate with the promoter regions of cdc15* and fkh2*, raising the
possibility that it is through the interaction with Mbx1p that Plo1p is recruited to the promoters of
these genes (Section 7.1). Thus, it is possible that the C-terminal tagging of Mbx1p has interfered
with its binding to the promoters of these genes or, alternatively, the myc antibody might have been
unable to recognise Mbx1p because the respective epitopes were masked, preventing detection by
ChlP.

In summary, a series of ChlP experiments were performed with antibodies against HA-
and/or myc- tagged versions of Fkh2p, Mbx1p and Sep1p, expressed under the control of their
native promoter, or an HA-tagged version of Plo1p, mildly over-expressed from the nmt41 promoter.
Under these conditions, Fkh2p-13myc or Fkh2p-3HA were shown to associate with the promoters of
cdc15*, fkh2* and plo1+, Plo1p-3HA was shown to interact with the promoters of cdc15* and fkh2-,
while Sep1p-13myc was shown to bind to the promoters of cdc15* and plof* but not fkh2*
(Papadopoulou et al., 2008).
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Figure 6.3: Fkh2p binds to the promoters of cdc15*, fkh2* and plo1* genes in vivo. ChIP analysis in fkh2-13myc
cells (GG 507) to detect Fkh2p binding the promoters of cdc15*, fkh2* and plo1+ using an anti-myc antibody. All primers
used for PCR amplification following ChIP analysis are shown in Figure 6.2. WCE (whole cell extract) refers to the non-
immunoprecipitated sample and IP to the immunoprecipitated samples. The WCE sample was used in a 1:10 ratio
relative to the IP samples. As negative controls, precipitates without antibody and precipitates with normal mouse 19gG
were used. As another control for antibody specificity, ChIP analysis was performed in wild-type untagged cells using the
anti-myc antibody. As a positive control, histone 3 antibody was utilised to detect histone 3 on the cdc15*, fkh2* and
plo1* promoters, as well as on the act1* coding region. PCR amplification was performed within a linear range, such that
a serial dilution of the WCE DNA results in a reduction of the PCR signal. ChIP assays with cross-linked chromatin
extracts from fkh2-13myc cells were carried out twice. The results of PCR analysis of immunoprecipitated DNA with the
myc and histone 3 antibodies and of precipitated material from the two negative controls in one of the two assays are
shown here and are representative of the results of PCR analysis of both assays.
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Figure 6.4: Fkh2p binds to the promoters of cdc15*, fkh2* and plo1* in vivo. ChIP analysis in fkh2-3HA cells (GG
558) to detect Fkh2p binding to the promoters of cdc15*, fkh2* and plo1* using an anti-HA antibody. All primers used for
PCR amplification following ChIP analysis are shown in Figure 6.2. WCE (whole cell extract) refers to the non-
immunoprecipitated sample and IP to the immunoprecipitated samples. The WCE sample was used in a 1:10 ratio
relative to the IP samples. As negative controls, precipitates without antibody and precipitates with normal mouse 19gG
were used. As another control for antibody specificity, ChIP analysis was performed in wild-type untagged cells using the
anti-HA antibody. As a positive control, histone 3 antibody was utilised to detect histone 3 on the cdc15*, fkh2* and plo1+
promoters, as well as on the act?* coding region. PCR amplification was performed within a linear range, such that a
serial dilution of the WCE DNA results in a reduction of the PCR signal. ChIP assays with cross-linked chromatin extracts
from fkh2-3HA cells were carried out twice. The results of PCR analysis of immunoprecipitated DNA with the HA and
histone 3 antibodies and of precipitated material from the two negative controls in one of the two assays are shown here
and are representative of the results of PCR analysis of both assays.
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Figure 6.5: Sep1p binds to the promoters of cdc15* and plo7* in vivo. ChIP analysis in sep1-13myc cells (GG 767)
to detect Sep1p binding to the promoters of cdc15*, fkh2* and plo1+, using an anti-myc antibody. As a negative control,
primers were used to amplify a DNA fragment from the coding region of the actf* gene. All primers used for PCR
amplification following ChIP analysis are shown in Figure 6.2. WCE (whole cell extract) refers to the non-
immunoprecipitated sample and IP to the immunoprecipitated samples. The WCE sample was used in a 1:10 ratio
relative to the IP samples. As negative controls, precipitates without antibody and precipitates with normal mouse 1gG
were used. As a positive control, histone 3 antibody was utilised to detect histone 3 on the cdc15*, fkh2* and plo1*
promoters, as well as on the act?* coding region. PCR amplification was performed within a linear range, such that a
serial dilution of the WCE DNA results in a reduction of the PCR signal. ChIP assays with cross-linked chromatin extracts
from sep1-13myc cells were carried out twice. The results of PCR analysis of immunoprecipitated DNA with the myc and
histone 3 antibodies and of precipitated material from the two negative controls in one of the two assays are shown here
and are representative of the results of PCR analysis of both assays.
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Figure 6.6: ChIP analysis in (A) wild-type cells (GG 217) and (B) plo1-3HA cells (GG 1110) to detect Plo1p on the
promoters of cdc15*, fkh2* and plo7*. An anti-Plo1p (A) and an anti-HA antibody (B) were used to immunoprecipitate
Plo1p and Plo1p-3HA, respectively. (A-B) For cdc15* and fkh2* and plo1* appropriate primers were used to PCR amplify
a promoter fragment containing the PCB (cdc15* and fkh2*) or both the PCB and forkhead-related sequences (plo7+)
(Figure 6.2). WCE refers to the non-immunoprecipitated sample and IP to the immunoprecipitates. The WCE sample was
used in a 1:10 ratio relative to the IP samples. As negative controls, precipitates without antibody and precipitates with
(A) normal rabbit IgG and (B) normal mouse 1gG were used. Histone 3 antibody was used as a positive control. (B) As a
negative control, primers were used to amplify a DNA fragment from the coding region of the act?* gene. (A-B) ChIP
assays with cross-linked chromatin extracts from either wild-type or plo1-3HA cells were carried out twice. In each case,
the results of PCR analysis in one of the two assays are shown here and are representative of the results of PCR
analysis of both assays.
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Figure 6.7: Plo1p binds to the promoters of cdc15* and fkh2* in vivo. ChiP analysis in nmt41:plo1-3HA cells (GG
704) to detect Plo1p binding to the promoters of cdc15* and fkh2* using an anti-HA antibody. (A) For cdc15*, fkh2* and
plo1* appropriate primers were used to PCR amplify a promoter fragment containing the PCB. (B) WCE refers to the
non-immunoprecipitated sample and IP to the immunoprecipitates. The WCE sample was used in a 1:10 ratio relative to
the IP samples. As negative controls, precipitates without antibody and precipitates with normal mouse IgG were used.
Histone 3 antibody was used as a positive control. PCR amplification was performed within a linear range, such that a
serial dilution of the WCE DNA results in a reduction of the PCR signal. ChIP assays with cross-linked chromatin extracts
from nmt41:plo1-3HA cells were carried out twice. The results of PCR analysis of immunoprecipitated DNA with the HA
and histone 3 antibodies and of precipitated material from the two negative controls in one of the two assays are shown
here and are representative of the results of PCR analysis of both assays.
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Figure 6.8: ChIP analysis in mbx1-13myc cells (GG 504) to detect Mbx1p on the promoters of cdc15*, fkh2* and
plot*. An anti-myc antibody was used to immunoprecipitate Mbx1p-13myc and appropriate primers were used to PCR
amplify a fragment containing the PCB for the promoters of cdc15* and fkh2* or both the PCB and forkhead-related
sequences for the promoter of plo?* (Figure 6.2). As a negative control, primers were used to amplify a DNA fragment
from the coding region of the act?* gene. WCE refers to the non-immunoprecipitated sample and IP to the
immunoprecipitates. The WCE sample was used in a 1:10 ratio relative to the IP samples. As negative controls,
precipitates without antibody and precipitates with normal mouse IgG were used. Histone 3 antibody was used as a
positive control. ChlP assays with cross-linked chromatin extracts from mbx1-13myc cells were carried out twice. The
results of PCR analysis of immunoprecipitated DNA with the myc and histone 3 antibodies and of precipitated material
from the two negative controls in one of the two assays are shown here and are representative of the results of PCR
analysis of both assays.
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6.2.2 Requirement of Plo1p, Mbx1p and Sep1p for Fkh2p promoter binding in vivo

In the previous section, Fkh2p was shown to bind in vivo to the promoter regions of cdc15*, plo1*
and fkh2+. Previous work has shown that although deletion of sep7* is sufficient to rescue the lethal
phenotype caused by strong fkh2* overexpression, deleting fkh2* does not rescue the lethality of
cells strongly overexpressing sep?* (Buck et al., 2004). These findings suggest that these two
forkhead transcription factors have both overlapping and separate functions, and that Sep1p is
important for Fkh2p function but itself can function without Fkh2p. Consistent with this proposal,
experiments presented in this thesis have revealed that Fkh2p and Sep1p associate with each other
both in vivo and in vitro (Figures 4.4 and 4.19). Furthermore, both Mbx1p and Plo1p are necessary
for binding of the PBF complex to the PCB sequences in vitro, while Plo1p not only interacts with and
phosphorylates Mbx1p but also associates in vivo with the promoters of M-G1 transcribed genes,
including cdc15* and fkh2*. Taken together, these findings imply that Sep1p, Mbx1p and Plo1p,
apart from their other functions in transcriptional regulation of M-G1 expressed genes, might also
have a role in modulating the binding properties of Fkh2p to the promoters of these genes.
Therefore, ChIP assays were performed to determine whether Fkh2p can still bind to the cdc15*,
plo1* and fkh2* promoter regions in the absence of either Sep1p, Mbx1p or Plo1p.

To examine whether Plo1p is necessary for promoter binding of Fkh2p, ChIP assays were
performed with fixed cell extracts from the temperature-sensitive plo1-ts35 fkh2-3HA (GG 555)
mutant either at the permissive (25°C) or the restrictive temperature (36°C), the former used as a
positive control. An 800 ml culture of plo1-ts35 fkh2-3HA cells was grown overnight to mid-log phase
at 25°C before splitting into two 400 ml cultures. One culture was immediately fixed with a final
concentration of 1% formaldehyde for 30 min at 25°C, while the other culture was transferred to 36°C
for 3 hours to inactivate Plo1p prior to fixation with formaldehyde. Following cross-linking, both plo1-
ts35 fkh2-3HA chromatin extracts were processed for ChIP analysis with the HA antibody. As
another positive control, ChIP assays were also performed with the HA antibody and fixed extracts
from fkh2-3HA cells, as described in Section 6.2.1. Additional negative and positive controls were
included in the ChIP assay to confirm antibody specificity and the efficiency of the ChIP procedure.
PCR analysis was then performed to check whether Fkh2p could be detected at the cdc15*, plo1*
and fkh2* promoters in the absence of Plo1p function. PCR-amplified DNAs prepared from fkh2-3HA
and plo1-ts35 fkh2-3HA cells grown at the permissive and restrictive temperatures were run on the
same agarose gel to allow a direct comparison of their levels. Finally, PCR analysis was performed
with serial dilutions of each WCE DNA to ensure that PCR amplification was within a linear range.

Figure 6.9 displays the results from the ChIP analysis. As expected, ChIP assays with the HA
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antibody could detect specific binding of Fkh2p-3HA to the cdc15*, plo1* and fkh2* promoters in
fkh2-3HA cells. Similarly, Fkh2p-3HA was still detected at these promoters in plo1-ts35 fkh2-3HA
cells at both the permissive and restrictive temperatures, suggesting that Fkh2p can associate with
the promoters of M-G1 transcribed genes in the absence of Plo1p.

To investigate the requirement for Mbx1p and Sep1p for promoter binding of Fkh2p, cross-
linked chromatin extracts were prepared from mbx1A fkh2-13myc (GG 1047) and sep1A tkh2-3HA
(GG 1040) cells and processed for ChIP analysis with a myc and HA antibody, respectively. As
before, appropriate negative and positive controls were included in the assay to confirm antibody
specificity and the efficiency of the ChIP procedure. PCR analysis then followed to determine
whether Fkh2p could be detected at the cdc15*, plo1* and fkh2* promoters in the absence of Mbx1p
or Sep1p. PCR analysis was also performed with serial dilutions of each WCE DNA to ensure that
PCR amplification was within a linear range. The results obtained from ChlP analysis are shown in
Figures 6.10 and 6.11. These analyses revealed that Fkh2p-13myc and Fkh2p-3HA were still
detected binding to the promoters of cdc15*, fkh2* and plo1*, showing that the absence of Mbx1p or
Sep1p had no effect on the ability of Fkh2p to bind to these promoters (Papadopoulou et al., 2008).
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Figure 6.9: Requirement of Plo1p for Fkh2p promoter binding in vivo. ChIP analysis to examine whether Fkh2p
binds the promoters of cdc15*, fkh2* and plo1* in the absence of Plo1p. Fkh2p-3HA was immunoprecipitated from (a)
fkh2-3HA (GG 558) cells and plo1-ts35 fkh2-3HA cells (GG 555) at (b) permissive and (c) restrictive temperature using
an anti-HA antibody. For (a), (b) and (c), Fkh2p binding to PCB and forkhead promoter regions of cdc15*, fkh2* and plo1+
was detected by PCR. As a negative control, primers were used to amplify a DNA fragment from the coding region of the
act1* gene. WCE refers to non-immunoprecipitated sample and IP to immunoprecipitates. Precipitates without antibody
and precipitates with normal mouse IgG were used as negative controls, whereas histone 3 antibody was used as a
positive control. (B) In all cases, the PCR signal from amplification of DNA immunoprecipitated with anti-HA (7-9) or
histone 3 antibody (10-12) was quantified against the signal from PCR amplification of WCE DNA. (C) PCR amplification
was performed within a linear range, such that a serial dilution of the WCE DNA results in a reduction of the PCR signal.
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Figure 6.10: Requirement of Mbx1p for Fkh2p promoter binding in vivo. (A) ChIP analysis in mbx14A fkh2-13myc
(GG 1047) cells to examine whether Fkh2p binds the promoters of cdc15*, fkh2* and plo7+* in the absence of Mbx1p.
Fkh2p-13myc was immunoprecipitated from cells using an anti-myc antibody and binding to PCB and forkhead promoter
regions of cdc15*, fkh2* and plo1* was detected by PCR. All primers used for PCR amplification following ChIP analysis
are shown in Figure 6.2. WCE refers to non-immunoprecipitated sample and IP to immunoprecipitates. As negative
controls, precipitates without antibody and precipitates with normal mouse IgG were used, whereas histone 3 antibody
was used as a positive control. (B) PCR amplification was performed within a linear range, such that a serial dilution of
the WCE DNA results in a reduction of the PCR signal. (a) refers to WCE DNA prepared from fkh2-13myc (GG 507) cells
and (b) to WCE DNA prepared from mbx1A fkh2-13myc cells. ChIP assays with cross-linked chromatin extracts from
mbx1A fkh2-13myc cells were carried out twice. The results of PCR analysis of immunoprecipitated DNA with the myc
and histone 3 antibodies and of precipitated material from the two negative controls in one of the two assays are shown
here and are representative of the results of PCR analysis of both assays.
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Figure 6.11: Requirement of Sep1p for Fkh2p promoter binding in vivo. ChIP analysis in sep1A fkh2-3HA (GG
1040) cells to examine whether Fkh2p binds the promoters of cdc15*, fkh2* and plo1* in the absence of Sep1p. Fkh2p-
3HA was immunoprecipitated from cells using an anti-HA antibody and binding to PCB and forkhead promoter regions of
cdc15*, fkh2+ and plo1+ was detected by PCR. As a negative control, primers were used to amplify a DNA fragment from
the coding region of the act?* gene. All primers used for PCR amplification following ChIP analysis are shown in Figure
6.2. WCE refers to non-immunoprecipitated sample and IP to immunoprecipitates. As negative controls, precipitates
without antibody and precipitates with normal mouse IgG were used, whereas histone 3 antibody was used as a positive
control. (B) PCR amplification was performed within a linear range, such that a serial dilution of the WCE DNA results in
a reduction of the PCR signal. (a) refers to WCE DNA prepared from fkh2-3HA (GG 558) cells and (b) to WCE DNA
prepared from sep1A fkh2-3HA cells. ChIP assays with cross-linked chromatin extracts from sep1A fkh2-3HA cells were
carried out twice. The results of PCR analysis of immunoprecipitated DNA with the HA and histone 3 antibodies and of
precipitated material from the two negative controls in one of the two assays are shown here and are representative of
the results of PCR analysis of both assays.
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6.2.3 Cell-cycle-specific binding of Fkh2p, Sep1p and Plo1p to the PCB promoter regions of

M-G1 transcribed genes

A series of ChIP experiments presented in Section 6.2.1 revealed that Fkh2p, Sep1p and Plo1p
associate in vivo with the promoters of M-G1 transcribed genes, including cdc15*, as well as plo1*
and fkh2*. To explore further how Fkh2p, Sep1p and Plo1p might contribute to the control of M-G1
phase-specific gene expression, ChlP analysis was also employed to study their binding to PCB
promoter regions throughout the cell cycle. To accomplish this, fixed cell extracts were prepared
from synchronously dividing cdc25-22 fkh2-3HA (GG 745), cdc25-22 nmt41:plo1-3HA (GG 1097)
and cdc25-22 sep1-13myc (GG 1118) cells and processed for ChlP analysis with HA and myc
antibodies as appropriate. Furthermore, total RNA extracts were also prepared from these
synchronous populations of cells and subjected to Northern blot analysis with appropriate DNA
probes to determine how binding of Fkh2p, Sep1p and Plo1p to the promoters of cdc15*, plo1+ and
fkh2* during the cell cycle correlates with the cell cycle mRNA levels of the same genes, which are
known to fluctuate during the cell cycle, with peak levels at M-G1 (Anderson et al., 2002; Buck et al.,
2004).

For cell cycle ChIP and Northern blot analysis, 2 | of complete or selective media were
inoculated with a 10 ml pre-culture of either cdc25-22 fkh2-3HA, cdc25-22 nmt41.plo1-3HA and
cdc25-22 sep1-13myc cells and grown overnight at 25°C. Each cell culture was grown to mid-log
phase at 25°C and then transferred to 36°C for 3.5 hours, allowing the cells to arrest at the G2
phase. After the transient temperature arrest, the cultures were returned and left to grow at the
permissive temperature (25°C), allowing cells to progress through the cell cycle in synchrony.
Samples were collected at 20 min intervals and immediately processed for ChIP and Northern
blotting. To measure cell synchrony, a small sample was collected at each time point to count
microscopically its septation index, which was then plotted as a percentage of cell septa against
time.

For the ChIP assay, cross-linked chromatin was prepared from each sample,
immunoprecipitated with an HA or myc antibody and the resulting IP DNA was analysed by PCR with
primers specific for the cdc15*, plo1* and fkh2* promoter regions. All PCR-amplified DNAs were
resolved on the same agarose gel to allow direct comparison of their levels. As a loading control, the
respective WCE DNAs were also analysed by PCR and resolved by agarose electrophoresis. For
Northern blotting, total RNAs were prepared from successive samples, resolved by formaldehyde gel
electrophoresis and subjected to Northern blot analysis with DNA probes to assay the cell cycle

mRNA levels of cdc15*, plo1+ and fkh2*. In all cases, cdc22*, a gene periodically transcribed during
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the G1-S interval independent of PBF-PCB controls, was also used as a probe for Northern blotting,
to allow comparison between experiments. Finally, as a loading control the rRNA content of each
RNA sample was detected by ethidium bromide staining. The results obtained from the three
experiments are displayed in Figures 6.12, 6.13 and 6.14.

As seen in Figure 6.12, ChIP assays with the synchronous cdc25-22 fkh2-3HA cells
revealed that Fkh2p-3HA contacted the promoters of cdc15*, tkh2* and plo1* in a cell cycle
dependent manner. As shown by comparison of the ChlP and Northern blot data, detection of
Fkh2p-3HA at the promoters of cdc15*, fkh2* and plo1* coincided with low mRNA levels of these
genes during S phase and G2. Notably, maximum Fkh2p-3HA binding was observed when mRNA
levels of cdc15*, fkh2* and plo1* were beginning to decrease, while no detectable binding of Fkh2p-
3HA was seen when their mRNA levels reappeared. Residual Fkh2p binding was observed at zero
times, corresponding to G2-arrested cells, when some gene expression occurred, but it is possible
that this is an artefact of the experimental procedure. Overall, this cell cycle-specific pattern of
promoter binding is consistent with a role for Fkh2p as a repressor of M-G1 specific transcription. In
agreement with these findings, single gene and genome-wide microarray analyses have previously
suggested that Fkh2p negatively regulates transcription of genes expressed during the M-G1 interval
(Bulmer et al., 2004; Rustici et al., 2004; Petit et al., 2005).

The results obtained from ChlIP assays with the cdc25-22 nmt41:plo1-3HA cells are shown
in Figure 6.13. Plo1p-3HA was detected at the promoters of cdc15* and fkh2* at specific cell cycle
times, when the mRNA levels of the genes were low. However, the highest amounts of Plo1p-3HA
were observed at the promoter regions of cdc15* and fkh2* after gene repression has occurred.
Notably, when compared to cell cycle promoter binding of Fkh2p-3HA, the highest levels of Plo1p-
3HA were found at the promoter regions later than those of Fkh2p-3HA, suggesting that Plo1p
binding at the cdc15* and fkh2* promoters follows that of Fkh2p. Since previous work has shown that
Plo1p positively modulates M-G1 specific transcription (Anderson et al., 2002; Papadopoulou et al.,
2008), it is possible that the presence of Plo1p at the PCB promoter regions is part of a process that
re-activates gene expression, following transcriptional repression by Fkh2p.

Figure 6.14 shows the cell cycle pattern of Sep1p binding to the promoters of cdc15* and
plo1* in synchronously dividing cdc25-22 sep1-13myc cells. Sep1p-13myc bound to promoter DNA
in a cell cycle dependent manner but, in contrast to Fkh2p-3HA, the highest levels of Sep1p-13myc
were detected at the promoters of cdc15* and plo7+ concurrent with maximum mRNA levels of these
genes, while the lowest amounts of Sep1p-13myc binding coincided with the lowest cdc15* and
plo1* mRNA levels. This behaviour is consistent with Sep1p being an activator of M-G1 specific

transcription. This suggestion is in agreement with previous studies that have also shown that Sep1p
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positively regulates transcription of M-G1 expressed genes (Bulmer et al., 2004; Rustici et al., 2004;
Alonso-Nufiez et al., 2005; Petit et al., 2005).

It is important to note that cdc15* and plo1+ transcription, as well as septation, was delayed
by 40 minutes in the Sep1p-13myc experiment compared with the cell cycle experiments examining
Fkh2p and Plo1p promoter binding (Figures 6.12 and 6.13). This observation implies that C-terminal
tagging of Seplp affects its function, resulting in both delayed transcription and septation

(Papadopoulou et al., 2008).
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Figure 6.12: Cell cycle specific binding of Fkh2p to PCB promoter regions of cdc15*, fkh2* and plo1*. cdc25-22
fkh2-3HA (GG 745) cells were synchronised for cell division by transient temperature arrest. After returning the cells to
the permissive temperature, samples were taken every 20 minutes and processed for ChIP and Northern blot analysis.
(A) Septation indices were counted microscopically and plotted against time to measure cell synchrony. (B) For ChIP
analysis, each cell sample was fixed with FA to cross-link DNA to protein and Fkh2p was immunoprecipitated from
sheared cross-linked chromatin using an anti-HA antibody. Binding of Fkh2p-3HA to the cdc15*, fkh2* and plo1*
promoters was detected by PCR. As a loading control, PCR was performed with 10% WCE DNA (WCE; non-
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immunoprecipitated sample), and plo7* oligonucleotides. Quantification of each immunoprecipitated sample against its
non-immunoprecipitated control at the respective time point is shown. The ChIP assay was carried out twice with
duplicate cell samples taken at successive time points from a culture of synchronous cdc25-22 fkh2-3HA cells. PCR
analysis of DNA material (corresponding to either DNA immunoprecipitated with the HA antibody or WCE DNA) prepared
from each set of successive samples was repeated twice and identical results were obtained. The results of PCR
analysis of DNA prepared from one of the two sets of cross-linked cell samples, once processed for ChIP analysis, are
shown here and are representative of the results of PCR analysis of both sets of samples. (C) For Northern blot analysis,
total RNA was prepared from each cell sample. To detect mRNA, the blot was hybridised consecutively with cdc15*,
fkh2*, plo1* and cdc22* probes, the latter a known G1-S phase expressed transcript independent of PBF-PCB controls.
Quantification of each mRNA sample against its rRNA control at the respective time point is shown. For either ChIP or
Northern blot analysis, asy indicates DNA or RNA samples respectively, prepared from asynchronous cells prior to
temperature shift to the restrictive temperature.
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Figure 6.13: Cell cycle specific binding of Plo1p to PCB promoter regions of cdc15* and fkh2t. cdc25-22
nmt41:plo1-3HA (GG 1097) cells were synchronised for cell division by transient temperature arrest. After returning the
cells to the permissive temperature, samples were taken every 20 minutes and processed for ChlP and Northern blot
analysis. (A) Septation indices were counted microscopically and plotted against time to measure cell synchrony. (B) For
ChIP analysis, each cell sample was fixed with FA and Plo1p was immunoprecipitated from sheared cross-linked
chromatin using an anti-HA antibody. Binding of Plo1p-3HA to the cdc15* and fkh2* promoters was detected by PCR. As
a loading control, PCR was performed with 10% WCE DNA (WCE; non-immunoprecipitated sample), and cdc15*
oligonucleotides. Quantification of each immunoprecipitated sample against its non-immunoprecipitated control at the
respective time point is shown. The ChIP assay was carried out twice with duplicate cell samples taken at successive

237



time points from a culture of synchronous cdc25-22 nmt41:plo1-3HA cells. PCR analysis of DNA material
(corresponding to either DNA immunoprecipitated with the HA antibody or WCE DNA) prepared from each set of
successive samples was repeated twice and identical results were obtained. The results of PCR analysis of DNA
prepared from one of the two sets of cross-linked cell samples, once processed for ChIP analysis, are shown here and
are representative of the results of PCR analysis of both sets of samples. (C) For Northern blot analysis, total RNA was
prepared from each cell sample. To detect mRNA, the blot was hybridised consecutively with cdc15*, fkh2* and cdc22*
probes. Quantification of each mRNA sample against its rRNA control at the respective time point is shown. For either
ChIP or Northern blot analysis, asy indicates DNA or RNA samples respectively, prepared from asynchronous cells prior
to temperature shift to the restrictive temperature.
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Figure 6.14: Cell cycle specific binding of Sep1p to PCB promoter regions of cdc15* and plot*. cdc25-22 sep1-
13myc (GG 1118) cells were synchronised by transient temperature arrest. After returning the cells to the permissive
temperature, samples were taken every 20 minutes and processed for ChIP and Northern blot analysis. (A) Septation
indices were counted microscopically and plotted against time to measure cell synchrony. (B) For ChIP analysis, each
cell sample was fixed with FA and Sep1p was immunoprecipitated from sheared cross-linked chromatin using an anti-
myc antibody. Binding of Sep1p-13myc to the cdc15* and plo7+ promoters was detected by PCR. As a loading control,
PCR was performed with 10% WCE DNA (WCE; non-immunoprecipitated sample), and plo7* oligonucleotides.
Quantification of each immunoprecipitated sample against its non-immunoprecipitated control at the respective time point
is shown. The ChlIP assay was carried out twice with duplicate cell samples taken at successive time points from a
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culture of synchronous cdc25-22 sep1-13myc cells. PCR analysis of DNA material (corresponding to either DNA
immunoprecipitated with the HA antibody or WCE DNA) prepared from each set of successive samples was repeated
twice and identical results were obtained. The results of PCR analysis of DNA prepared from one of the two sets of
cross-linked cell samples, once processed for ChlIP analysis, are shown here and are representative of the results of
PCR analysis of both sets of samples. (C) For Northern blot analysis, total RNA was prepared from each cell sample. To
detect mRNA, the blot was hybridised consecutively with cdc15*, plo1* and cdc22* probes. Quantification of each mRNA
sample against its rRNA control at the respective time point is shown. For either ChIP or Northern blot analysis, asy
indicates DNA or RNA samples respectively, prepared from asynchronous cells prior to temperature shift to the
restrictive temperature.

6.3 Summary

Previous studies and work presented in this thesis have addressed, via distinct approaches, the
regulatory network that drives phase-specific transcription at late mitotic stages in fission yeast.
Here, ChIP assays were performed as another way to examine how components of this network,
including the Fkh2p, Sep1p and Mbx1p transcription factors and the Plo1p kinase, regulate M-G1-
dependent transcription in this model organism. Such analyses, using HA and myc antibodies
against cross-linked chromatin extracts from strains expressing Sep1p, Fkh2p or Plo1p as HA and/or
myc C-terminal fusions, revealed that Fkh2p, Sep1p and Plo1p associate in vivo with the promoters
of genes transcribed during M-G1 phase. Specifically, either Fkh2p-3HA or Fkh2p-13myc was shown
to bind to the promoters of cdc15*, plo1* and fkh2* itself, the latter showing that Fkh2p also regulates
its own expression, consistent with previous observations (Buck et al., 2004) (Figures 6.3 and 6.4).
Moreover, Fkh2-3HA was detected at these promoters even in the absence of either Mbx1p or
Sep1p or after compromising Plo1p function, in the plo7-ts35 mutant at the restrictive temperature,
suggesting that neither of these proteins is required for Fkh2p promoter binding (Figures 6.9, 6.10
and 6.11).

As shown in Figure 6.5, Sep1p-13myc bound at the promoters of cdc15* and plo7* but not
fkh2*, the latter implying that Fkh2p and Sep1p might regulate common but also distinct M-G1
transcribed genes. Finally, Plo1p-3HA was detected at the promoters of cdc15* and fkh2*, whereas
analysis of Plo1p-3HA binding to the plo1* promoter was precluded due to Plo1p-3HA being
expressed under control of the nmt41 and not the plo7* promoter (Figure 6.7).

cdc15*, plo1* and fkh2* contain PCB sequences in their promoters (Figure 3.8) and it was
these PCB-containing regions that were amplified during the ChIP assay (Figure 6.2), in agreement
with results in Sections 3.2 and 3.4, suggesting a cell cycle non-specific role for this motif in
transcriptional regulation of these genes. However, these results are also consistent with other
findings in Sections 3.3 and 3.4, revealing a regulatory role for the TGTTTAC forkhead-like sequence
in M-G1 specific, Sep1p/Fkh2p-mediated, transcription of cdc15* and, presumably, of plo7* and
fkh2*, since, as shown in Figure 6.2, the promoters of these genes contain this motif in close
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proximity to the PCB. Overall, the presence, as shown here in vivo by ChIP analysis, of Fkh2p,
Sep1p and Plo1p at the promoters of M-G1 transcribed genes is in concurrence with the previously
ascribed roles for these proteins in regulation of the PBF-dependent gene cluster, as well as the
proposition that Fkh2p and Plo1p exert their functions in M-G1 specific transcription through
feedback mechanisms (Anderson et al., 2002; Buck et al., 2004; Bulmer et al., 2004; Rustici et al.,
2004; Papadopoulou et al., 2008).

Unlike Fkh2p, Sep1p and Plo1p, ChIP analysis, at least under the experimental conditions
employed here, failed to detect Mbx1p bound at the cdc15*, fkh2* and plo1* promoters (Figure 6.8).
Nonetheless, other findings support a role for Mbx1p in transcriptional regulation of these genes,
including its requirement, at least in vitro, for binding of the PBF complex to the PCB sequence within
the cdc15* promoter and its association with Plo1p, the latter implying that this transcription factor
might be involved in Plo1p recruitment to the promoters of M-G1 transcribed genes, such as cdc15*,
fkh2* and plo1* (Anderson et al., 2002; Papadopoulou et al., 2008; Section 7.1).

Previous work has suggested that Sep1p and Plo1p positively regulate M-G1 specific
transcription, while Fkh2p appears to possess also negative modulatory roles (Anderson et al., 2002;
Buck et al., 2002; Bulmer et al., 2004; Rustici et al., 2004; Alonso-Nufiez et al., 2005; Petit et al.,
2005). In this study, Fkh2p, Sep1p and Plo1p promoter binding through the cell cycle was examined
by ChIP to investigate how these proteins contribute to transcriptional control of their target genes,
including cdc15*, fkh2* and plo1*. These studies showed that Fkh2p promoter binding coincides with
declining transcript levels during G2 and S phase, suggesting that this forkhead transcription factor
negatively influences transcription (Figure 6.12). Unlike Fkh2p, Sep1p binds to promoters when peak
mRNA levels of its target genes are present, consistent with it behaving as a transcriptional activator
instead (Figure 6.14). Finally, Plo1p contacts promoter DNA when low mRNAs levels of PCB-
regulated genes are observed. Notably, however, Plo1p is found at the promoters later than Fkh2p,
implying that Plo1p exerts its function after Fkh2p, which represses gene expression (compare
Figures 6.12 and 6.13). This implies that Plo1p could participate, presumably in a manner that
involves binding and phosphorylation of Mbx1p, in transcriptional reactivation of M-G1 expressed

genes, following inhibition by Fkh2p (Papadopoulou et al., 2008).
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Chapter 7

Discussion
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7.1 General discussion

Studies in S. cerevisiae and S. pombe have advanced current knowledge of the control mechanisms
that drive mitotic cell cycle progression, unravelling the existence of exquisite regulatory
components, predominantly the Cdks, as well as many other proteins, which are conserved among
eukaryotes, a feature that exemplifies their significance for cell cycle controls (Sections 1.2 and 1.3).
More recently, a combination of single-gene and global microarray analyses in these yeasts has
provided insight into the ways by which discrete transcriptional networks accommodate phase-
dependent expression of groups of co-regulated genes, encoding proteins that are required for
functions concomitantly with their time of synthesis (Cho et al., 1998; Spellman et al., 1998; Rustici
et al., 2004; Oliva et al., 2005; Peng et al., 2005; Sections 1.5 and 1.6).

Four major consecutive waves of transcription characterise the mitotic cell cycle in fission
yeast, coinciding with the G1, S, G2-M and M-G1 cell cycle stages (Section 1.5.2). This thesis has
explored the regulatory network that underlies the expression of genes whose transcript levels peak
during the M-G1 interval (Anderson et al., 2002; Rustici et al., 2004; Oliva et al., 2005; Peng et al.,
2005). Consistent with their time of expression, many of these genes, including sid2*, ace2*, sip1*,
mid1*, spo12+, plo1*, fin1*, fkh2* and cdc15*, encode proteins required for mitosis, cytokinesis and
cell separation (Mclnerny et al., 2004; Ng et al., 2006; Chapter 1).

Earlier work has identified a transcription factor complex, PBF, which binds in vitro to the
promoters of M-G1 transcribed genes in a manner that requires the 6 bp PCB sequence motif
(GNAACR). In parallel, a PCB-containing cdc15* promoter fragment has been shown to confer M-
G1-dependent transcription to lacZ, strongly suggesting that it encompasses the necessary
element(s), presumably the PCB and other motif(s), for periodic expression of cdc15* and other co-
regulated genes. Plo1p, a conserved kinase with a plethora of functions in mitosis and cytokinesis,
has been shown to regulate M-G1-dependent transcription and is also required in vitro for PCB-
dependent binding of PBF to the promoters of its targeted genes. Notably, plo7* is itself transcribed
at the M-G1 transition and contains PCB sequences in its promoter suggesting that this kinase
regulates periodic expression via feedback mechanisms (Anderson et al., 2002).

Three transcription factors, two forkhead proteins, Fkh2p, and Sep1p, and a MADS-box
protein, Mbx1p, have been implicated in M-G1 transcriptional control and are thought to be
components of PBF. Similar to plo7+, fkh2* has also been proposed to exert its function via feedback
mechanisms, since it is periodically expressed coincidentally with its target genes and contains PCB

sequences in its promoter.
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Mbx1p, although not required for periodic transcription per se, is necessary for binding of
PBF to the PCB sequence. Unlike Mbx1p, Fkh2p and Sep1p are dispensable, at least in vitro, for
PCB-dependent binding of the PBF complex but are absolutely required for M-G1 specific
transcription. Moreover, given the involvement of Plo1p in M-G1-specific transcriptional control, both
Fkh2p and Mbx1p have been shown to be periodically phosphorylated during late mitosis (Zilahi et
al., 2000; Buck et al., 2004; Bulmer et al., 2004).

Consistent with the requirement of forkhead transcription factors for M-G1-specific gene
expression, database searches revealed that forkhead-related sequences are present at the
promoters of M-G1 transcribed genes in both orientations and have been shown to be required for
the expression of ace2*, one of these genes (Rustici et al., 2004; Alonso-Nufiez et al., 2005).
Nonetheless, although Mbx1p is part of the regulatory network that mediates Sep1p/Fkh2p-
dependent expression, the promoters of Sep1p/Fkh2p-regulated genes lack DNA-binding sequences
for MADS-box transcription factors (Rustici et al., 2004; Bahler, 2005). This situation is dissimilar to
the modulatory network that drives G2-M specific expression in budding yeast, whereby the
presence of both forkhead- and MADS-box- related sequences in the promoters of ‘CLB2’ genes
accompanies their transcriptional regulation by Fkh2p/Sep1p (Fkh1p/Fkh2p) and Mbx1p (Mcm1p)
homologues (Section 1.5.1.4). Therefore, it is assumed that fission yeast employs PCB sequences
instead, which, either together or in parallel with forkhead motifs, mediate M-G1 specific
transcription. In this study, various approaches have elucidated further how Fkh2p, Sep1p and
Mbx1p transcription factors operate, in concert with the Plo1p kinase and through the PCB and
forkhead-associated sequences, to drive M-G1 specific transcription of genes, including cdc15*, as
well as fkh2* and plo1* themselves.

The PCB sequence has been shown here to be necessary for transcription of cdc15* in an
M-G1 independent manner, since mutating the cdc15* PCB motif is sufficient to dramatically reduce
or even abolish transcription of the lacZ reporter throughout the cell cycle (Buck et al., 2004; Section
3.2). Presumably, the PCB has a similar role in transcriptional control of many other genes, co-
regulated with cdc15* and possessing this DNA motif in their promoters (Figure 3.8). Unlike the PCB,
the TGTTTAC forkhead-related motif appears to regulate the temporal, M-G1 specific, transcriptional
pattern of cdc15*, since mutating the cdc15* TGTTTAC delays periodic transcription of lacZ mRNA
levels, which no longer peak during late mitosis (Section 3.4). Interestingly, in the absence of the
TGTTTAC sequence the cell cycle transcription of lacZ remains periodic, suggesting that other
promoter elements can also support phase-specific transcription of cdc15*. Consistent with this, the
cdc15* promoter fragment contains another forkhead motif in the reverse orientation, GTAAACA,

also present in the promoters of many genes transcribed co-incidentally with cdc15* (Figure 3.8).
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Hence, forkhead-related sequences could have redundant roles in M-G1 specific gene expression,
although such a hypothesis necessitates further investigation. Finally, mutating both the PCB and the
TGTTTAC sequence within the cdc15* promoter fragment compromises lacZ transcription in a cell
cycle independent manner, similar to when mutating the PCB sequence alone, indicating that these
promoter elements function in a parallel, but not additive, manner (Section 3.4).

Consistent with the involvement of PCB and forkhead sequences in transcriptional regulation
of cdc15*, experiments presented in Section 3.3 demonstrate that in the absence of either Fkh2p or
Sep1p, periodic transcription of lacZ under control of the PCB- and TGTTTAC- containing cdc15*
promoter fragment is lost. Notably, ChlP assays in Section 6.2.1 reveal that these transcription
factors bind in vivo to the promoter regions of M-G1 transcribed genes, including cdc15* and plo7*.
Fkh2p also associates with the fkh2* promoter, thereby confirming the proposal that this factor
regulates its own expression, while in parallel implying that it shares both common and distinct gene
targets with Sep1p. Intriguingly, the two forkhead transcription factors are shown here to contact
promoter DNA in a cell cycle specific manner. Indeed, Fkh2p is detected at the cdc15*, fkh2* and
plo1* promoters during S and G2 phases when gene expression is minimal, whereas maximal Sep1p
binding to the promoters of cdc15* and plo7* is observed coincidentally with their transcription at the
M-G1 interval (Section 6.2.3). In concert with previous observations, these phase-specific patterns of
promoter binding suggest that Fkh2p and Sep1p exert negative and positive roles in M-G1-specific
gene expression, respectively (Buck et al., 2004; Bulmer et al., 2004; Rustici et al., 2004).

Fkh2p and Sep1p are shown here to interact with each other in vitro and in vivo (Sections
4.2.2 and 4.3.8), in agreement with the observations of earlier overexpression studies, suggesting
also a requirement of Sep1p for Fkh2p function (Buck et al., 2004). Nonetheless, as shown in
Section 6.2.2, Fkh2p is detected at the cdc15*, fkh2* and plo1* promoters even in the absence of
Sep1p. Hence, at least the promoter binding properties of Fkh2p are not affected by Sep1p, although
it is still possible that Sep1p influences the cell cycle pattern of Fkh2p-dependent promoter
association and not binding per se. Furthermore, Mbx1p and Plo1p are also not required for the
interaction of Fkh2p with the cdc15*, fkh2* and plo1* promoters (Section 6.2.2).

Protein phosphorylation, mediated by a suitable kinase, is commonly employed by the cell
machinery to regulate transcription by affecting the properties of transcription factors, including DNA
binding, protein stability, cellular localisation or interactions with co-regulators or components of the
basal transcriptional apparatus (Whitmarsh and Davis, 2000). Interestingly, recent work showed that
Plo1p phosphorylates Mbx1p in vitro, while overexpression of a plo1 kinase mutant prevents
expression of M-G1 transcribed genes, such as cdc15* and spo12+. This is the first time a Polo-like

kinase has been shown to bind and phosphorylate a MADS-box protein in any organism. Moreover,
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Plo1p is shown here to associate in vivo with Mbx1p in @ manner that requires both its kinase and
polo-box domain and irrespective of cell cycle stage (Papadopoulou et al., 2008; Chapter 5). Taken
together, these findings indicate that Plo1p regulates M-G1-specific gene expression in a manner
that involves binding and phosphorylation of Mbx1p.

Consistent with the ability of Plo1p to bind and phosphorylate Mbx1p and regulate M-G1
specific transcription, this kinase is shown in Section 6.2.1 to interact in vivo with the promoters of
cdc15* and fkh2*. Plo1p interacts with the promoters of these genes in a cell cycle-dependent
manner with a timing that coincides with low levels of expression, but follows promoter binding by
Fkh2p. This implies that Plo1p promoter contact causes a function later than that of Fkh2p, which is
thought to negatively affect transcription of their co-regulated genes (Section 6.2.3).

Given that Plo1p can associate directly with Mbx1p and contact the promoters of their co-
regulated genes, it is possible that this kinase is recruited to these promoters in an Mbx1p-
dependent manner. Indeed, although ChIP assays described in Section 6.2.1 have been unable to
detect Mbx1p at the promoters of M-G1 transcribed genes, recent studies reveal that Plo1p is unable
to interact in vivo with the promoters of cdc15* and fkh2* in the absence of Mbx1p (Mead, E. and
Mclnerny, C.J., unpublished data). Since previous experiments have also shown that Mbx1p is
necessary for PCB-dependent binding of the PBF complex to the promoters of M-G1 transcribed
genes, at least in vitro, these findings suggest that Mbx1p associates with the promoters of PBF-
regulated genes and that technical reasons have prevented this to be shown here in vivo by ChiP.
Furthermore, Mbx1p binds to Plo1p throughout the cell cycle, while Plo1p interacts with PCB
promoter DNA in a cell-cycle specific manner, suggesting that a sub-population of Mbx1p is not in
contact with gene promoters (Papadopoulou et al., 2008).

Taken together, this study has provided further insight into the regulatory network that
promotes M-G1 phase-specific transcription in fission yeast. Presumably, additional molecular
mechanisms and components await discovery, but work so far shows that Fkh2p, Sep1p and Mbx1p
transcription factors and the Plo1p kinase control periodic gene expression during late mitosis
through the PCB and forkhead promoter sequences, the former modulating the amplitude of
transcription throughout the cell cycle and the latter its periodicity during the M-G1 phase (Figure
7.1). Possibly, Mbx1p contacts the PCB promoter regions of M-G1 transcribed genes throughout the
cell cycle, while Fkh2p and Sep1p interact with the forkhead-related promoter sequences of these
genes in a cell cycle specific manner, consistent with Fkh2p repressing and Sep1p activating gene
expression (Anderson et al., 2002; Papadopoulou et al., 2008). Regulation of transcription probably
occurs through one forkhead transcription factor replacing the other in a stepwise manner, with

transcriptional activation by Sep1p preceding repression by Fkh2p and vice versa (Figure 7.1). The

246



fact that Fkh2p and Sep1p interact, suggests that this process may occur through the two forkhead
factors transiently binding to each other.

In concert with a role for Sep1p as a transcriptional activator, genetic analyses reveal that
sep1* genetically interacts with sep15*, itself encoding a component of the Mediator complex
(Grallert et al., 1999; Lee et al., 2005a). Thereby, Sep1p could stimulate gene expression via its
association with the Mediator, promoting M-G1-specific promoter recruitment of the basal Pol I
machinery and ensuing initiation of transcription. By contrast, Fkh2p could repress transcription,
perhaps via the recruitment of factors that silence transcription, including histone deacetylases.

It is possible that Fkh2p and Sep1p antagonise each other for binding to the same promoter
sequences, while the function of additional proteins, such as Plo1p, might help shift the balance in
favour of either one forkhead transcription factor. Indeed, Plo1p contacts the promoters of M-G1
transcribed genes in an Mbx1p-dependent manner, with a timing that follows transcriptional
repression by Fkh2p.

Presumably, given its positive roles in gene expression, Plo1p invokes a function that
involves binding and phosphorylation of Mbx1p and resulting in transcriptional re-activation,
mediated by Sep1p, during the ensuing late mitosis-early G1 phase. Interestingly, Plo1p and Fkh2p
appear to be self-regulated, thereby controlling their own expression via positive and negative
feedback loops, respectively (Figure 7.1) (Papadopoulou et al., 2008). Furthermore, Fkh2p is itself
phosphorylated almost coincidentally with Mbx1p, but not by Plo1p (Buck et al., 2004; Bulmer et al.,
2004). Hence, it is tempting to speculate that a kinase other than Plo1p, mediating changes in the
phosphorylation status of Fkh2p, might also be involved in transcriptional regulation during the M-G1
interval. One possible candidate is Cdc2p, though this seems unlikely as it is known that this Cdk
must be inactivated to allow cytokinesis to occur in fission yeast (Krapp et al., 2004); hence, another
kinase must instead play a role.

Overall, this and earlier studies have explored the transcriptional network that drives M-G1
phase-specific gene expression in fission yeast, encompassing a Plk and members of the MADS-box
and forkhead/HNF-3 transcription factor families. Related transcriptional systems operate both in
budding yeast and humans and regulate important mitotic regulators, including Plo1p homologues,
hence, exemplifying their importance for cell cycle controls (Kumar et al., 2000; Pic et al., 2000; Zhu
et al., 2000; Alvarez et al., 2001; Darieva et al., 2006; Fu et al., 2008; Section 1.6).
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Figure 7.1: Model of Plo1p, Fkh2p and Sep1p regulation of M-G1 gene expression in fission yeast. Periodic
expression of several genes, including cdc15*, during late M-early G1 phase in fission yeast is controlled by at least
three transcription factors, Mbx1p, a MADS-box protein, and Fkh2p and Sep1p, both forkhead transcription factors.
Fkh2p and Sep1p associate with the promoters of these genes, possibly through forkhead sequences (TGTTTAC and/or
GTAAACA), in a cell cycle specific manner, consistent with Fkh2p repressing and Sep1p activating gene expression.
Moreover, Mbx1p appears to associate constantly with the promoters of genes, such as cdc15*, in a PCB-dependent
manner. Following transcriptional repression by Fkh2p during S and G2 phases, the Plo1p kinase is recruited at the PCB
promoter regions and directly binds Mbx1p, thereby invoking a function that re-stimulates transcription. Plo1p itself
contacts promoter DNA in a manner that requires Mbx1p, a sub-population of which is not in contact with the promoters
of Fkh2p/Sep1p-regulated genes. Finally, plo7* and fkh2* appear to regulate their own expression, transcribed co-
incidentally with their co-regulated genes and interacting with their own promoters (see Section 7.1 for details) (adapted
from Papadopoulou et al., 2008).
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7.2 Future Work

7.2.1 Elucidation of the role of the GTAAACA sequence in M-G1 specific transcription of
cdc15*

In fission yeast, studies so far have implicated two promoter motifs, the PCB and forkhead-like
sequences, in M-G1 specific transcription of genes under control of Mbx1p, Fkh2p and Sep1p PBF-
related components and the Plo1p kinase (Anderson et al., 2002; Buck et al., 2004; Rustici et al.,
2004; Alonso-Nufez et al., 2005). Interestingly, computer-based searches reveal that the forkhead
motif is present in both orientations, either TRTTTAY or RTAAAYA, with the former being statistically
more significant than the latter. Nonetheless, recent data have shown that Fkh2p binds to
RTAAAYA-like sequences (also called FLEX) in the promoter of ste?7*, which encodes a
transcription factor required for conjugation and meiosis during sexual development, to positively
regulate its expression. The involvement of Fkh2p in regulation of ste1* explains the partial sterile
phenotype of fkh2A cells (Shimada et al., 2008).

Here, the PCB promoter sequence was shown to be required for transcription of cdc15*
throughout the cell cycle, whereas the TGTTTAC forkhead-related motif appears to play a role in M-
G1 specific transcription of cdc15*. Notably, the cdc15* promoter also contains a GTAAACA
forkhead-related sequence, suggesting that it could contribute to phase-specific transcription of
cdc15* and perhaps of other M-G1 transcribed genes. Hence, it would be interesting to evaluate
whether, and if so how, mutating the GTAAACA sequence affects M-G1 specific transcription of
cdc15*. Similar to experiments performed to assess the role of the cdc15* PCB and TGTTTAC
sequences, the GTAAACA of the cdc15* promoter fragment driving transcription of lacZ could be
mutated and then Northern blot analysis performed to monitor the cell cycle transcriptional profile of
the reporter. Moreover, it would be interesting to test by similar Northern blot analyses-based
approaches the contribution of PCB, as well as TGTTTAC and/or GTAAACA-like sequences in cell

cycle transcription of M-G1 transcribed genes other than cdc15*.

7.2.2 Significance of plo1* and fkh2* M-G1 specific transcription in cell cycle controls

A recurrent theme emerging from earlier work and data presented in this thesis is that plo1* and
fkh2* are components of the regulatory network that brings about M-G1 phase-specific gene
expression and they are also themselves cell cycle regulated, transcribed coincidentally with the

genes under their control (Anderson et al., 2002; Buck et al., 2004; Bulmer et al., 2004; Rustici et al.,
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2004). The plo1* and fkh2* promoters contain PCB and forkhead motifs (Figure 3.8) while, as shown
in Sections 6.2.1 and 6.2.3, Fkh2p binds to its own promoter in vivo (Papadopoulou et al., 2008).
Although ChIP analysis of Plo1p interactions with its own promoter was not feasible (Section 6.2.1),
other findings suggest that Plo1p also regulates its own transcription and that of other PBF-regulated
genes via the PCB sequence (Anderson et al., 2002). Moreover, strong fkh2* over-expression is not
tolerated by fission yeast, suggesting that fkh2* expression is significant for cell cycle controls,
necessitating the existence of an auto-regulatory feedback mechanism to modulate fkh2* expression
in a subtle manner (Buck et al., 2004). Interestingly, budding yeast and human homologues of plo1*
and fkh2* are also cell cycle-regulated, suggesting that their phase-specific expression is important
in eukaryotic cell cycle controls (Alvarez et al., 2001; Darieva et al., 2006). Hence, it will be
interesting to assess the importance of PCB- or TGTTTAC- driven transcription of fkh2* and plo1* on
their own expression, and that of their co-regulated genes.

Appropriate fission yeast strains could be constructed that contain mutations in the PCB or
TGTTTAC motif(s) in the native chromosomal plo7* or fkh2* promoter regions. Northern blot
analyses would then be performed with these strains to initially monitor how mutating either the PCB
or TGTTTAC sequence(s) of endogenous fkh2* and plo1* influences the cell cycle transcriptional
profile of fkh2* and plo1* themselves. Experiments presented in Chapter 3 have shown that the PCB
and TGTTTAC sequence modulate transcription of cdc15*, either in terms of amplitude or M-G1
specific periodicity respectively, suggesting that manipulating the endogenous fkh2* or plo1* PCB or
TGTTTAC promoter sequence(s) would also interfere, in each case, with transcription of the cognate
gene. Finally, having established the importance of the PCB or TGTTTAC promoter sequence in cell
cycle transcription of endogenous fkh2* and plo1+, it would be interesting to determine the effects of
aberrant plo1* and/or fkh2* transcriptional patterns on cell cycle expression of all M-G1 transcribed
genes by micro-array analysis and also examine other cellular phenotypes in these strains,

particularly those related to cytokinesis and septation.

7.2.3 Identification of Plo1p phosphorylation site(s) in Mbx1p

In this thesis, Plo1p was shown to associate in vivo with Mbx1p in a manner that requires both an
intact kinase and polo-box domain (Chapter 5). Consistent with this, Plo1p can directly
phosphorylate Mbx1p in vitro (Papadopoulou et al., 2008). To further explore Plo1p-driven
phosphorylation of Mbx1p, it is essential to map the target phosphorylation site(s) of this Plk. The
D/E-X-S/T-¢-X-D/E sequence has already been identified as the peptide phosphorylation consensus

for human Plk1p and has been used successfully in budding yeast to determine the target
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phosphorylation site of Cdc5p within the Ndd1p co-activator protein (Nakajima et al., 2003; Darieva
et al, 2006; Section 1.5.1.4).

Based on the Plk1p phosphorylation consensus, examination of the Mbx1p peptide
sequence shows that it contains two potential Plo1p target sites, one serine at position 46 and
another at position 106 (Figure 7.2). To determine whether Plo1p phosphorylates serine-46 and/or
serine-106, site-directed mutagenesis could be performed to mutate these residues to alanine,
express and purify in bacteria the resulting mutant forms of Mbx1p and then test their susceptibility to
phosphorylation by Plo1p, expressed and purified in budding yeast, in an in vitro kinase assay. It is
anticipated that if serine-46 and/or serine-106 of Mbx1p are normally phosphorylated by Plo1p in
vivo, Mbx1p mutants, containing either alanine-46 or alanine-106, when compared to wild-type
Mbx1p, would be inefficiently phosphorylated in vitro by Plo1p.

Although serine-46 and serine-106 represent potential Plo1p phosphorylation sites, it is
possible that Mbx1p is phosphorylated by this kinase at other sites instead or in parallel with these
residues. To explore this possibility, MALDI-TOF analysis could be employed to map Plo1p-
dependent phosphorylation sites in Mbx1p. Specifically, the phosphorylated products of an in vitro
kinase assay with Plo1p and Mbx1p would be resolved by SDS-PAGE, followed by in-gel protein
digestion with trypsin and analysis of the respective peptide fragments by MALDI-TOF mass
fingerprinting and MALDI-TOF/TOF peptide sequencing. Finally, any identified Mbx1p
phosphorylated residues, other than serine-46 and serine-106, would be once again mutated to
alanine and the respective Mbx1p mutants tested by in vitro kinase assays for their Plo1p-specific

phosphorylation efficiency.

MDINPPPSTA PSSPRRSIQR ISDAKNKALT FNRRRLGLIK KAHELEVLCD AKVVVMIFDS
KNACHVYSSE EPEEQRDALL QKFLNKDFVT VDPLRNINPN IPSDEFLHNW RPKDKRIASV
TTYSAQPSNN CSSATDSEND FQSFTIKSST TYHTTPTTAS ENKKIESITI PDHASVYNDL
PLSPTVKHSF VSPVSGDYSD SPLEPSSSSS FSVPPESLNP TLSFQHNDVP QTDNFIPFLT
PKRQAYGQSS SRADRSSVRR SQSFKNRRNG KPRISRLHTS HASIDGLTDF IQSPSSGYLD
PSSTPITPLD SAINQITPPF LPDNLGQENR GELYSHDNPT SMVYEHPKFD ELPNGFIDTH
ELNILSRSFT ASPNQILRES NMVNQDSFTD NPVDATWDAL IGTTQIDLDL DYERSSIPSS
TIPADQLKDG VPTNSVYRNN MVDHNLYPSL NIERNAP

Figure 7.2: Potential Plo1p phosphorylation sites within the Mbx1p amino acid sequence. Two potential Plo1p
phosphorylation sites, which resemble the human Plk1p phosphorylation consensus (D/E-X-S/T-@-X-D/E, where X and ¢
are any and hydrophobic amino acids), are present within the Mbx1p amino acid sequence (www.sangercenter.org.uk),
highlighted in and flanking the one serine at position 46 and the other serine at position 106. Both putative Plo1p
target serine residues are highlighted in red.
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7.2.4 Role of Mbx1p phosphorylation by Plo1p in regulation of M-G1 specific transcription

After mapping the Mbx1p serine and/or threonine residues phosphorylated by Plo1p in vitro, it would
be important to assess their in vivo biological significance, predominantly how their phosphorylation
affects regulatory aspects of M-G1 specific transcription, including binding of Mbx1p to Plo1p,
association of Mbx1p, Plo1p, Sep1p and Fkh2p with the promoters of M-G1 transcribed genes and
transcription of these genes per se. For this, appropriate fission yeast strains could be constructed
that express Mbx1p mutant versions, where the relevant serine and/or threonine residues are
replaced by either alanine or aspartic acid, thereby mimicking un-phosphorylatable and constitutively
phosphorylated protein forms, respectively. Initially, the cellular phenotypes of these strains would be
examined, in particular whether they display defects in cytokinesis, similar to mbx1A cells (Buck et
al., 2004; Section 3.3). Co-immunoprecipitation experiments could be performed with these strains to
determine how distinct mutations in the Plo1p phosphorylation site(s) of Mbx1p affect the association
with Plo1p. In parallel, yeast two-hybrid analysis could be completed with prey constructs expressing
the mutant forms of Mbx1p and a previously described bait vector expressing Plo1p (Reynolds and
Ohkura, 2003; Papadopoulou et al., 2008) to test the requirement of individual Plo1p phosphorylation
sites of Mbx1p and their status for interaction with this PIk.

Fission yeast strains expressing either un-phosphorylatable or constitutively phosphorylated
forms of Mbx1p could also be used in ChIP assays to determine whether and/or how the
phosphorylation status of Mbx1p and thus, Plo1p-driven phosphorylation of this PBF component,
influences the association of Mbx1p, as well as that of Plo1p, Sep1p and Fkh2p with the promoters
of M-G1 transcribed genes. In the case of Mbx1p, it would be interesting to elucidate whether, and if
so how, changes in its phosphorylation status alter its binding properties to promoter DNA. ChIP
experiments so far have failed to detect promoter binding of Mbx1p in vivo (Section 6.2.1;
Papadopoulou et al., 2008). Nonetheless, since Mbx1p is absolutely required in vitro for PBF binding
to PCB promoters (Anderson et al., 2002), it is reasonable to assume that Mbx1p also binds to the
promoters of the respective genes in vivo, and thus that it is due to a technical failure that its
promoter binding escapes detection with ChIP. Indeed, as mentioned earlier, recent ChIP
experiments establish a dependency of Plo1p promoter association on the presence of Mbx1p
(Mead, E. and McInerny, C.J., unpublished data). Hence, it would be interesting to study, either by
ChIP and/or gel retardation assays, how mutating distinct Plo1p phosphorylation sites in Mbx1p
affects promoter association of Mbx1p itself, as well as of Plo1p. In light of data presented here

showing that Plo1p interacts with PCB promoter regions in a cell cycle specific manner (Section
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6.2.3) it would also be appealing to investigate whether there are any changes in the cell cycle
pattern of Plo1p promoter contact in these Mbx1p mutants.

Apart from Plo1p, Fkh2p and Sep1p also bind to promoters in a cell cycle-dependent
manner that is suggestive of Fkh2p repressing and Sep1p activating transcription (Section 6.2.3;
Papadopoulou et al., 2008). Data presented in Section 6.2.2 show that Fkh2p can bind to promoter
DNA in the absence of Mbx1p. Nonetheless, it is still possible that mutating the Plo1p-specific
phosphorylation sites, although not affecting FKh2p promoter binding, might have an impact on
Fkh2p cell cycle promoter binding in vivo. Unlike Fkh2p, it is yet unclear whether Sep1p requires
Mbx1p for binding to promoters. Therefore, it would be interesting to examine whether and how the
presence of un-phosphorylatable or constantly phosphorylated versions of Mbx1p impacts on the
binding of Fkh2p or Sep1p to the promoters of PBF co-regulated genes.

Previous work and data shown here have revealed that Plo1p function mediates M-G1
specific transcription (Anderson et al., 2002; Papadopoulou et al., 2008; Sections 6.2.1 and 6.2.3).
Given that Plo1p binds and phosphorylates Mbx1p, it is possible that mutating the respective
phosphorylation residues in Mbx1p influences the cell cycle expression pattern of target M-G1
transcribed genes. Therefore, Northern blot analysis could be performed with strains expressing the
phosphorylation mutant versions of Mbx1p to assay their effect on cell cycle transcription of these

genes.

7.2.5 In vivo analysis of Sep1p and Plo1p promoter association dependencies

Although both Sep1p and Plo1p were shown in this study to interact in vivo with the promoters of
cdc15* and either plo1* or fkh2*, it is yet unclear whether they can associate with promoter DNA in
the absence of one another, Fkh2p and, at least for Sep1p, Mbx1p as well. Such ChIP analyses of
promoter binding requirements have so far been performed for Fkh2p, which, as shown in Section
6.2.2, can still bind to promoter DNA in the absence of Mbx1p, Sep1p or functional Plo1p. The
presence of Plo1p at the promoters of M-G1 transcribed genes has recently been shown to depend
on Mbx1p (Mead, E. and Mclnerny, C.J., unpublished data). It would be tempting to examine
whether Fkh2p or Sep1p are also required for Plo1p promoter contact.

Sep1p and Fkh2p have been shown here to interact with each other (Sections 4.2.2 and
4.3.8), while both Plo1p and Mbx1p are required for PCB-dependent promoter binding of PBF. Taken
together, it would be interesting to study whether the presence of Fkh2p, Plo1p or Mbx1p affects
Sep1p binding to the promoters of M-G1 transcribed genes.
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7.2.6 Genome-wide analysis of Plo1p, Fkh2p, Sep1p and Mbx1p promoter binding sites

In this study Fkh2p and Sep1p were shown to associate in vivo with the promoters of a limited
number of genes, including cdc15*, plo1* and/or fkh2* (Chapter 6; Papadopoulou et al., 2008).
Nonetheless, global microarray analyses reveal that more than forty M-G1 transcribed genes are
positively regulated by Sep1p, whilst these genes also appear to be negatively regulated by Fkh2p
(Rustici et al., 2004). Therefore, it would be interesting to assess whether Sep1p and Fkh2p bind to
the promoters of all of these genes. Since, Plo1p and Mbx1p are also involved in regulation of M-G1
transcription, it would be tempting to monitor whether they also interact with the promoters of these
Sep1p and Fkh2p gene targets. To identify which of the M-G1 transcribed genes are targeted by
Sep1p, Fkh2p, Plo1p and Mbx1p, as well as impartially and globally screen the DNA-binding sites
targeted by these proteins, ChIP-chip analysis could be employed. ChIP-chip is a novel high-
throughput technology that combines chromatin immunoprecipitation with microarrays to unravel the
genome-wide targets of transcription factors and/or other proteins (Wu et al., 2006). Here, the
exploitation of ChIP-chip technologies could allow the identification of all the Fkh2p, Sep1p, Plo1p
and Mbx1p associated promoter DNAs in fission yeast, thereby revealing both common but also
perhaps distinct genome-wide promoter targets. Such studies could also provide insight into the
intricate interplay between these factors and the Plo1p kinase that drives M-G1 phase specific gene
expression. These experiments are currently being undertaken in collaboration with Dr. Jurg Bahler’s

group (Wellcome Centre, Hinxton).

254



References

Alexandru, G., Uhimann, F., Mechtler, K., Poupart, M. and Nasmyth, K. (2001). Phosphorylation of the
cohesin subunit scc1 by polo/cdc kinase regulates sister chromatid separation in yeast. Cell 105, 459-472.

Alfa, C.E., Ducommum, B., Beach, D. and Hyams, J.S. (1990). Distinct nuclear and spindle pole body
populations of cyclin-cdc2 in fission yeast. Nature 347, 680-682.

Aligue, R., Wu, L. and Russell, P. (1997). Regulation of Schizosaccharomyces pombe Wee1 Tyrosine Kinase.
The Journal of Biological Chemistry 272, 13320-13325.

Alonso-Nufiez, M.L., An, H., Martin-Cuadrado, A.B., Mehta, S., Petit, C., Sipiczki, M., del Rey, F., Gould, K.L.
and de Aldana, C.R. (2005). Ace2p controls the expression of genes required for cell separation in
Schizosaccharomyces pombe. Molecular Biology of the Cell 4, 2003-2017.

Alphey, L., Jimenez, J., White-Cooper, H., Dawson, ., Nurse, P. and Glover, D.M. (1992). twine, a cdc25
homolog that functions in the male and female germline of Drosophila. Cell 69, 977-988.

Althoefer, H., Schleiffer, A., Wassmann, K., Nordheim, A. and Ammerer, G. (1995). Mcm1 is required to
coordinate G2-specific transcription in Saccharomyces cerevisiae. Molecular and Cellular Biology 15, 5917-
5928.

Alvarez, B., Martinez, A., Burgering, B.M. and Carrera, A.C. (2001). Forkhead transcription factors contribute
to execution of the mitotic programme in mammals. Nature 413, 744-7.

Amon, A., Irniger, S. and Nasmyth, K. (1994). Closing the Cell Cycle Circle in Yeast: G2 Cyclin Proteolysis
Initiated at Mitosis Persists until the Activation of G1 Cyclins in the Next Cycle. Cell 77, 1037-1050.

Amon, A., Tyers, M., Futcher, B. and Nasmyth, K. (1993). Mechanisms that make the yeast cell cycle clock
tick: G2 cyclins repress G1 cyclins. Cell 74, 993-1007.

Anderson, M., Ng, S.S., Marchesi, V., Maclver, F.H., Stevens, F.E., Riddell, T., Glover, D.M., Hagan, |.M. and
Mclnerny, C.J. (2002). Plo1(+) regulates gene transcription at the M-G(1) interval during the fission yeast
mitotic cell cycle. The EMBO Journal 21, 5745-5755.

Andreishcheva, E.N., Kunkel, J.P., Gemmil, T.R. and Trimble, R.B. (2004). Five Genes Involved in
Biosynthesis of the Pyruvylated GalB1,3-Epitope in Schizosaccharomyces pombe N-Linked Glycans. The
Journal of Biological Chemistry 279, 35644-35655.

Andrews, B.J. and Herskowitz, 1. (1989). The yeast SWI4 protein contains a motif present in developmental
regulators and is part of a complex involved in cell-cycle-dependent transcription. Nature 342, 830-833.

Archambault, V., Chen, F. and Glover, D.M. (2008). A Bitter PP1 Fights the Sweet Polo. Molecular Cell 30,
541-542.

Ayte, J., Leis, J.F., Herrera, A., Tang, E., Yang, H. and DeCaprio, J.A. (1995). The Schizosaccharomyces
pombe MBF complex requires heterodimerisation for entry into S phase. Molecular and Cellular Biology 15,
2589-2599.

Ayte, J., Schweitzer, C., Zarzov, P., Nurse, P. and DeCaprio, J. A. (2001). Feedback regulation of the MBF
transcription factor by cyclin Cig2. Nature Cell Biology 3, 1043-1050.

255



Baber-Furnari, B. A., Rhind, N., Boddy, M. N., Shanahan, P., Lopez-Girona, A. and Russell, P. (2000).
Regulation of Mitotic Inhibitor Mik1 Helps to Enforce the DNA Damage Checkpoint. Molecular Biology of the
Cell 11, 1-11.

Bahassi, el.M., Conn, C.W., Myer, D.L., Hennigan, R.F., McGowan, C.H., Sanchez, Y., and Stambrook, P.J.
(2002). Mammalian Polo- like kinase 3 (PIk3) is a multifunctional protein involved in stress response
pathways. Oncogene 21, 6633-6640.

Bahler, J. (2005). Cell-Cycle Control of Gene Expression in Budding and Fission Yeast. Annual Review of
Genetics 39, 69-94.

Bahler, J., Steever, A.B., Wheatley, S., Wang, Y., Pringle, J.R., Gould, K.L. and McCollum, D. (1998b). Role
of polo kinase and Mid1p in determining the site of cell division in fission yeast. The Journal of Cell Biology
143, 1603-1616.

Bahler, J., Wu, J.Q., Longtine, M.S, Shah, N.G., McKenzie, A. 3rd., Steever, A.B., Wach, A., Philippsen, P.
and Pringle, J.R. (1998a). Heterologous modules for efficient and versatile PCR-based gene targeting in
Schizosaccharomyces pombe. Yeast 10, 943-951.

Balasubramanian, M.K. and McCollum, D. (2003). Regulation of Cytokinesis. In The Molecular Biology of
Schizosaccharomyces pombe (ed. R. Egel). Springer, 243-254.

Balasubramanian, M.K., Bi, E. and Glotzer, M. (2004). Comparative Analysis of Cytokinesis Review in
Budding Yeast, Fission Yeast and Animal Cells. Current Biology 14, R806-R818.

Balasubramanian, M.K., McCollum, D. and Surana, U. (2000). Tying the knot: linking cytokinesis to the
nuclear cycle. Journal of Cell Science 113, 1503-1513.

Balasubramanian, M.K., McCollum, D., Chang, L., Wong, K.C., Naqvi, N.I., He, X., Sazer, S. and Gould, K.L.
(1998). Isolation and characterization of new fission yeast cytokinesis mutants. Genetics 149, 1265-1275.

Bardin, A.J. and Amon, A. (2001). MEN AND SIN: WHAT'S THE DIFFERENCE?. Nature Reviews Molecular
Cell Biology 4, 815-826.

Barr, F.A., Silljé, H.H., Nigg. and E.A. (2004). Polo-like kinases and the orchestration of cell division. Nature
Reviews Molecular Cell Biology 5, 429-440.

Barral, Y., Mermall, V., Mooseker, M.S. and Snyder, M. (2000). Compartmentalization of the cell cortex by
septins is required for maintenance of cell polarity in yeast. Molecular Cell 5, 841-851.

Bartholomew, C.R., Woo, S.H., Chung, Y.S., Jones, C. and Hardy, C.F.J. (2001). Cdc5 Interacts with the
Wee1 Kinase in Budding Yeast. Molecular and Cellular Biology 21, 4949-4959.

Bassermann, F., Frescas, D., Guardavaccaro, D., Busino, L., Peschiaroli, A. and Pagano, M. (2008). The
Cdc14B-Cdh1-Plk1 Axis Controls the G2 DNA-Damage-Response Checkpoint. Cell 134, 256-267.

Baum, B., Nishitani, H., Yanow, S. and Nurse, P. (1998). Cdc18 transcription and proteolysis couple S phase
to passage through mitosis. The EMBO Journal 17, 5689-5698.

Beach, D., Durkacz, B. and Nurse, P. (1982). Functionally homologous cell cycle control genes in budding
and fission yeast. Nature 300, 706-709.

Bell, S.P. and Dutta, A. (2002). DNA replication in eukaryotic cells. Annual Review of Biochemistry 71, 333-
374.

256



Benito, J., Martin-Castellanos, C. and Moreno, S. (1998). Regulation of the G1 phase of the cell cycle by
periodic stabilization and degradation of the p25m! CDK inhibitor. The EMBO Journal 17, 482-497.

Bischoff, J.R. and Plowman, G.D. (1999). The Aurora/lpl1p kinase family: regulators of Chromosome
segregation and cytokinesis. Trends in Cell Biology 9, 454-459.

Blanco, M.A., Sanchez-Diaz, A., De Prada, J.M. and Moreno, S. (2000). APCste%sn! promotes degradation of
mitotic cyclins in G1 and is inhibited by cdc2 phosphorylation. The EMBO Journal 19, 3945-2955.

Blau, J., Xiao, H., McCracken, S., O'Hare, P., Greenblatt, J. and Bentley, D. (1996). Three functional classes
of transcriptional activation domain. Molecular and Cellular Biology 16, 2044-55.

Blow, J.J. and Hodgson, B. (2002). Replication licensing-defining the proliferative state?. Trends in Cell
Biology 12, 72-78.

Booher, R. and Beach, D. (1986). Site-Specific Mutagenesis of cdc2t, a Cell Cycle Control Gene of the
Fission Yeast Schizosaccharomyces pombe. Molecular and Cellular biology 6, 3523-3530.

Booher, R. and Beach, D. (1987). Interaction between cdc13* and cdc2* in the control of mitosis in fission
yeast; dissociation of the G1 and G2 roles of the cdc2* protein kinase. The EMBO Journal 6, 3441-3447.

Booher, R.N., Deshaies, R.J. and Kirschner, M.W. (1993). Properties of Saccharomyces cerevisiae wee1 and
its differential regulation of p34CPC28 in response to G1 and G2 cyclins. The EMBO Journal 12, 3417-3426.

Booher, R.N., Holman, P.S. and Fattaey, A. (1997). Human Myt1 Is a Cell Cycle-regulated Kinase That
Inhibits Cdc2 but Not Cdk2 Activity. The Journal of Biological Chemistry 272, 22300-22306.

Boros, J., Lim, F.L., Darieva, Z., Pic-Taylor, A., Harman, R., Morgan, B.A and Sharrocks, A.D. (2003).
Molecular determinants of the cell-cycle regulated Mcm1p-Fkh2p transcription factor complex. Nucleic Acids
Research 31, 2279-2288.

Bradford, M.M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry 72, 248-254.

Breeden, L. (1996). Start-specific transcription in yeast. Current Topics in Microbiology and Immunology 208,
95-127.

Breeden, L. and Nasmyth, K. (1987). Cell cycle control of the yeast HO gene: cis- and trans-acting regulators.
Cell 48, 389-397.

Breeden, L.L. (2003). Periodic Transcription: A Cycle within a Cycle. Current Biology 13, R31-R38.
Breeding, C.S., Hudson, J., Balasubramanian, M.K., Hemmingsen, S.M., Young, P.G. and Gould, K.L. (1998).
The cdr2* Gene Encodes a Regulator of G2/M Progression and Cytokinesis in Schizosaccharomyces pombe.

Molecular Biology of the Cell 9, 3399-3415.

Brent, R. and Ptashne, M. (1985). A Eukaryotic Transcriptional Activator Bearing the DNA Specificity of a
Prokaryotic Repressor. Cell 43, 729-736.

Brown, A.J., Jones, T. and Shuttleworth, J. (1994). Expression and activity of p40M0'5, the catalytic subunit of
cdk-activating kinase, during Xenopus oogenesis and embryogenesis. Molecular Biology of the Cell 5, 921-
932.

Brown, G.W. and Kelly, T.J. (1998). Purification of Hsk1, a Minichromosome Maintenance Protein Kinase from
Fission yeast. The Journal of Biological Chemistry 273, 22083-22090.

257



Brown, G.W. and Kelly, T.J. (1999). Cell cycle regulation of Dfp1, an activator of the Hsk1 protein kinase.
Proceedings of the National Academy of Sciences USA 96, 8443-8448.

Buck, V., Ng, S.S., Ruiz-Garcia, A.B., Papadopoulou, K., Bhatti, S., Samuel, J.M., Anderson, M., Millar, J.B.
and Mclnerny, C.J. (2004). Fkh2p and Sep1p regulate mitotic gene transcription in fission yeast. Journal of
Cell Science 117, 5623-5632.

Buck, V., Russell, P. and Millar, J. B. A. (1995). Identification of a cdk activating kinase in fission yeast. The
EMBO Journal 14, 6173-6183.

Buckingham, M. (1994). Molecular Biology of Muscle Development. Cell 78, 15-21.

Bulmer, R., Pic-Taylor, A., Whitehall, S.K., Martin, K.A., Millar, J.B.A., Quinn, J. and Morgan, B.A. (2004). The
Forkhead Transcription Factor Fkh2 Regulates the Cell Division Cycle of Schizosaccharomyces pombe.
Eukaryotic Cell 3, 944-954.

Buratowski, S. (1994). The basics of basal transcription by RNA polymerase Il. Cell 77, 1-3.

Carmena, M., Riparbelli, M.G., Minestrini, G., Tavares, AM., Adams, R., Callaini, G. and Glover, D.M. (1998).
Drosophila Polo Kinase Is Required for Cytokinesis. The Journal of Cell Biology 143, 659-671.

Casenghi, M., Meraldi, P., Weinhart, U., Duncan, P.l., Kérner, R. and Nigg, E.A. (2003). Polo-like Kinase 1
Regulates Nip, a Centrosome Protein Involved in Microtubule Nucleation. Developmental Cell 5, 113-125.

Chan, E.H.Y., Santamaria, A., Sillj¢, H.H.W. and Nigg, E.A. (2008). PIk1 regulates mitotic Aurora A function
through BTrCP-dependent degradation of hBora. Chromosoma 117, 457-469.

Chang, F. and Nurse, P. (1996). How fission yeast fission in the middle. Cell 84, 191-194.

Chang, F., Woollard, A. and Nurse, P. (1996). Isolation and characterization of fission yeast mutants defective
in the assembly and placement of the contractile actin ring. Journal of Cell Science 109, 131-142.

Chen, Y., Song, J., Sui, S-F. and Wang, D-N. (2003). DnaK and DnaJ facilitated the folding process and
reduced inclusion body formation of magnesium transporter CorA overexpressed in Escherichia coli. Protein
Expression and Purification 32, 221-231.

Cho, R.J. Campbell, M.J., Winzeler, E.A., Steinmetz, L., Conway, A., Wodicka, L., Wolfsberg, T.G.,
Gabrielian, A.E., Landsman, D., Lockhart, D.J., Davis, R.W. (1998). A genome wide transcriptional analysis of
the mitotic cell cycle. Molecular Cell 2, 65-73.

Cho, R.J., Huang, M., Campbell, M.J., Dong, H., Steinmetz, L., Sapinoso, L., Hampton, G., Elledge, S.J.,
Davis, R.W. and Lockhart, D.J. (2001). Transcriptional regulation and function during the human cell cycle.
Nature Genetics 27, 48-54.

Christensen, P.U., Bentley, N.J., Martinho, R.G., Nielsen, O. and Carr, A. (2000). Mik1 levels accumulate in S
phase and may mediate an intrinsic link between S phase and mitosis. Proceedings of the National Academy
of Sciences USA 97, 2579-2584.

Chuang, R.Y, Chretien, L., Dai, J. and Kelly, T.J. (2002). Purification and characterization of the
Schizosaccharomyces pombe origin recognition complex: interaction with origin DNA and Cdc18 protein.
Journal of Biological Chemistry 277, 16920-16927.

Chuang, R.Y. and Kelly, T. J. (1999). The fission yeast homologue of Orc4p binds to replication origin DNA
via multiple AT-hooks. Proceedings of the National Academy of Sciences USA 96, 2656-2661.

258



Cid, V.J., Jiménez, J., Molina, M., Sanchez, M., Nombela, C. and Thorner, J.W. (2002). Orchestrating the cell
cycle in yeast: sequential localization of key mitotic regulators at the spindle pole and the bud neck.
Microbiology 148, 2647-2659.

Cismowski, M.J., Laff, G.M., Solomon, M.J. and Reed, S.I. (1995). KIN28 encodes a C-terminal domain
kinase that controls mRNA transcription in Saccharomyces cerevisiae but lacks cyclin-dependent kinase-
activating kinase (CAK) activity. Molecular and Cellular Biology 15, 2983-2992.

Clark, K.L., Halay, E.D., Lai, E. and Burley, S.K. (1993). Co-crystal structure of the HNF-3/fork head DNA-
recognition motif resembles histone H5. Nature 364, 412-420.

Clyne, RK. and Kelly, T.J. (1995). Genetic analysis of an ARS element from the fission yeast
Schizosaccharomyces pombe. The EMBO Journal 14, 6348-6357.

Coleman, T.R., Tang, Z. and Dunphy, W.G. (1993). Negative Regulation of the Wee1 Protein Kinase by Direct
Action of the Nim1/Cdr1 Mitotic Inducer. Cell 72, 919-929.

Conaway, R.C., and J.W. Conaway. (1993). General initiation factors for RNA polymerase Il. Annual Review
of Biochemistry 62,161-190.

Correa-Bordes, J. and Nurse, P. (1995). p25um? orders S phase and mitosis by acting as an inhibitor of the
p34cde2 mitotic kinase. Cell 83, 1001-1009.

Correa-Bordes, J., Gulli, M.-P. and Nurse, P. (1997). p250m! promotes proteolysis of the mitotic B-cyclin
p65°4ct3 during G1 of the fission yeast cell cycle. The EMBO Journal 16, 4657-4664.

Cosma, M.P., Tanaka, T. and Nasmyth K. (1999). Ordered recruitment of transcription and chromatin
remodelling factors to a cell cycle—and developmentally-regulated promoter. Cell 97, 299-311.

Costa, R.H. (2005). FoxM1 dances with mitosis. Nature Cell Biology 7, 108-110.

Costanzo, M., Nishikawa, J.L., Tang, X., Millman, J.S., Schub, O., Breitkreuz, K., Dewar, D., Rupes, .,
Andrews, B. and Tyers, M. CDK Activity Antagonizes Whi5, an Inhibitor of G1/S Transcription in Yeast. Cell
117, 899-913.

Creanor, J. and Mitchison, J.M. (1996). The kinetics of the B cyclin p56°¢3 and the phosphatase p80cdc25
during the cell cycle of the fission yeast Schizosaccharomyces pombe. Journal of Cell Science 109, 1647-
1653.

Cunliffe, L., White, S. and Mclnerny, C.J. (2004). DSC1-MCB regulation of meiotic transcription in
Schizosaccharomyces pombe. Molecular Genetics and Genomics 271, 60-71.

Daga, R.R. and Jimenez, J. (1999). Translational control of the Cdc25 cell cycle phosphatase: a molecular
mechanism coupling mitosis to cell growth. Journal of Cell Science 112, 3137-3146.

Dai, W. and Cogswell, J.P. (2003). Polo-like kinases and the microtubule organization center: targets for
cancer therapies. In Progress in Cell Cycle Research (ed. L. Meijer, A, Jézéquel and M, Roberge) 5, 327-335.

Darieva, Z., Bulmer, R., Pic-Taylor, A., Doris, K.S., Geymonat, M., Sedgwick, S.G., Morgan, B.A. and
Sharrocks, A.D. (2006). Polo kinase controls cell-cycle-dependent transcription by targeting a coactivator
protein. Nature 444, 494-498.

Darieva, Z., Pic-Taylor, A., Boros, J., Spanos, A., Geymonat, M., Reece, R.J., Sedgwick, S.G., Sharrocks,

A.D. and Morgan, B.A. (2003). Cell Cycle-Regulated Transcription through the FHA Domain of Fkh2p and the
Coactivator Ndd1p. Current Biology 13, 1740-1745.

259



Davies, B. and Schwarz-Sommer, Z. (1994). Control of floral organ identity by homeotic MADS-box
transcription factors. Results and Problems in Cell Differentiation 20, 235-258.

DeBruin, R.A., McDonald, W.H., Kalashnikova, T.I., Yates lll, J. and Wittenberg, C. (2004). CIn3 Activates G1-
Specific Transcription via Phosphorylation of the SBF Bound Repressor Whi5. Cell 117, 887-898.

Decottignies, A., Zarzov, P. and Nurse, P. (2001). In vivo localisation of fission yeast cyclin-dependent kinase
cdc2p and cyclin B cdc13p during mitosis and meiosis. Journal of Cell Science 114, 2627-2641.

Descombes, P. and Nigg, E.A. (1998). The polo-like kinase PlIx1 is required for M phase exit and destruction
of mitotic regulators in Xenopus egg extracts. The EMBO Journal 17, 1328-1335.

Diffley, J.F. (2001). DNA replication: building the perfect switch. Current Biology 11, 367-370.

Diffley, J.F.X. and Labib, K. (2002). The chromosome replication cycle. Journal of Cell Science 115, 869-872.
Ding, R., West, R.R., Morphew, M., Oakley, B.R. and MclIntosht, J.R. (1997). The Spindle Pole Body of
Schizosaccharomyces pombe Enters and Leaves the Nuclear Envelope as the Cell Cycle Proceeds.

Molecular Biology of the Cell 8,1461-1479.

Dirksen, M.L. and Jamrich, M. (1992). A novel, activin-inducible, blastopore lip-specific gene of Xenopus
laevis contains a fork head DNA-binding domain. Genes and Development 6, 599-608.

Dolan J.W. and Fields, S. (1991). Cell-type-specific transcription in yeast. Biochimica et Biophysica Acta
1088, 155-169.

Donovan, S., Harwood, J., Drury, L.S. and Diffley, J.F. (1997). Cdc6p-dependent loading of Mcm proteins
onto pre-replicative chromatin in budding yeast. Proceedings of the National Academy of Sciences USA 94,
5611-5616.

Dorée, M. and Hunt, T. From Cdc2 to Cdk1: when did the cell cycle kinase join its cyclin partner?. Journal of
Cell Science 115, 2461-2464.

Drury, L.S., Perkins, G. and Diffley, J.F. (2000). The cyclin-dependent kinase Cdc28p regulates distinct
modes of Cdc6p proteolysis during the budding yeast cell cycle. Current Biology 10, 231-240.

Dubey, D.D., Kim, S.M., Todorov, I.T. and Huberman, J.A. (1996). Large, complex modular structure of a
fission yeast DNA replication origin. Current Biology 6, 467-473.

Dubois, E., Bercy, J. and Messenguy, F. (1987). Characterization of two genes, ARGRI and ARGRIII required
for specific regulation of arginine metabolism in yeast. Molecular and General Genetics 207, 142-148.

Dunphy, W.G. and Kumagai, A. (1991). The cdc25 protein contains an intrinsic phosphatase activity. Cell 67,
189-196.

Durocher, D. and Jackson, S.P. (2002). The FHA domain. FEBS Letters 513, 58-66.
Dyson, N. (1998). The regulation of E2F by pRB-family proteins. Genes and Development 12, 2245-2262.
Eckerdt, F. and Maller, J.L. (2008). Kicking off the polo game. Trends in Biochemical Sciences 33, 511-513.

Eckerdt, F., Yuan, J. and Strebhardt, K. (2005). Polo-like kinases and oncogenesis. Oncogene 24, 267-276.

260



Egel, R. (1989). Mating-type genes, meiosis, and sporulation. In Molecular Biology of the Fission Yeast (ed. A.
Nasim, P. Young and B. F. Johnson). Academic Press, San Diego, 31-73.

Egel, R. (2003). Fission Yeast in General Genetics. In The Molecular Biology of Schizosaccharomyces pombe
(ed. R. Egel). Springer, 1-12.

Ekwall, K. and J.F. Partridge. (1999). Fission yeast chromosome analysis: Fluorescence in situ hybridisation
(FISH) and chromatin immunoprecipitation (CHIP). In Chromosome structural analysis, a practical approach
(ed. W.A. Bickmore). Oxford University Press, Oxford, 39-57.

Elia, A.E., Rellos, P., Haire, L.F., Chao, J.W., Ivins, F.J., Hoepker , K., Mohammad, D., Cantley, L.C.,
Smerdon, S.J. and Yaffe, M.B. (2003b). The molecular basis for phosphodependent substrate targeting and
regulation of Plks by the Polo-box domain. Cell 115, 83-95.

Elia, A.E.H., Cantley, L.C. and Yaffe, M.B. (2003a). Proteomic Screen Finds pSer/pThr-Binding Domain
Localizing Plk1 to Mitotic Substrates. Science AAAS 299, 1228-1231.

Elowe, S., Himmer, S., Uldschmid, A., Li, X. and Nigg, E.A. (2007). Tension-sensitive Plk1 phosphorylation
on BubR1 regulates the stability of kinetochore-microtubule interactions. Genes & Development 21, 2205-
2219.

Espinoza, F.H., Farrell, A., Nourse, J.L., Chamberlin, H.M., Gileadi, O. and Morgan DO. (1998). Cak1 is
required for Kin28 phosphorylation and activation in vivo. Molecular and Cellular Biology 18, 6365-73.

Fankhauser, C. and Simanis, V. (1994). The cdc7 protein kinase is a dosage dependent regulator of septum
formation in fission yeast. The EMBO Journal 13, 3011-3019.

Fankhauser, C., Reymond, A., Cerutti, L., Utzig, S., Hofmann, K. and Simanis, V. (1995). The S. pombe
cdc15 gene is a key element in the reorganization of F-actin at mitosis. Cell 82, 435-444.

Fantes, P. (1979). Epistatic gene interactions in the control of division in fission yeast. Nature 279, 428-430.

Fantes, P. (1982). Dependency relations between events in mitosis Schizosaccharomyces pombe. Journal of
Cell Science 55, 383-402.

Fantes, P. and Nurse, P. (1977). Control of cell size at division in fission yeast by a growth-modulated size
control over nuclear division. Experimental Cell Research 107, 377-386.

Fantes, P. and Nurse, P. (1978). Control of the timing of cell division in fission yeast. Experimental Cell
Research 115, 317-329.

Feaver, W.J., Svejstrup, J.Q., Henry, N.L. and Kornberg, R.D. (1994). Relationship of CDK-activating kinase
and RNA polymerase Il CTD kinase TFIIH/TFIIK. Cell 79, 1103-1109.

Feinberg, A.P. and Vogelstein, B. (1983). A technique for radiolabeling DNA restriction endonuclease
fragments to high specific activity. Analytical Biochemistry 132, 6-13.

Feng, H. Kipreos, E.T. (2003). Preventing DNA Re-Replication. Cell Cycle 2, 431-434.

Fields, S. (2005). High-throughput two-hybrid analysis: The promise and the peril. FEBS Journal 272, 5391-
5399.

Fields, S. and Song, O. (1989). A novel genetic system to detect protein-protein interactions. Nature 340, 245-
246.

261



Fisher, D. (2005). Secrets of a double agent: CDK?7 in cell-cycle control and transcription. Journal of Cell
Science 118, 5171-5180.

Fisher, D. and Nurse, P. (1995). Cyclins of the fission yeast Schizosaccharomyces pombe. Seminars in Cell
Biology 6, 73-78.

Fisher, D. and Nurse, P. (1996). A single fission yeast mitotic cyclin B p34¢2 kinase promotes both S-phase
and mitosis in the absence of G1 cyclins. The EMBO Journal 15, 850-860.

Forsburg, S.L. (1999).The best yeast?. Trends In Genetics 15, 340-344.

Forsburg, S.L. and Nurse, P. (1991). Cell cycle regulation in the yeasts Saccharomyces cerevisiae and
Schizosaccharomyces pombe. Annual Reviews of Cell Biology 7, 227-256.

Forsburg, S.L. and Nurse, P. (1994). The fission yeast cdc19* gene encodes a member of the MCM family of
replication proteins. Journal of Cell Science 107, 2779-2788.

Fu, Z., Malureanu, L., Huang, J., Wang, W., Li, H., van Deursen, J.M., Tindall, D.J. and Chen, J. (2008). PIk1-
dependent phosphorylation of FoxM1 regulates a transcriptional programme required for mitotic progression.
Nature Cell Biology 10, 1076-1082.

Furnari, B., Blasina,A., Boddy, M.N., McGowan, C.H. and Russell, P. (1999). Cdc25 Inhibited In Vivo and In
Vitro by Checkpoint Kinases Cds1 and Chk1. Molecular Biology of the Cell 10, 833-845.

Futcher, B. (2000). Microarrays and cell cycle transcription in yeast. Current Opinion in Cell Biology 12, 710-
715.

Futcher, B. (2002). Transcriptional regulatory networks and the yeast cell cycle. Current Opinion in Cell
Biology 14, 676-683.

Gachet, Y., Mulvihill, D.P. and Hyams, J.S. (2003). The Fission Yeast Actomyosin Cytoskeleton. In The
Molecular Biology of Schizosaccharomyces pombe (ed. R. Egel). Springer, 225-242.

Garcia-Alvarez, B., de Carcer, G., Ibafiez, S., Bragado-Nilsson, E. and Montoya, G. (2007). Molecular and
structural basis of polo-like kinase 1 substrate recognition: Implications in centrosomal localization.
Proceedings of the National Academy of Sciences USA 104, 3107-3112.

Gautier, J., Solomon, M.J., Booher, R.N., Bazan, J.F. and Kirschner, M.W. (1991). cdc25 is a specific tyrosine
phosphatase that directly activates p34cdc2. Cell 67, 197-211.

Giet, R. and Glover, D.M. (2001). Drosophila Aurora B is required for histone H3 phosphorylation and
condensin recruitment during chromosome condensation and to organize the central spindle during
cytokinesis. Journal of Cell Biology 152, 669-681.

Giet, R. and Prigent, C. (1999). Aurorallpl1p-related kinases, a new oncogenic family of mitotic serine
threonine kinases. Journal of Cell Science 112, 3591-3601.

Glotzer, M., Murray, A.W. and Kirschner, M.W. (1991). Cyclin is degraded by the ubiquitin pathway. Nature
349, 438-441.

Glover, D.M. (2005). Polo kinase and progression through M phase in Drosophila: a perspective from the
spindle poles. Oncogene 24, 230-237.

Glover, D.M., Hagan, .M. and Tavares, A.A. (1998). Polo-like kinases: a team that plays throughout mitosis.
Genes and Development 12, 3777-3787.

262



Glover, D.M., Leibowitz, M.H., McLean, D.A, and Parry, H. (1995). Mutations in aurora prevent centrosome
separation leading to the formation of monopolar spindles. Cell 81, 95-105.

Goffeau, A., Barrell, B.G., Bussey, H., Davis, R.W., Dujon, B., Galibert, F., Hoheisel, J.D., Jacqg, C., Johnston,
M., Louis, E. J., Mewes, H.W., Murakami, Y., Philippsen, P., Tettelin, H. and Oliver, S.G. (1996). Life with
6000 genes. Science 274, 546-67.

Golan, A., Yudkovsky, Y. and Hershko, A. (2002). The Cyclin-Ubiquitin Ligase Activity of Cyclosome/APC Is
Jointly Activated by Protein Kinases Cdk1-Cyclin B and Plk. The Journal of Biological Chemistry 277, 15552-
15557.

Golsteyn, R.M., Mundt, K.E., Fry, AM. and Nigg, E.A. (1995). Cell cycle regulation of the activity and
subcellular localization of Plk1, a human protein kinase implicated in mitotic spindle function. The Journal of
Cell Biology 129, 1617-1628.

Gomez-Roman, N., Grandori, C., Eisenman, R.N. and White, R.J. (2003). Direct activation of RNA
polymerase Il transcription by c-Myc. Nature 421, 290-294.

Goto, H., Yasui, Y., Nigg, E.A. and Inagaki, M. (2002). Aurora-B phosphorylates Histone H3 at serine28 with
regard to the mitotic chromosome condensation. Genes to Cells 7, 11-17.

Gould, K.L. (2003). Protein kinases driving the cell cycle. In The molecular biology of Schizosaccharomyces
pombe (ed. R. Egel). Springer, 27-40.

Gould, K.L. and Nurse, P. (1989). Tyrosine phosphorylation of the fission yeast cdc2* protein kinase regulates
entry into mitosis. Nature 342, 39-45.

Gould, K.L. and Simanis, V. (1997). The control of septum formation in fission yeast. Genes and Development
11, 1939-2951.

Gould, K.L., Moreno, S., D.J.Owen, D.J., Sazer, S. and Nurse, P . (1991). Phosphorylation at Thr 67 is
required for Schizosaccharomyces pombe p34¢e2 function. The EMBO Journal 10, 3297-3309.

Grallert, A. and Hagan, .M. (2002). Schizosaccharomyces pombe NIMA-related kinase Fin1, regulates
spindle formation and an affinity of Polo for the SPB. The EMBO Journal 21, 3096-3107.

Grallert, A. Krapp, A., Bagley, S., Simanis, V. and Hagan, .M. (2004). Recruitment of NIMA kinase shows that
maturation of the S. pombe spindle-pole body occurs over consecutive cell cycles and reveals a role for NIMA
in modulating SIN activity. Genes and Development 18, 1007-1021.

Grallert, A., Grallert, B., Ribar, B. and Sipiczki, M. (1998). Coordination of Initiation of Nuclear Division and
Initiation of Cell Division in Schizosaccharomyces pombe: Genetic Interactions of Mutations. The Journal of
Bacteriology 180, 892-900.

Grallert, A., Grallert, B., Zilahi, E., Szilagyi, Z. and Sipiczki, M. (1999). Eleven novel sep genes of
Schizosaccharomyces pombe required for efficient cell separation and sexual differentiation. Yeast 15, 669-
686.

Gregan, J., Lindner, K., Brimage, L., Franklin, R., Namdar, M., Hart, E.A., Aves, S.J. and Kearsey, S.E.
(2003). Fission yeast Cdc23/Mcm10 functions after pre-replicative complex formation to promote Cdc45
chromatin binding. Molecular Biology of the Cell 14, 3876-87.

Grimm, C. and Kohli, J. (1988). Observations on integrative transformation in Schizosaccharomyces pombe.
Molecular and General Genetics 215, 87-93.

263



Grimm, C., Kohli, J., Murray, J. and Maundrell, K. (1988). Genetic engineering of Schizosaccharomyces
pombe: a system for gene disruption and replacement using the ura4 gene as a selectable marker. Molecular
and General Genetics 215, 81-86.

Guan, K.-L. and Dixon, J.E. (1991). Eukaryotic Proteins Expressed in Escherichia coli: An Improved Thrombin
Cleavage and Purification procedure of Fusion Proteins with Glutathione S-Transferase. Analytical
Biochemistry 192, 262-267.

Guarente, L. and Mason, T. (1983). Heme regulates transcription of the CYC1 gene of S. cerevisiae via an
upstream activation site. Cell 32, 1279-1286.

Guarente. L. and Ptashne. M. (1981). Fusion of Escherichia coli lacZ to the cytochrome c gene of
Saccharomyces cerevisiae. Proceedings of the National Academy of Sciences USA 78, 2199-2203.

Guertin, D.A., Trautmann, S.. and McCollum, D. (2002). Cytokinesis in eukaryotes. Microbiology and
Molecular Biology Reviews 66, 155-178.

Hagan, M. (2003). The Mitotic Spindle and Genome Segregation. In The Molecular Biology of
Schizosaccharomyces pombe (ed. R. Egel). Springer, 208-223.

Hagan, .M. and Hyams, J.S. (1988). The use of cell division cycle mutants to investigate the control of
microtubule distribution in the fission yeast Schizosaccharomyces pombe. Journal of Cell Science 89, 343-
357.

Hagan, |.M., Hayles, J. and Nurse, P. (1988). Cloning and sequencing of the cyclin-related cdc13* gene and
a cytological study of its role in fission yeast mitosis. Journal of Cell Science 91, 587-595.

Hagstrom, K.A. and Meyer, B. (2003). Condensin and cohesin: more than chromosome compactor and glue.
Nature 4, 520-534.

Hampsey, M. (1998). Molecular genetics of the RNA polymerase Il general transcriptional machinery.
Microbiology and Molecular Biology Reviews 62, 465-503.

Han, T.H. and Prywes, R. (1995). Regulatory role of MEF2D in serum induction of the c-jun promoter.
Molecular and Cellular Biology 15, 2907-2915.

Hansen, D.V., Loktev, A.\V., Ban, K.H. and Jackson, P.K. (2004). PIk1 regulates activation of the anaphase
promoting complex by phosphorylating and triggering SCFbetaTrCP-dependent destruction of the APC
Inhibitor Emi1. Molecular Biology of the Cell 15, 5623-5634.

Harper, J.W. and Elledge, S.J. (1998). The role of Cdk7 in CAK function, a retro-retrospective. Genes and
Development 12, 285-289.

Hartwell, L.H. (1971). Genetic control of the cell division cycle in yeast. IV. Genes controlling bud emergence
and cytokinesis. Experimental Cell Research 69, 265-276.

Hartwell, L.H. (1974). Saccharomyces cerevisiae cell cycle. Bacteriological reviews 38, 164-198.
Hartwell, L.H. (1978). Cell division from a genetic perspective. The Journal of Cell Biology 77, 627-637.
Hartwell, L.H. (1991). Twenty-Five Years of Cell Cycle Genetics. Genetics 129, 975-980.

Hartwell, L.H., Culotti, J., Pringle, J.R. and Reid, B.J. (1974). Genetic control of the cell division cycle in yeast.
Science 183, 46-51.

264



Hayles, J. and P. Nurse. (1992). Genetics of the fission yeast Schizosaccharomyces pombe. Annual Review
of Genetics 26, 373-402.

Hayles, J., Fisher, D., Woollard, A. and Nurse, P. (1994). Temporal Order of S Phase and Mitosis in Fission
Yeast Is Determined by the State of the p34cde2-Mitotic B Cyclin Complex. Cell 78, 813-822.

Hermand, D., Pihlak, A., Westerling, T., Damagnez, V., Vandenhaute, J., Cottarel, G. and Makela, T. P.
(1998). Fission yeast Csk1 is a CAK activating kinase (CAKAK). The EMBO Journal 17, 7230-7238.

Hershko, A. (1997). Roles of ubiquitin-mediated proteolysis in cell cycle control.Current Opinion in Cell
Biology 9, 788-799.

Hochstrasser, M. (1996). Protein degradation or regulation: Ub the judge. Cell 84, 813-815.

Hoffmann, I., Clarke, P.R., Marcote, M.J., Karsenti, E. and Draetta, G. (1993). Phosphorylation and activation
of human cdc25-C by cdc2-cyclin B and its involvement in the self-amplification of MPF at mitosis. The EMBO
Journal 12, 53-63.

Hofmann, J.F.X. and Beach, D. (1994). cdt1 is an essential target of the Cdc10/Sct1 transcription factor:
requirement for DNA replication and inhibition of mitosis. The EMBO Journal 13, 425-434.

Hollenhorst, P.C., Bose, M.E., Mielke, M.R., Muller, U. and Fox, C. A. (2000). Forkhead genes in
transcriptional silencing, cell morphology and the cell cycle. Overlapping and distinct functions for FKH1 and
FKH2 in Saccharomyces cerevisiae. Genetics 154, 1533-1548.

Hollenhorst, P.C., Pietz, G. and Fox, C. A. (2001). Mechanisms controlling differential promoter-occupancy by
the yeast forkhead proteins Fkh1p and Fkh2p: implications for regulating the cell cycle and differentiation.
Genes and Development 15, 2445-2456.

Honda, R., Tanaka, H., Ohba, Y. and Yasuda, Y. (1995). Mouse p87vee’ kinase is regulated by M-phase
specific phosphorylation. Chromosome Research 3, 300-308.

Hope, I.A. and Struhl, K. (1986). Functional dissection of a eukaryotic transcriptional activator protein, GCN4
of yeast. Cell 46, 885-894.

Hromas, R. and Costa, R. (1995). The hepatocyte nuclear factor-3/forkhead transcription regulatory family in
development, inflammation, and neoplasia. Critical Reviews in Oncology/Hematology 20, 129-140.

Hsu, J.Y., Sun, ZW., Li, X., Reuben, M., Tatchell, K., Bishop, D.K., Grushcow, J.M., Brame, C.J., Caldwell, J.
A., Hunt, D.F. Lin, R., Smith, M.M. and Allis, C.D. (2000). Mitotic phosphorylation of histone H3 is governed by
Ipl1/aurora kinase and Glc7/PP1 phosphatase in budding yeast and nematodes. Cell 102, 279-291.

Hu, F., Wang, Y., Liu, D, Li, Y., Qin, J. and Elledge, S.J. (2001). Regulation of the Bub2/Bfal GAP complex
by Cdc5 and cell cycle checkpoints. Cell 107, 655-665.

Huang, K., Louis, J.M., Donaldson, L., Lim, F.L., Sharrocks, A.D. and Clore, G.M. (2000). Solution structure of
the MEF2A-DNA complex: structural basis for the modulation of DNA bending and specificity by MADS-box
transcription factors. The EMBO Journal 19, 2615-2628.

Huberman, J.A. (1996). Cell cycle control of S phase: a comparison of two yeasts Chromosoma 105, 197-
203.

Humphrey, T. (2000). DNA damage and cell cycle control in Schizosaccharomyces pombe. Mutation
Research 451, 211-226.

265



Igarashi, M., Nagata, A., Jinno, S., Suto, K. and Okayama, H. (1991). Wee1(+)-like gene in human cells.
Nature 353, 80-83.

Inostroza, J.A., Mermelstein, F.H., Ha, |, Lane, W.S. and Reinberg, D. (1992). Dr1, a TATA-Binding Protein-
Associated Phosphoprotein and Inhibitor of Class Il Gene Transcription. Cell 70, 477-489.

Ishihama, A., Kimura, M. and Mitsuzawa, H. (1998). Subunits of yeast RNA polymerases: structure and
function. Current Opinion in Microbiology 1, 190-196.

Ishimi, Y. (1997). A DNA helicase activity is associated with an MCM4, -6, and -7 protein complex. The
Journal of Biological Chemistry 272, 24508-24513.

lyer, V.R., Horak, C.E., Scafe, C.S., Botstein, D., Snyder, M. and Brown, P.O. (2001). Genomic binding sites
of the yeast cell-cycle transcription factors SBF and MBF. Nature 409, 533-538.

Jackman, M., Lindon, C., Nigg, E.A. and Pines, J. (2003). Active cyclin B1-Cdk1 first appears on centrosomes
in prophase. Nature Cell Biology 5, 143-148.

Jallepalli, P.V., Brown, G.W., Muzi-Falconi, M., Tien, D. and Kelly, T.J. (1997). Regulation of the replication
initiator protein p65°’8 by CDK phosphorylation. Genes and Development 11, 2767-2779.

Jallepalli, P.V., Tien, D. and Kelly, T.J. (1998). sud1* targets cyclin-dependent kinase-phosphorylated Cdc18

and Rum1 proteins for degradation and stops unwanted diploidization in fission yeast. Proceedings of the
National Academy of Sciences USA 95, 8159-8164.

Jang, Y-J,, Lin, C-Y., Ma, S. and Erikson. R.L. (2002). Functional studies on the role of the C-terminal domain
of mammalian polo-like kinase. Proceedings of the National Academy of Sciences USA 99, 1984-1989.

Jansen, G., Wu, C., Schade, B., Thomas, D.Y. and Whiteway, M. (2005). Drag & Drop cloning in yeast. Gene
344, 43-51.

Jarvis, E.E., Clark, K.L. and Sprague, Jr., G.F. (1989). The yeast transcription activator PRTF, a homolog of
the .mammalian serum response factor, is encoded by the MCM1 gene. Genes and Development 3, 936-945.

Jaspersen, S.L., Charles, J.F. and Morgan, D.O. (1999). Inhibitory phosphorylation of the APC regulator Hct1
is controlled by the kinase Cdc28 and the phosphatase Cdc14. Current Biology 9, 227-236.

Jorgensen, P. and Tyers, M. (2000). The fork’ed path to mitosis. Genome Biology 1, 1022.1-1022.4.

Kadonaga, J.T. (2002). The DPE, a core promoter element for transcription by RNA polymerase II.
Experimental and Molecular Medicine 34, 259-264.

Kaestner, K.H., Knochel, W., Martinez, D.E. (2000). Unified nomenclature for the winged helix/forkhead
transcription factors. Genes and Development 14, 142-146.

Kaiser, P., Sia, R.A., Bardes, E.G., Lew, D.J. and Reed, S.I. (1998). Cdc34 and the F-box protein Met30 are
required for degradation of the Cdk-inhibitory kinase Swe1. Genes and Development 12, 2587-2597.

Kaldis, P., Sutton, A. and Solomon, M. J. (1996). The Cdk-activating kinase (CAK) from budding yeast. Cell
86, 553-564.

Kanoh, J. and Russell, P. (1998). The Protein Kinase Cdr2, Related to Nim1/Cdr1 Mitotic Inducer, Regulates
the Onset of Mitosis in Fission Yeast. Molecular Biology of the Cell 9, 3321-3334.

266



Karaiskou, A., Jessus, C., Brassac, T. and Ozon, R. (1999). Phosphatase 2A and Polo kinase, two
antagonistic regulators of Cdc25 activation and MPF auto-amplification. Journal of Cell Science 112, 3747-
3756.

Kato, M., Hata, N., Banerjee, N., Futcher, B. and Zhang, M.Q. (2004). Identifying combinatorial regulation of
transcription factors and binding motifs. Genome Biology 5, R56.

Kaufer, N.F., Simanis, V. and Nurse, P. (1985). Fission yeast Schizosaccharomyces pombe correctly excises
a mammalian RNA transcript intervening sequence. Nature 318, 78-80.

Kaufmann, E., Miller, D. and Kndchel, W. (1995). DNA Recognition Site Analysis of Xenopus Winged Helix
Proteins. The Journal of Molecular Biology 248, 239-254 .

Kaufmann, E. and Kndchel, W. (1996). Five years on the wings of fork head. Mechanisms of Development
57, 3-20.

Kearsey, S.E. and Cotterill, S. (2003). Enigmatic variations: divergent modes of regulating eukaryotic DNA
replication. Molecular Cell 12, 1067-1075.

Kelly, T.J. and Brown, G.W. (2000). Regulation of chromosome replication. Annual Review of Biochemistry
69, 829-880.

Kelly, T.J., Martin, G.S., Forsburg, S.L., Stephen, R.J., Russo, A. and Nurse, P. (1993). The Fission Yeast
cdc18* Gene Product Couples S Phase to START and Mitosis. Cell 74, 1-20.

Kim, S.H., Lin, D.P., Matsumoto, S., Kitazono, A. and Matsumoto, T. (1998). Fission yeast Slp1: an effector of
the Mad2-dependent spindle checkpoint. Science 279, 1045-1047.

Kim, S.M. and Huberman, J.A. (1998). Multiple orientation-dependent, synergistically interacting, similar
domains in the ribosomal DNA replication origin of the fission yeast, Schizosaccharomyces pombe. Molecular
and Cellular Biology 18, 7294-7303.

Kim, Y.-J., Bjorklund, S., Li, Y., Sayre, M.H. and Kornberg, R.D. (1994). A multiprotein mediator of
transcriptional activation and its interaction with the C-terminal repeat domain of RNA polymerase Il. Cell 77,
599-608.

Kimura, M., Mitsuzawa, H. and Ishihama, A. (2003). RNA Polymerases and Accessory Factors. In The
Molecular Biology of Schizosaccharomyces pombe (ed. R. Egel). Springer, 329-342.

King, R.W., Glotzer, M. and Kirschner, M.W. (1996). Mutagenic analyses of the destruction signal of mitotic
cyclins and structural characterisation of ubiquitinated intermediates. Molecular Biology of the Cell 7, 1343-
1357.

Koch, C. and Nasmyth, K. (1994). Cell cycle regulated transcription in yeast. Current Opinion in Cell Biology
6, 451-450.

Koch, C., Moll, T., Neuberg, M., Ahorn, H. and Nasmyth, K. (1993). A Role for the Transcription Factors Mbp1
and Swi4 in Progression from G1 to S Phase. Science 261, 1551-1557.

Koepp, D.M., Harper, J.W. and Elledge, S J. (1999). How the Cyclin Became a Cyclin: Regulated Proteolysis
in the Cell Cycle. Cell 97, 431-434.

Koleske, A.J. and Young, R.A. (1994). An RNA polymerase Il holoenzyme responsive to activators. Nature
368, 466-469.

267



Kong. D. and DePamphilis, M.L. (2002). Site-specific ORC binding, pre-replication complex assembly and
DNA synthesis at Schizosaccharomyces pombe replication origins. The EMBO Journal 21, 5567-5576.

Koranda, M., Schleiffer, A., Endler, L. and Ammerer, G. (2000). Forkhead-like transcription factors recruit
Ndd1 to the chromatin of G2/M-specific promoters. Nature 406, 94-98.

Kotani, S., Tugendreich, S., Fuijii, M., Jorgensen, P-M., Watanabe, N., Hoog, C., Hieter, P. and Todokoro, K.
(1998). PKA and MPF-Activated Polo-like Kinase Regulate Anaphase-Promoting Complex Activity and Mitosis
Progression. Molecular Cell 1, 371-380.

Kovelman, R. and Russell, P. (1996). Stockpiling of Cdc25 during a DNA Replication Checkpoint Arrest in
Schizosaccharomyces pombe. Molecular and Cellular Biology 16, 86-93.

Kramer, K.M., Fesquet, D., Johnson, A.L. and Johnston, L.H. (1998). Budding yeast RSI1/APC2, a novel gene
necessary for initiation of anaphase, encodes an APC subunit. The EMBO Journal 17, 498-506.

Krapp, A., Gulli M.P. and Simanis, V. (2004). SIN and the Art of Splitting the Fission Yeast Cell. Current
Biology 14, R722-R730.

Krawchuk, M.D. and Wahls, W.P. (1999). High-efficiency gene targeting in Schizosaccharomyces pombe
using a modular, PCR-based approach with long tracts of flanking homology. Yeast 15, 1419-1427.

Krien, M.J.E., Bugg, S.J., Palatsides, M., Asouline, G., Morimyo, M. and O’'Connell, M.J. (1998). A NIMA
homologue promotes chromatin condensation in fission yeast. Journal of Cell Science 111, 967-976.

Krien, M.J.E., West, R.R., John, U.P., Koniaras, K., McIntoch, J.R. and O’'Connell, M.J. (2002). The fission
yeast NIMA kinase Fin1p is required for spindle function and nuclear envelope integrity. The EMBO Journal
21, 1713-1722.

Kumagai, A. and Dunphy, W.G. (1991). The cdc25 protein controls tyrosine dephosphorylation of the cdc2
protein in a cell-free system. Cell 64, 903-14.

Kumagai, A. and Dunphy, W.G. (1996). Purification and Molecular Cloning of PIx1, a Cdc25-Regulatory
Kinase from Xenopus Egg Extracts. Science 273, 1377-1380.

Kumar, R., Reynolds, D.M., Shevchenko, A., Shevchenko, A., Goldstone, S.D. and Dalton, S. (2000).
Forkhead transcription factors, Fkh1p and Fkh2p, collaborate with Mcm1p to control transcription required for
M-phase. Current Biology 10, 896-906.

Labib, K. and Diffley, J.F.X. (2001). Is the MCM2-7 complex the eukaryotic DNA replication fork helicase?.
Current Opinion in Genetics and Development 10, 64-70.

Labib, K., Moreno, S. and Nurse, P. (1995). Interaction of cdc2 and rum1 regulates Start and S-phase in
fission yeast. Journal of Cell Science 108, 3285-3294.

Labib, K., Tercero, J.A. and Diffley, J.F.X. (2000). Uninterrupted MCM2-7 function required for DNA
replication fork progression. Science 288, 1643-1647.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 227, 675-680.

Lai, E., Clark, K.L., Burley, S.K. and Darnell, Jr., J.E. (1993). Hepatocyte nuclear factor 3/fork head or ‘winged

helix' proteins: a family of transcription factors of diverse biologic function. Proceedings of the National
Academy of Sciences USA 90, 10421-10423.

268



Lai, E., Prezioso, V.R., Smith, E., Litvin, O., Costa, R.H. and Darnell, Jr., J.E. (1990). HNF-3A, a hepatocyte-
enriched transcription factor of novel structure is regulated transcriptionally. Genes and Development 4, 1427-
1436.

Lane, H.A. and Nigg, E.A. (1996). Antibody Microinjection Reveals an Essential Role for Human Polo-like
Kinase 1 (Plk1) in the Functional Maturation of Mitotic Centrosomes. The Journal of Ceil Biology 135, 1701-
1713.

Laoukili, J., Kooistra, M.R.H., Bras, A., Kauw, J., Kerkhoven, R.M., Morrison, A., Clevers, H. and Medema,
R.H. (2005). FoxM1 is required for execution of the mitotic programme and chromosome stability. Nature Cell
Biology 7, 126-136.

Le Goff, X., Utzig, S. and Simanis, V. (1999). Controlling septation in fission yeast: finding the middle, and
timing it right. Current Genetics 35, 571-584.

Leatherwood, J., A. Lopez-Girona. and Russell, P. (1996). Interaction of Cdc2 and Cdc18 with a fission yeast
ORC2-like protein. Nature 379, 360-363.

Lee, J-K. and Hurwitz, J. (2000). Isolation and Characterization of Various Complexes of the Minichromosome
Maintenance Proteins of Schizosaccharomyces pombe. The Journal of Biological Chemistry 275, 18871-
18878.

Lee, KM., Miklos, I., Du, H., Watt, S., Szilagyi, Z., Saiz, J.E., Madabhushi, R., Penkett, C.J., Sipiczki, M.,
Bahler, J. and Fisher, R.P. (2005a). Impairment of the TFIIH-associated CDK-activating kinase selectively
affects cell cycle-regulated gene expression in fission yeast. Molecular Biology of the Cell 16, 2734-2745.

Lee, KM., Saiz, J.E., Barton, W.A. and Fisher, R.P. (1999). Cdc2 activation in fission yeast depends on Mcs6
and Csk1, two partially redundant Cdk-activating kinases (CAKs). Current Biology 9, 441-444.

Lee, K.S., Grenfell, T.Z., Yarm, F.R. and Erikson, R.L. (1998). Mutation of the polo-box disrupts localization
and mitotic functions of the mammalian polo kinase Plk. Proceedings of the National Academy of Sciences
USA 95, 9301-9306.

Lee, K.S.,, Oh, D.Y,, Kang, Y.H. and Park, J.E. (2008a). Self-regulated mechanism of Plk1 localization to
kinetochores: lessons from the Plk1-PBIP1 interaction. Cell Division 3:4.
(http:/lwww.celldiv.com/content/3/1/4).

Lee, K.S., Park, J.E., Asano, S. and Park, C.J. (2005b).Yeast polo-like kinases: functionally conserved
multitask mitotic regulators. Oncogene 24, 217-229.

Lee, K.S., Park, J.E., Kang, Y.H., Zimmerman, W., Soung, N.K., Seong, Y.S., Kwak, S.J. and Erikson, R.L.
(2008b). Mechanisms of mammalian polo-like kinase 1 (Plk1) localisation: Self- versus non-self-priming. Cell
Cycle 7, 141-145.

Lee, K.S., Yuan, Y.L., Kuriyama, R. and Erikson, R.L.(1995). Plk is an M-phase-specific protein kinase and
interacts with a kinesin-like protein, CHO1/MKLP-1. Molecular and Cellular Biology 15, 7143-7151.

Lee, M. and Nurse, P (1987). Complementation used to clone a human homologue of the fission yeast cell
cycle control gene cdc2. Nature 327, 31-35.

Lee, M.S., Ogg, S., Xu, M., Parker, L.L., Donoghue, D.J., Maller, J.L. and Piwnica-Worms, H. (1992). cdc25*
encodes a protein phosphatase that dephosphorylates p34¢e2, Molecular Biology of the Cell 3, 73-84.

Lee, S.E., Frenz, L.M., Wells, N.J., Johnson, A.L. and Johnston, L.H. (2001). Order of function of the budding-
yeast mitotic exit-network proteins Tem1, Cdc15, Mob1, Dbf2, and Cdc5. Current Biology 11, 784-788.

269



Lee, T.I. and Young, R.A. (2000). Transcription of eukaryotic protein-coding genes. Annual Review of
Genetics 34, 77-137.

Legouras, I., Xouri, G., Dimopoulos, S., Lygeros, J. and Lygerou, Z. (2006). DNA replication in the fission
yeast: robustness in the face of uncertainty. Yeast 23, 951-962.

Lei, M. and Tye, B. K. (2001). Initiating DNA synthesis: from recruiting to activating the MCM complex. Journal
of Cell Science 114, 1447-1454.

Lemaire, M., Mondesert, O., Bugler, B. and Ducommun, B. (2004). Ability of human CDC25B phosphatase
splice variants to replace the function of the fission yeast Cdc25 cell cycle regulator. FEMS Yeast Research 5,
205-211.

Lénart, P., Petronczki, M., Steegmaier, M., Di Fiore, B., Lipp, J.J., Hoffmann, M., Rettig, W.J., Kraut, N. and
Peters, J.M. (2007). The small-molecule inhibitor Bl 2536 reveals novel insights into mitotic roles of polo-like
kinase 1. Current Biology 17, 304-315.

Levine, M. and Tjian, R. (2003). Transcription regulation and animal diversity. Nature 424, 147-151.

Lew, D.J. and Kornbluth, S. (1996). Regulatory roles of cyclin dependent kinase phosphorylation in cell cycle
control. Current Opinion in Cell Biology 8, 795-804.

Lew, D.J., Weinert, T. and Pringle, J.R. (1997). Cell Cycle Control in Saccharomyces cerevisiae. In The
Molecular and Cellular Biology of the Yeast Saccharomyces: Cell Cycle and Cell Biology (ed. J. R, Pringle, J.
R, Broach, and E. W. Jones). Cold Spring Harbor Laboratory Press, 607-695.

Lewin, B (2000). Genes VII. Oxford University Press, New York.

Lim, H.H., Goh, P.Y. and Surana, U. (1996). Spindle pole body separation in Saccharomyces cerevisiae
requires dephosphorylation of the tyrosine 19 residue of Cdc28. Molecular and Cellular Biology 16, 6385-
6397.

Lindon, C. and Pines, J. (2004). Ordered proteolysis in anaphase inactivates Plk1 to contribute to proper
mitotic exit in human cells. Journal of Cell Biology 164, 233-241.

Liu, J. and Kipreos, E.T. (2000). Evolution of Cyclin-Dependent Kinases (CDKs) and CDK-Activating Kinases
(CAKs): Differential Conservation of CAKs in Yeast and Metazoa. Molecular Biology and Evolution 17, 1061-
1074.

Llamazares, A., Moreira, A., Tavares, A., Girdam, C., Spruce, B.A., Gonzalez, C., Karess, R.E., Glover, D.M.
and Sunkel, C.E. (1991). polo encodes a protein kinase homolog required for mitosis in Drosophila. Genes
and Development 5, 2153-2165.

Lodish, H., Berk, A., Matsudaira, P., Kaiser, C.A., Krieger, M., Scott, M.P., Zipursky, L. and Darnell, J. (2003).
Molecular Cell Biology (5™ edition). W.H. Freeman.

Lopez-Girona, A., Furnari, B., Mondesert, O. and Russell, P. (1999). Nuclear localization of Cdc25 is
regulated by DNA damage and a 14-3-3 protein. Nature 397, 172-175.

Lérincz, A.T. and Reed, S.I. (1984). Primary structure homology between the product of yeast cell division
control gene CDC28 and vertebrate oncogenes. Nature 307, 183-185.

Lowery, D.M., Lim, D. and Yaffe, M.B. (2005). Structure and function of Polo-like kinases. Oncogene 24, 248-
259.

270



Lowndes, N., Mclnemny, C.J., Johnston, A.L., Fantes, P.A. and Johnston, L.H. (1992). Control of DNA
synthesis genes in fission yeast by the cell-cycle gene cdc10*. Nature 355, 449-453.

Loy, C.J., Lydall, D. and Surana, U. (1999). NDD1, a high-dosage suppressor of cdc28-1N, is essential for
expression of a subset of late-S-phase-specific genes in Saccharomyces cerevisiae. Molecular and Cellular
Biology 19, 3312-3327.

Lundgren, K., Walworth, N., Booker, R., Dembski, M., Kirschner, M. and Beach, D. (1991). mik1 and wee1
cooperate in the inhibitory tyrosine phosphorylation of cdc2. Cell 64, 1111-1122.

Lydall, D., Ammerer, G. and Nasmyth, K. (1991). A new role for MCM1 in yeast: Cell cycle regulation of SWI5
transcription. Genes and Development 5, 2405-2419.

Lygerou Z, Nurse P. (2000). Controlling S-phase onset in fission yeast. Cold Spring Harbor Symposia on
Quantitative Biology 65, 323-332.

Lygerou, Z. and Nurse, P. (1999). The fission yeast origin recognition complex is constitutively associated with
chromatin and is differentially modified through the cell cycle. Journal of Cell Science 112, 3703-3712.

Ma, H. (1994). The unfolding drama of flower development: recent results from genetic and molecular
analyses. Genes and Development 8, 745-756.

Maclver, F.H., Tanaka, K., Robertson, A.M. and Hagan, I.M. (2003). Physical and functional interactions
between polo kinase and the spindle pole component Cut12 regulate mitotic commitment in S. pombe. Genes
and Development 17, 1507-1523.

MacKay, V.L., Mai, B., Waters, L., and Breeden, L.L. (2001). Early Cell Cycle Box-Mediated Transcription of
CLN3 and SWI4 Contributes to the Proper Timing of the G1-to-S Transition in Budding Yeast. Molecular and
Cellular Biology 21, 4140-4148.

MacNeill, S.A. and Nurse, P. (1997). Cell Cycle Control in Fission Yeast. In The Molecular and Cellular
Biology of the Yeast Saccharomyces: Cell Cycle and Cell Biology (ed. J. R, Pringle, J. R, Broach, and E. W.
Jones). Cold Spring Harbor Laboratory Press, 697-763.

Macurek, L., Lindqvist1, A., Lim, D., Lampson, M.A., Klompmaker, R., Freire, R., Clouin, C., Taylor, S.S.,
Yaffe, M.B. and Medema, R.H. (2008). Polo-like kinase-1 is activated by Aurora A to promote checkpoint
recovery. Nature 455, 119-123.

Madden, K. and Snyder, M. (1998). Cell Polarity and Morphogenesis in Budding Yeast. Annual Review of
Microbiology 52, 687-744.

Maher, M., Cong, F., Kindelberger, D., Nasmyth, K. and Dalton, S. (1995). Cell cycle regulated transcription of
the CLB2 gene is dependent on Mcm1 and a ternary complex factor. Molecular and Cellular Biology 15, 3129-
3137.

Mai, B., Miles, S. and Breeden, L.L. (2002). Characterisation of the ECB binding complex responsible for the
M/G(1)-specific transcription of CLN3 and SWI4. Molecular and Cellular Biology 2, 430-441.

Malik, S. and Roeder, R.G. (2000). Transcriptional regulation through Mediator-like coactivators in yeast and
metazoan cells. Trends in Biochemical Sciences 25, 277-283.

Magbool, Z., Kersey, P.J., Fantes, P.A. and Mclnerny, C.J. (2003). MCB-mediated regulation of cell cycle-
specific cdc22* transcription in fission yeast. Molecular Genetics and Genomics 269, 765-775.

271



Marahrens, Y. and Stillman, B. (1992). A Yeast Chromosomal Origin of DNA Replication Defined by Multiple
Functional Elements. Science 255, 817-823.

Martin, B.T. and Strebhardt, K. (2006). Polo-Like Kinase 1: Target and Regulator of Transcriptional Control.
Cell Cycle 5, 2881-2885.

Martin-Castellanos, C., Blanco, M.A., De Prada, J.M. and Moreno, S. (2000). The puc1 Cyclin Regulates the
G1 Phase of the Fission Yeast Cell Cycle in Response to Cell Size. Molecular Biology of the Cell 11, 543-544.

Martin-Castellanos, C., Labib, K. and Moreno, S. (1996). B-type cyclins regulate G1 progression in fission
yeast in opposition to the p25+m* cdk inhibitor. The EMBO Journal 15, 839-849.

Martin-Cuadrado, A.B., Duefias, E., Sipiczki, M., Vazquez de Aldana, C.R. and Rey, F.d. (2003). The endo-§-
1,3-glucanase Englp is required for dissolution of the primary septum during cell separation in
Schizosaccharomyces pombe. Journal of Cell Science 116, 1689-1698.

Masukata, H., Huberman, J.A., Frattini, M.G. and Kelly, T.J. (2003). DNA Replication in S. pombe. In The
Molecular Biology of Schizosaccharomyces pombe (ed. R. Egel). Springer, 73-94.

Masumoto, H., Sugino, A. and Araki, H. (2000). Dpb11 controls the association between DNA polymerases
alpha and epsilon and the autonomously replicating sequence region of budding yeast. Molecular and Cellular
Biology 20, 2809-2817.

Mata, J., Curado, S., Ephrussi, A. and Rarth, P. (2000). Tribbles Coordinates Mitosis and Morphogenesis in
Drosophila by Regulating String/CDC25 Proteolysis. Cell 101, 511-522.

May, K.M., Reynolds, N., Cullen, C.F., Yanagida, M. and Ohkura, H. (2002). Polo boxes and Cut23 (Apc8)
mediate an interaction between polo kinase and the anaphase-promoting complex for fission yeast mitosis.
The Journal of Cell Biology 156, 23-28.

McBride, H.J., Yu, Y. and Stillman, D.J. (1999). Distinct regions of the Swi5 and Ace2 transcription factors are
required for specific gene activation. The Journal of Biological Chemistry 30, 21029-21036.

McCollum, D. and Gould, K.L. (2001). Timing is everything: regulation of mitotic exit and cytokinesis by the
MEN and SIN. Trends in Cell Biology 11, 89-95.

McCully, E.K. and Robinow, C.F. (1971). Mitosis in the fission yeast Schizosaccharomyces pombe: A
comparative study with light and electron microscopy. Journal of Cell Science 9, 475-507.

Mclnerny, C.J. (2004). Cell cycle-regulated transcription in fission yeast. Biochemical Society Transactions 32,
967-972.

Mclnerny, C.J., Kersey, P.J., Creanor, J. and Fantes, P.A. (1995). Positive and negative roles for cdc10 in cell
cycle gene expression. Nucleic Acids Research 23, 4761-4768.

Mclnerny, C.J., Partridge, J.F., Mikesell, G.E., Creemer, D.P. and Breeden, L.L. (1997). A novel Mcm1-
dependent element in the SWI4, CLN3, CDC6, and CDC47 promoters activates M/G1-specific transcription.
Genes and Development 11, 1277-1288.

McMillan, J.N., Longtine, M.S., Sia, R.A., Theesfeld, C.L., Bardes, E.S., Pringle, J.R. and Lew, D.J. (1999).
The morphogenesis checkpoint in Saccharomyces cerevisiae: cell cycle control of Swe1p degradation by
Hsl1p and Hsl7p. Molecular and Cellular Biology 19, 6929-6939.

Menssen, R., Neutzner, A. and Seufert, W. (2001). Asymmetric spindle pole localization of yeast Cdc15p links
mitotic exit and cytokinesis. Current Biology 11, 345-350.

272



Messenguy, F. and Dubois, E. (1993). Genetic evidence for a role for MCM1 in the regulation of arginine
metabolism in Saccharomyces cerevisiae. Molecular and Cellular Biology 13, 2586-2592.

Messenguy, F. and Dubois, E. (2003). Role of MADS box proteins and their cofactors in combinatorial control
of gene expression and cell development. Gene 316, 1-21.

Millar, J.B. and Russell, P. (1992). The cdc25 M-phase inducer: an unconventional protein phosphatase. Cell
68, 407-410.

Millar, J.B., McGowan, C.H., Lenaers, G., Jones, R. and Russell, P. (1991). p80cdc25 mitotic inducer is the
tyrosine phosphatase that activates p34cdc2 kinase in fission yeast. The EMBO Journal 10, 4301-4309.

Miller, J.H. (1992). A short course in bacterial genetics. Cold Spring Harbor Laboratory Press, New York.

Minet, M., Nurse, P., Thuriaux, P. and Mitchison, J.M. (1979). Uncontrolled septation in a cell division cycle
mutant of the fission yeast Schizosaccharomyces pombe. The Journal of Bacteriology 137, 440-446.

Miyake, S., Okishio, N., Samejima, ., Hiraoka, Y., Toda, T., Saitoh, I. and Yanagida, M. (1993). Fission yeast
genes ndat* and nda4*, mutations of which lead to S-phase block, chromatin alteration and Ca?* suppression,
are members of the CDC46/MCM2 family. Molecular Biology of the Cell 4, 1003-1015.

Miyamoto, M., Tanaka, K, and Okayama, H. (1994). res2*, a new member of the cdc10*/SWI4 family, controls
the 'start' of mitotic and meiotic cycles in fission yeast. The EMBO Journal 13, 1873-1880.

Miyata, M., Matsuoka, M. and Inada, T. (1997). Induction of sexual co-flocculation of heterothallic fission yeast
(Schizosaccharomyces pombe) cells by mating pheromones. The Journal of General and Applied
Microbiology 43, 169-174.

Molkentin, J.D. and Olson, E.N. (1996). Combinatorial control of muscle development by basic helix-loop-helix
and MADS-box transcription factors. Proceedings of the National Academy of Sciences USA 93, 9366-9373.

Moll, T., Tebb, G., Surana, U., Robitsch, H. and Nasmyth, K. (1991). The role of phosphorylation and the
CDC28 protein kinase in the cell cycle-regulated nuclear import of the S. cerevisiae transcription factor SWI5.
Cell 66, 743-758.

Molz, L., Booher, R., Young, P. and Beach, D. (1989). cdc2 and the regulation of mitosis: six interacting mcs
genes. Genetics 122, 773-782.

Mondesert, O., McGowan, C.H. and Russell, P. (1996). Cig2, a B-Type Cyclin, Promotes the Onset of S
Phase in Schizosaccharomyces pombe. Molecular and Cellular Biology 16, 1527-1533.

Mondesert, O., Moreno, S. and Russell, P. (1994). Low molecular weight protein-tyrosine phosphatases are
highly conserved between fission yeast and man. The Journal of Biological Chemistry 269, 27996-27999.

Moon, K.-Y., Kong, D., Lee, J.-K., Raychaudhuri, S. and Hurwitz, J. (1999). Identification and reconstitution of
the origin recognition complex from Schizosaccharomyces pombe. Proceedings of the National Academy of
Sciences USA 96, 12367-12372.

Moreno, S., Klar, A. and Nurse, P. (1991). Molecular genetic analysis of the fission yeast
Schizosaccharomyces pombe. Methods in Enzymology 194, 795-823.

Moreno, S., Labib, K., Correa, J. and Nurse, P. (1994). Regulation of the cell cycle timing of Start in fission
yeast by the rum1* gene. Journal of Cell Science. Supplement 18, 63-68.

273



Moreno, S., Nurse, P. and Russell, P. (1990). Regulation of mitosis by cyclic accumulation of p80¢225 mitotic
inducer in fission yeast. Nature 344, 549-552.

Morgan, D.0. (1995b). Principles of CDK regulation. Nature 374, 131-134.

Morgan, D.O. (1997). CYCLIN-DEPENDENT KINASES: Engines, Clocks, and Microprocessors. Annual
Review of Cell and Developmental Biology 13, 261-91.

Morgan, D.O. (1999). Regulation of the APC and the exit from mitosis. Nature Cell Biology 1, E47-E53.

Morrell, J.L., Nichols, C.B. and Gould, K.L. (2004). The GIN4 family kinase, Cdr2p, acts independently of
septins in fission yeast. Journal of Cell Science 117, 5293-5302.

Morris, N.R. (1975). Mitotic mutants of Aspergillus nidulans. Genetical Research 26, 237-254.

Moser, B.A. and Russell, P. (2000). Cell cycle regulation in Schizosaccharomyces pombe. Current Opinion in
Microbiology 3, 631-636.

Mueller, P.R., Coleman, T.R. and Dunphy, W.G. (1995a). Cell Cycle Regulation of a Xenopus Wee1-like
Kinase. Molecular Biology of the Cell 6, 119-134.

Mueller, P.R., Coleman, T.R., Kumagai, A. and Dunphy, W.G. (1995b). Myt1: a membrane-associated
inhibitory kinase that phosphorylates Cdc2 on both threonine-14 and tyrosine-15. Science 270, 86-90.

Mulvihill, D.P., Petersen, J., Ohkura, H., Glover, D.M. and Hagan, |.M. (1999). Plo kinase recruitment to the
spindle pole body and its role in cell division in Schizosaccharomyces pombe. Molecular Biology of the Cell
10, 2771-2785.

Munz, P., Wolf, K., Kohli, J. and Leupold, U. (1989). Genetics overview. In Molecular Biology of the Fission
Yeast (ed. A. Nasim, P. Young and B. F. Johnson). Academic Press, San Diego, 1-30.

Muzi-Falconi, M. and Kelly, T.J. (1995). Orp1, a member of the Cdc18/Cdc6 family of S-phase regulators, is
homologous to a component of the origin recognition complex. Proceedings of the National Academy of
Sciences USA 92, 12475-12479.

Myers, L.C. and Kornberg, R.D. (2000). Mediator of Transcriptional Regulation. Annual Review of
Biochemistry 69, 729-749.

Nabeshima, K., Kurooka, H., Takeuchi, M., Kinoshita, K., Nakaseko, Y.and Yanagida, M. (1995). p93ds!,
which is required for sister chromatid separation, is a novel microtubule and spindle pole body associating
protein phosphorylated at the Cdc?2 target sites. Genes and Development 9, 1572-1585.

Nakajima, R. and Masukata, H. (2002). SpSId3 is required for loading and maintenance of SpCdc45 on
chromatin in DNA replication in fission yeast. Molecular Biology of the Cell 13, 1462-72.

Nakashima, N., Tanaka, K., Sturm, S. and Okayama, H. (1995). Fission yeast Rep2 is a putative
transcriptional activator subunit for the cell cycle 'start' function of Res2-Cdc10. The EMBO Journal 14, 4794-
4802.

Nasmyth, K. (1996). At the heart of the budding yeast cell cycle. Trends in Genetics 12, 405-412.

Nasmyth, K. (2001). A Prize for Proliferation. Cell 107, 689-701.

Nasmyth, K. and Nurse, P. (1981). Cell Division Cycle Mutants Altered in DNA Replication and Mitosis in the
Fission Yeast Schizosaccharomyces pombe. Molecular Genomics and Genetics 182, 119-124.

274



Nasmyth, KA. (1979). A control acting over the initiation of DNA replication in the yeast
Schizosaccharomyces pombe. Journal of Cell Science 36, 155-168.

Neef, R., Gruneberg, U., Kopajtich, R., Li, X., Nigg, E.A., Sillje, H. and Barr, F.A. (2007). Choice of Plk1
docking partners during mitosis and cytokinesis is controlled by the activation state of Cdk1. Nature Cell
Biology 9, 436-444.

Ng, S.S., Anderson, M., White, S. and Mcinerny, C.J. (2001). mik1* G1-S transcription regulates mitotic entry
in fission yeast. FEBS Letters 503, 131-134.

Ng, S.S., Papadopoulou, K. and Mclnerny, C.J. (2006). Regulation of gene expression and cell division by
Polo-like kinases. Current Genetics 50, 73-80.

Nguyen, V.Q., Co, C. and Li, J.J. (2001). Cyclin-dependent kinases prevent DNA re-replication through
multiple mechanisms. Nature 411, 1068-1073.

Nielsen, O. and Lgbner-Olesen, A. (2008). Once in a lifetime: strategies for preventing re-replication in
prokaryotic and eukaryotic cells. EMBO reports 9, 151-156.

Nigg, E.A. (1995). Cyclin-dependent protein kinases: key regulators of the eukaryotic cell cycle. BioEssays 17,
471-480.

Nigg, E.A. (1996). Cyclin-dependent kinase 7: at the cross-roads of transcription, DNA repair and cell cycle
control?. Current Opinion in Cell Biology 8, 312-317.

Nigg, E.A. (1998). Polo-like kinases: positive regulators of cell division from start to finish. Current Opinion in
Cell Biology 10, 776-783.

Nigg, E.A. (2001). Mitotic kinases as regulators of cell division and its checkpoints. Nature Reviews Molecular
Cell Biology 2, 21-32.

Nikolov, D.B. and Burley, S.K. (1997). RNA polymerase Il transcription initiation: a structural view.
Proceedings of the National Academy of Sciences USA 94, 15-22.

Nishitani, H. and Lygerou, Z. (2004). DNA Replication licensing. Frontiers in Bioscience 9, 2115-2132.

Nishitani, H. and Nurse, P. (1997). The cdc18 protein initiates DNA replication in fission yeast. Progress in
Cell Cycle Research 3, 135-42.

Nishitani, H., Lygerou, Z., Nishimoto, T. and Nurse, P. (2000). The Cdt1 protein is required to license DNA for
replication in fission yeast. Nature 404, 625-628.

Noguchi, E., Shanahan, P., Noguchi, C. and Russell, P. (2002). CDK phosphorylation of Drc1 regulates DNA
replication in fission yeast. Current Biology 12, 599-605.

Norman, C., Runswick, M., Pollock, R. and Treisman, R. (1988). Isolation and properties of cDNA clones
encoding SRF, a transcription factor that binds to the c-fos serum response element. Cell 55, 989-1003.

Nurse, P. (1975). Genetic control of cell size at cell division in yeast. Nature 256, 547-551.
Nurse, P. (1990). Universal control mechanism regulating onset of M-phase. Nature 344, 503-508.

Nurse, P. (2000). A Long Twentieth Century of the Cell Cycle and Beyond. Cell 100, 71-78.

275



Nurse, P. (2002). Cyclin Dependent Kinases and Cell Cycle Control (Nobel Lecture). ChemBioChem 3, 596-
603.

Nurse, P. and Bissett, Y. (1981). Gene required in G1 for commitment to cell cycle and in G2 for control of
mitosis in fission yeast. Nature 292, 558-560.

Nurse, P. and Thuriaux, P. (1980). Regulatory genes controlling mitosis in the fission yeast
Schizosaccharomyces pombe. Genetics 96, 627-637.

Nurse, P., Masui, Y. and Hartwell, L. (1998). Understanding the cell cycle. Nature Medicine 4, 1103-1106.

Nurse, P., Thuriaux, P. and Nasmyth, K. (1976). Genetic control of the cell division cycle in the fission yeast
Schizosaccharomyces pombe. Molecular and General Genetics 23, 167-178.

Oganesyan, N., Ankoudinova, 1., Kim, S-H. and Kim, R. (2007). Effect of osmotic stress and heat shock in
recombinant protein overexpression and crystallization. Protein Expression and Purification 52, 280-285.

Ogas, J., Andrews, B. J. and Herskowitz, I. (1991). Transcriptional Activation of CLN1, CLNZ2, and a Putative
New G1 Cyclin (HCS26) by SWI4, a Positive Regulator of G1-Specific Transcription. Cell 66, 1015-1026.

Ohi, R. and Gould, K.L. (1999). Regulating the onset of mitosis. Current opinion in Cell Biology 11, 267-273.

Ohkura, H., Hagan, I.M. and Glover, D.M. (1995). The conserved Schizosaccharomyces pombe kinase Plo1,
required to form a bipolar spindle, the actin ring, and septum, can drive septum formation in G1 and G2 cells.
Genes and Development 9, 1059-1073.

Okuno, Y., Satoh, H., Sekiguchi, M. and Masukata, H. (1999). Clustered adenine/thymine stretches are
essential for function of a fission yeast replication origin. Molecular and Cellular Biology 19, 6699-6709.

Oliva, A., Rosebrock, A., Ferrezuelo, F., Pyne, S., Chen, H., Skiena, S., Futcher, B. and Leatherwood, J.
(2005). The cell cycle-regulated genes of Schizosaccharomyces pombe. PLoS Biology 3, 1239-1260.

O'Regan, L., Blot, J. and Fry, A.M. (2007). Mitotic regulation by NIMA-related kinases. Cell Division 2:25,
doi:10.1186/1747-1028-2-25.

Osley, M.A., Gould, J., Kim, S., Kane, M.Y. and Hereford, L. (1986). Identification of sequences in a yeast
histone promoter involved in periodic transcription. Cell 45, 537-544.

Papadopoulou, K., Ng, S.S., Ohkura, H., Geymonat, M., Sedgwick, S.G. and Mclnerny, C.J. (2008).
Regulation of gene expression during M-G1-phase in fission yeast through Plo1p and forkhead transcription
factors. Journal of Cell Science 121, 38-47.

Parker, L.L., Walter, S.A., Young, P.G. and Piwnica-Worms, H. (1993). Phosphorylation and inactivation of the
mitotic inhibitor Wee1 by the nim1/cdr1 kinase. Nature 363, 736-738.

Passmore, S., Elble, R. and Tye, B.K. (1989). A protein involved in minichromosome maintenance in yeast
binds a transcriptional enhancer conserved in eukaryotes. Genes and Development 3, 921-935.

Paule, M.R. and White. R.J. (2000). Transcription by RNA polymerases | and Ill. Nucleic Acids Research 28,
1283-1298.

Pellegrini, L., Tan, S. and Richmond, T.J. (1995). Structure of serum response factor core bound to DNA.
Nature 376, 490- 498.

276



Peng, X., Karuturi, RK., Mile,r L.D., Lin, K, Jia, Y., Kondu, P., Wang, L., Wong, LS., Liu, E.T,
Balasubramanian, M.K. and Liu, J. (2005). Identification of cell cycle-regulated genes in fission yeast.
Molecular Biology of the Cell 16, 1026-1042.

Pereira, G. and Schiebel, E. (2001). The role of the yeast spindle pole body and the mammalian centrosome
in regulating late mitotic events. Current Opinion in Cell Biology 13, 762-769.

Petersen, J., Paris, J., Willer, M., Philippe, M. and Hagan, I.M. (2001). The S. pombe aurora-related kinase
Ark1 associates with mitotic structures in a stage dependent manner and is required for chromosome
segregation. Journal of Cell Science 114, 4371-4384.

Petit, C.S., Mehta, S., Roberts, R.H. and Gould, K.L. (2005). Ace2p contributes to fission yeast septin ring
assembly by regulating mid2* expression. Journal of Cell Science 118, 5731-5742.

Petronczki, M., Glotzer, M., Kraut, N. and Peters, J.M. (2007). Polo-like Kinase 1 Triggers the Initiation of
Cytokinesis in Human Cells by Promoting Recruitment of the RhoGEF Ect2 to the Central Spindle.
Developmental Cell 12, 713-725.

Petronczki, M., Lénért, P. and Peters, J.M. (2008). Polo on the Rise-from Mitotic Entry to Cytokinesis with
Plk1. Developmental Cell 14, 646-659.

Pic, A., Lim, F.L., Ross, S.J., Veal, E.A., Johnson, A.L., Sultan, M.R., West, A.G., Johnston, L.H., Sharrocks,
A.D. and Morgan, B.A. (2000). The forkhead protein Fkh2 is a component of the yeast cell cycle transcription
factor SFF. The EMBO Journal 19, 3750-3761.

Pic-Taylor, A., Darieva, Z., Morgan, B.A. and Sharrocks, A.D. (2004). Regulation of Cell Cycle Specific Gene
Expression through Cyclin-Dependent Kinase-Mediated Phosphorylation of the Forkhead Transcription Factor
Fkh2p. Molecular and Cellular Biology 24, 10036-10046.

Pierrou, S., Hellgvist, M., Samuelsson, L., Enerback, S. and Carlsson, P. (1994). Cloning and characterization
of seven human forkhead proteins: binding site specificity and DNA bending. The EMBO Journal 13, 5002-
5012.

Piggott, J.R., Rai, R. and Carter, L.A. (1982). A bifunctional gene product involved in two phases of the yeast
cell cycle. Nature 298, 391-393.

Pintard, L. and Peter, M. (2001). Mitotic Exit: Closing the Gap. Molecular Cell 8, 1155-1161.

Pollock, R. and Treisman, R. (1991). Human SRF-related proteins: DNA binding properties and potential
regulatory targets. Genes and Development 5, 2327-2341.

Pramila, T., Miles, S., GuhaThakurta, D., Jemiolo, D. and Breeden, L.L. (2002). Conserved homeodomain
proteins interact with MADS box protein Mcm1 to restrict ECB-dependent transcription to the M/G1 phase of
the cell cycle. Genes and Development 16, 3034-3045.

Pringle, J.R. (1978). The use of conditional lethal cell cycle mutants for temporal and functional sequence
mapping of cell cycle events. Journal of Cellular Physiology 95, 393-406.

Pringle, J.R. and Hartwell, L.H. (1981). The Saccharomyces cerevisiae cell cycle. In Molecular biology of the
yeast Saccharomyces: Life cycle and inheritance. Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York, 97-142.

Pu, R.T. and Osmani, S.A. (1995). Mitotic destruction of the cell cycle regulated NIMA protein kinase of
Aspergillus nidulans is required for mitotic exit. The EMBO Journal 14, 995-1003.

277



Qian, Y.W., Erikson, E., Li, C. and Maller, J.L. (1998a). Activated polo-like kinase PIx1 is required at multiple
points during mitosis in Xenopus laevis. Molecular and Cellular Biochemistry 18, 4262-4271.

Ralph, E., Boye, E. and Kearsey, S.E.(2006). DNA damage induces Cdt1 proteolysis in fission yeast through
a pathway dependent on Cdt2 and Ddb1. EMBO reports 7, 1134-1139.

Rao, H., Marahrens, Y. and Stillman, B. (1994). Functional conservation of multiple elements in yeast
chromosomal replicators. Molecular and Cellular Biology 14, 7643-7651.

Rape, M. (2007). Cell Cycle: On-Time Delivery of Plk1 during Cytokinesis. Current Biology 17, R506-R508.
Ren, B., Cam, H., Takahashi, Y., Volkert, T., Terragni, J., Young, R.A. and Dynlacht, B.D. (2002). E2F
integrates cell cycle progression and with DNA repair, replication, and G2/M checkpoints. Genes and
Development 16, 245-256.

Reymond, A., Marks, J. and Simanis, V. (1993). The activity of S. pombe DSC-1-like factor is cell cycle
regulated and dependent on the activity of p34cdc2. The EMBO Journal 12, 4325-4334.

Reynolds, D., Shi, B.J., McLean, C., Katsis, F., Kemp, B. and Dalton, S. (2003). Recruitment of Thr 319-
phosphorylated Ndd1p to the FHA domain of Fkh2p requires Clb kinase activity: a mechanism for CLB cluster
gene activation. Genes and Development 17, 1789-1802.

Reynolds, N. and Ohkura, H. (2003). Polo boxes form a single functional domain that mediate interactions
with multiple proteins in fission yeast polo kinase. Journal of Cell Science 116, 1377-1387.

Rhind, N. and Russell, P. (1998). The Schizosaccharomyces pombe S-Phase Checkpoint Differentiates
Between Different Types of DNA Damage. Genetics 149, 1729-1737.

Rhind, N. and Russell, P. (2000). Chk1 and Cds1: linchpins of the DNA damage and replication checkpoint
pathways. Journal of Cell Science 113, 3889-3896.

Rhind, N. and Russell, P. (2001). Roles of the Mitotic Inhibitors Wee1 and Mik1 in the G2 DNA Damage and
Replication Checkpoints. Molecular and Cellular Biology 21, 1499-1508.

Ribar, B., Banrévi, A. and Sipiczki, M. (1997). sep1* Encodes a transcription-factor homologue of the HNF-
3/forkhead DNA-binding-domain family in Schizosaccharomyces pombe. Gene 202, 1-5.

Ribar, B., Grallert, A., Olah, E. and Szallasi, Z. (1999). Deletion of the sep1(+) forkhead transcription factor
homologue is not lethal but causes hyphal growth in Schizosaccharomyces pombe. Biochemical and
Biophysical Research Communications 263, 465-474.

Robinow, C.F. (1977) The number of chromosomes in Schizosaccharomyces pombe: Light microscopy of
stained preparations. Genetics 87, 491-497.

Rupes, I. (2002). Checking cell size in yeast. Trends in Genetics 18, 479-485.

Russell, P. and Nurse, P. (1986a). cdc25* Functions as an Inducer in the Mitotic Control of Fission Yeast. Cell
45, 145-153.

Russell, P. (1998). Checkpoints on the road to mitosis. Trends in Biochemical Sciences 23, 399-402.

Russell, P. and Nurse, P. (1986b). Schizosaccharomyces pombe and Saccharomyces cerevisiae: A Look at
Yeasts Divided. Cell 45, 761-762.

278



Russell, P. and Nurse, P. (1987). Negative Regulation of Mitosis by wee1*, a Gene Encoding a Protein Kinase
Homolog. Cell 49, 559-567.

Russell, P., Moreno, S. and Reed, S.I. (1989). Conservation of mitotic controls in fission and budding yeasts.
Cell 57, 295-303.

Rustici, G., Mata, J., Kivinen, K., Lio, P., Penkett, C.J., Burns, G., Hayles, J., Brazma, A., Nurse, P. and
Bahler, J. (2004). Periodic gene expression program of the fission yeast cell cycle. Nature Genetics 36, 809-
817.

Saiz, J.E. and Fisher, R.P. (2002). A CDK-activating kinase network is required in cell cycle control and
transcription in fission yeast. Current Biology 12, 1100-1105.

Sakchaisri, K., Asano, S., Yu, L.R., Shulewitz, M.J., Park, C.J., Park, J.E., Cho, Y.W., Veenstra, T.D.,
Thorner, J. and Lee, K.S. (2004). Coupling morphogenesis to mitotic entry. Proceedings of the National
Academy of Sciences USA 101, 4124-4129.

Sambrook, J. and Russell, D.W. (2001). Molecular cloning: A laboratory manual. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

Samuel, J.M., Fournier, N., Simanis, V. and Millar, J.B.A. (2000). spo12 is a multicopy suppressor of mcs3
that is periodically expressed in fission yeast mitosis. Molecular and General Genetics 264, 306-316.

Schwob, E., Béhm, T., Mendenhall, M.D. and Nasmyth, K. (1994). The B-type cyclin kinase inhibitor p40S'c!
controls the G1 to S transition in S. cerevisiae. Cell 79, 233-244.

Seki, A., Coppinger, J.A,, Jang, C.Y., Yates Ill, J.R. and Fang, G. (2008a). Bora and the Kinase Aurora A
Cooperatively Activate the Kinase Plk1 and Control Mitotic Entry. Science 320, 1655-1658.

Seki, A., Coppinger, J.A,, Du, H., Jang, C.Y,, Yates lll, J.R. and Fang, G. (2008b). Plk1- and B-TrCP
dependent degradation of Bora controls mitotic progression. The Journal of Cell Biology 181, 65-78.

Seong, Y.S., Kamijo, K., Lee, J.S., Fernandez, E., Kuriyama, R., Miki, T. and Lee, K.S. (2002). A spindle
checkpoint arrest and a cytokinesis failure by the dominant-negative polo-box domain of Plk1 in U-2 OS cells.
The Journal of Biological Chemistry 277, 32282-32293.

Sharrocks, A.D. (2002). Complexities in ETS-domain transcription factor function and regulation: lessons from
the TCF (Ternary Complex Factor) subfamily. Biochemical Society Transactions 30, 1-9.

Sherr, C.J. (1996). Cancer Cell Cycles. Science 274, 1672-1677.

Sherr, C.J. and Roberts, J.M. (2004). Living with or without cyclins and cyclin-dependent kinases. Genes and
Development 18, 2699-2711.

Sherwood, P.W., Tsang, S.V. and Osley, M.A. (1993). Characterisation of HIR1 and HIR2, two genes required
for regulation of histone gene transcription in Saccharomyces cerevisiae. Molecular and Cellular Biology 13,
28-38.

Shimada, M., Yamada-Namikawa, C., Murakami-Tonami, Y., Yoshida, T., Nakanishi, M., Urano, T. and
Murakami, H. (2008). Cdc2p controls the forkhead transcription factor Fkh2p by phosphorylation during sexual
differentiation in fission yeast. The EMBO Journal 27, 132-142.

Shirayama, M., Zachariae, W., Ciosk, R. and Nasmyth, K. (1998). The Polo-like kinase Cdc5p and the WD-

repeat protein Cdc20p/fizzy are regulators and substrates of the anaphase promoting complex in
Saccharomyces cerevisiae. The EMBO Journal 17, 1336-1349.

279



Shore, P. and Sharrocks, A.D. (1995). The MADS-box family of transcription factors. European Journal of
Biochemistry 229, 1-13.

Shulewitz, M.J., Inouye, C.J. and Thorner, J. (1999). Hsl7 localizes to a septin ring and serves as an adapter
in a regulatory pathway that relieves tyrosine phosphorylation of Cdc28 protein kinase in Saccharomyces
cerevisiae. Molecular and Cellular Biology 19, 7123-7137.

Simanis, V. (1995). The control of septum formation and cytokinesis in fission yeast. Seminars in Cell Biology
6, 79-87.

Simanis, V. (2003). Events at the end of mitosis in the budding and fission yeasts. Journal of Cell Science
116, 4263-4275.

Simon, |., Barnett, J., Hannett, N., Harbison, C.T., Rinaldi, N.J., Volkert, T.L., Wyrick, J.J., Zeitlinger, J.,
Gifford, D.K., Jaakkola, T.S. and Young, R.A. (2001). Serial regulation of transcriptional regulators in the yeast
cell cycle. Cell 106, 697-708.

Sipiczki, M. (2000). Where does fission yeast sit on the tree of life?. Genome Biology 1, reviews1011.1-
1011.4.

Sipiczki, M., Grallert, B. and Miklos, 1. (1993). Mycelial and syncytial growth in Schizosaccharomyces pombe
induced by novel septation mutations. Journal of Cell Science 104, 485-493.

Smale, S.T. and Kadonaga, J.T. (2003). The RNA polymerase Il core promoter. Annual Review of
Biochemistry 72, 449-479.

Snell, V. and Nurse, P. (1994). Genetic analysis of cell morphogenesis in fission yeast-a role for casein kinase
Il'in the establishment of polarized growth. The EMBO Journal 13, 2066-2074.

Sohrmann, M., Fankhauser, C., Brodbeck, C. and Simanis, V. (1996). The dmf1/ mid1 gene is essential for
correct positioning of the division septum in fission yeast. Genes and Development 10, 2707-2719.

Sommer, H., Beltran, J.P., Huijser, P., Pape, H., Lonnig, W.E., Saedler, H. and Schwarz-Sommer, Z. (1990).
Deficiens, a homeotic gene involved in the control of flower morphogenesis in Antirrhinum majus: the protein
shows homology to transcription factors. The EMBO Journal 9, 605-613.

Song, K., Mach, K.E., Chen, C.Y., Reynolds, T. and Albright, C.F. (1996). A novel suppressor of ras1 in
fission yeast, byr4, is a dosage- dependent inhibitor of cytokinesis. The Journal of Cell Biology 133, 1307-
1319.

Song, S., Grenfell, T.Z., Garfield, S., Erikson, R.L. and Lee, K.S. (2000). Essential function of the polo box of
Cdc5 in subcellular localization and induction of cytokinetic structures. Molecular and Cellular Biology 20,
286-298.

Spellman, P.T., Sherlock, G., Zhang, M.Q., lyer, V.R., Anders, K., Eisen, M.B., Brown, P.O., Botstein, D. and
Futcher, B. (1998). Molecular Biology of the Cell 9, 3273-3297.

Stegmeier, F., Visintin, R. and Amon, A. (2002). Separase, polo kinase, the kinetochore protein SIk19, and
Spo12 function in a network that controls Cdc14 localization during early anaphase. Cell 108, 207-220.

Stevens, C. and LaThangue, N.B. (2003). E2F and cell cycle control; a double-edged sword. Archives of
Biochemistry and Biophysics 412, 157-169.

280



Strausfeld, U., Labbé, J.C., Fesquet, D., Cavadore, J.C., Picard, A., Sadhu, K., Russell, P. and Dorée, M.
(1991). Dephosphorylation and activation of a p34<d2/cyclin B complex in vitro by human CDC25 protein.
Nature 351, 242-245.

Struhl, K. (1999). Fundamentally Different Logic of Gene Regulation in Eukaryotes and Prokaryotes. Cell 98,
1-4.

Su, S.S.Y. and Yanagida, M. (1997). Mitosis and Cytokinesis in the Fission Yeast, Schizosaccharomyces
pombe. In The Molecular and Cellular Biology of the Yeast Saccharomyces: Cell Cycle and Cell Biology (ed.
J. R, Pringle, J. R, Broach, and E. W. Jones). Cold Spring Harbor Laboratory Press, 765-825.

Sudakin, V., Ganoth, D., Dahan, A., Heller, H., Hershko, J., Luca, F.C., Ruderman, J.V. and Hershko, A.
(1995). The cyclosome, a large complex containing cyclin-selective ubiquitin ligase activity, targets cyclins for
destruction at the end of mitosis. Molecular Biology of the Cell 6, 185-97.

Sugiyama, A., Tanaka, K., Okazaki, K., Nojima, H. and Okayama, H. (1994). A zinc finger protein controls the
onset of premeiotic DNA synthesis of fission yeast in a Mei2-independent cascade. The EMBO Journal 13,
1881-1887.

Sullivan, M. and Morgan, D.O. (2007). Finishing mitosis, one step at a time. Nature Reviews Molecular Cell
Biology 8, 894-903.

Sumara, 1., Vorlaufer, E., Stukenberg, P.T., Kelm, O., Redemann, N., Nigg, E.A. and Peters, J-M. (2002). The
Dissociation of Cohesin from Chromosomes in Prophase Is Regulated by Polo-like Kinase. Molecular Cell 9,
515-525.

Sumara, I., Gimenez-Abian, J.F., Gerlich, D., Hirota, T., Kraft, C., de la Torre, C., Ellenberg, J. and Peters,
J.M. (2004). Roles of polo-like kinase 1 in the assembly of functional mitotic spindles. Current Biology 14,
1712-1722.

Sunkel, C.E. and Glover, D.M. (1988). polo, a mitotic mutant of Drosophila displaying abnormal spindle poles.
Journal of Cell Science 89, 25-38.

Surana, U., Robitsch, H., Price, C., Schuster, T., Fitch, 1., Futcher, A.B. and Nasmyth, K. (1991). The role of
CDC28 and cyclins during mitosis in the budding yeast S. cerevisiae. Cell 65, 145-161.

Sutani, T., Yuasa, T., Tomonaga, T., Dohmae, N., Takio, K. and Yanagida, M. (1999). Fission yeast
condensin complex: essential roles of non-SMC subunits for condensation and Cdc2 phosphorylation of
Cut3/SMC4. Genes and Development 13, 2271-2283.

Szilagyi, Z., Batta, G., Enczi, K. and Sipiczki, M. (2005). Characterisation of two novel fork-head gene
homologues of Schizosaccharomyces pombe: Their involvement in cell cycle and sexual differentiation. Gene
348, 101-109.

Takahashi, K. and Yanagida, M. (2003). Chromosome cohesion and segregation. In The Molecular Biology of
Schizosaccharomyces pombe (ed. R. Egel). Springer, 171-189.

Takahashi, K., Saitoh, S. and Yanagida, M. (2000). Application of the Chromatin Immunoprecipitation Method
to Identify in Vivo Protein-DNA Associations in Fission Yeast. Science STKE 56, 1-11.

Takaki, T., Trenz, K., Costanzo, V. and Petronczki, M. (2008). Polo-like kinase 1 reaches beyond mitosis-
cytokinesis, DNA damage response, and development. Current Opinion in Cell Biology 20, 650-660.

Takisawa, H., Mimura, S. and Kubota, Y. (2000). Eukaryotic DNA replication: from pre-replication complex to
initiation complex. Current Opinion in Cell Biology 12, 690-696.

281



Tan, S. and Richmond, T.J. (1998). Crystal structure of the yeast MATalpha2/MCM1/DNA ternary complex.
Nature 391, 660-666.

Tanaka, K., Peterson, J., Maclver, F., Mulvihill, D.P., Glover, D.M. and Hagan, I.M. (2001). The role of Plo1
kinase in mitotic commitment and septation in Schizosaccharomyces pombe. The EMBO Journal 20, 1269-
1270.

Tang, Z., Coleman, T.R. and Dunphy, W.G. (1993). Two distinct mechanisms for negative regulation of the
Wee1 protein kinase. The EMBO Journal 12, 3427-3436.

Taniguchi, E., Toyoshima-Morimoto, F. and Nishida, E. (2002). Nuclear translocation of plk1 mediated by its
bipartite nuclear localization signal. Journal of Biological Chemistry 277, 48884-48888.

Tassan, J.-P., Schultz, S.J., Bartek, J. and Nigg, E.A. (1994). Cell cycle analysis of the activity, subcellular
localization and subunit composition of human CAK (CDK-activating kinase). The Journal of Cell Biology 127,
467-478.

Tasto, J.J., Morrell, J.L. and Gould, K.L. (2003). An anillin homologue, Mid2p, acts during fission yeast
cytokinesis to organize the septin ring and promote cell separation. The Journal of Cell Biology 160, 1093-
1103.

Tirode, F., Busso, D., Coin, F. and Egly, J.M. (1999). Reconstitution of the transcription factor TFIIH:
assignment of functions for the three enzymatic subunits, XPB, XPD, and cdk7. Molecular Cell 3, 87-95.

Towbin, H., Staehelin, T. and Gordon, J. (1979). Electrophoretic transfer of proteins from polyacrylamide gels
to nitrocellulose sheets: procedure and some applications. Biotechnology 24, 145-149.

Toyn, J.H., Johnson, A.L., Donovan, J.D., Toone, W.M. and Johnston, L.H. (1997). The Swi5 transcription
factor of Saccharomyces cerevisiae has a role in exit from mitosis through induction of the cdk-inhibitor Sic1 in
telophase. Genetics 145, 85-96.

Toyoshima-Morimoto, F., Taniguchi, E. and Nishida, E. (2002). Plk1 promotes nuclear translocation of human
Cdc25C during prophase. EMBO Reports 3, 341-348.

Toyoshima-Morimoto, F., Taniguchi, E., Shinya, N., Iwamatsu, A. and Nishida, E. (2001). Polo-like kinase 1
phosphorylates cyclin B1 and targets it to the nucleus during prophase. Nature 410, 215-220.

Trautmann, S., Wolfe, B.A., Jorgensen, P., Tyers, M., Gould, K.L. and McCollum, D. (2001). Fission yeast
Clp1p phosphatase regulates G2/M transition and coordination of cytokinesis with cell cycle progression.
Current Biology 11, 931-940.

Treisman, R. (1994). Ternary complex factors: growth regulated transcriptional activators. Current Opinion in
Genetics and Development 4, 96-101.

Treisman, R. and Ammerer, G. (1992). The SRF and MCM1 transcription factors. Current Opinion in Genetics
and Development 2, 221-226.

Tye, B.K. and Sawyer S. (2000). The hexameric eukaryotic MCM helicase: building symmetry from
nonidentical parts. Journal of Biological Chemistry 275, 34833-34836.

Uchiyama, M., Griffiths, D., Arai, K. And Masai, H. (2001). Essential role of Sna41/Cdc45 in loading of DNA

polymerase a onto minichromosome maintenance proteins in fission yeast. Journal of Biological Chemistry
276, 26189-26196.

282



Utzig, S., Fankhauser, C. and Simanis, V. (2000). Periodic Accumulation of cdc15 mRNA is not Necessary for
Septation in Schizosaccharomyces pombe. Journal of Molecular Biology 302, 751-759.

Valay, J.-G., Simon, M., Dubois, M.-F., Bensaude, O., Facca, C. and Faye, G. (1995). The KIN28 gene is
required both for RNA polymerase |l mediated transcription and phosphorylation of the Rpb1p CTD. Journal of
Molecular Biology 249, 535-544.

van de Weerdt, B.C. and Medema, R.H. (2006). Polo-like kinases: a team in control of the division. Cell Cycle
5, 853-864.

Van Helden, J. (2003). Regulatory Sequence Analysis Tools. Nucleic Acids Research 31, 3593-3596.

van Vugt, MAAT.M. and Medema, R.H. (2005). Getting in and out of mitosis with Polo-like kinase-1.
Oncogene 24, 2844-2859.

Vas, A., Mok, W. and Leatherwood, L. (2001). Control of DNA Rereplication via Cdc2 Phosphorylation Sites in
the Origin Recognition Complex. Molecular and Cellular Biology 21, 5767-5777.

Verma, R., Annan, R.S., Huddleston, M.J., Carr, S.A.,, Reynard, G. and Deshaies, R.J. (1997).
Phosphorylation of Sic1p by G1 Cdk Required for Its Degradation and Entry into S Phase. Science 278, 455-
460.

Watanabe, N., Arai, H., Nishihara, Y., Taniguchi, M., Watanabe, N., Hunter, T. and Osada, H. (2004). M-
phase kinases induce phospho-dependent ubiquitination of somatic Wee1 by SCFbeta-TrCP. Proceedings of
the National Academy of Sciences USA 101, 4419-4424.

Weigel, D. and Jackle, H. (1990). The fork head domain: a novel DNA binding motif of eukaryotic transcription
factors? Cell 63, 455-456.

Weigel, D., Jtirgens, G., Kiittner, F., Seifert, E. and Jackie, H. (1989). The homeotic gene fork head encodes a
nuclear protein and is expressed in the terminal regions of the Drosophila embryo. Cell 57, 645-658.

Winkles, J.A. and Alberts, G.F. (2005).Differential regulation of polo-like kinase 1, 2, 3, and 4 gene expression
in mammalian cells and tissues. Oncogene 24, 260-266.

White, R.J. (2001). Gene Transcription: Mechanisms and Control. Wiley-Blackwell.

White, S., Khalig, F., Sotiriou, S. and Mclnerny, C.J. (2001). The role of DSCI components cdc10*, rep1* and
rep2* in MCB gene transcription at the mitotic G1-S boundary in fission yeast. Current Genetics 40, 251-259.

Whitehall, S., Stacey, P., Dawson, K. and Jones, N. (1999). Cell Cycle-regulated Transcription in Fission
Yeast: Cdc10-Res Protein Interactions during the Cell Cycle and Domains Required for Regulated
Transcription. Molecular Biology of the Cell 10, 3705-3714.

Whitmarsh, A.J. and Davis, R.J. (2000). Regulation of transcription factor function by phosphorylation.
Cellular and Molecular Life Sciences 57, 1172-1183.

Wijnen, H., Landmann, A., and Futcher, B. (2002). The G1 Cyclin CIn3 Promotes Cell Cycle Entry via the
Transcription Factor Swi6. Molecular and Cellular Biology 22, 4402-4418.

Wittenberg, C. and Reed, S.I. (2005). Cell cycle-dependent transcription in yeast: promoters, transcription
factors, and transcriptomes. Oncogene 24, 2746-2755.

Wolfe, B.A. and Gould, K.L. (2004a). Fission yeast Clp1p phosphatase affects G2/M transition and mitotic exit
through Cdc25p inactivation. The EMBO Journal 23, 919-929.

283



Wolfe, B.A. and Gould, K.L. (2004b). Inactivating Cdc25, Mitotic Style. Cell Cycle 3, 601-603.

Wolfe, B.A. and Gould, K.L. (2005). Split decisions: coordinating cytokinesis in yeast. Trends in Cell Biology
15, 10-18.

Wood, V., Gwilliam, R., Rajandream, MA., Lyne, M., Lyne, R., Stewart, A., Sgouros, J., Peat, N., Hayles, J.,
Baker, S., Basham, D., Bowman, S., Brooks, K., Brown, D., Brown, S., Chillingworth, T., Churcher, C., Collins,
M., Connor, R., Cronin, A., Davis, P., Feltwell, T., Fraser, A., Gentles, S., Goble, A., Hamlin, N., Harris, D.,
Hidalgo, J., Hodgson, G., Holroyd, S., Hornsby, T., Howarth, S., Huckle, E.J., Hunt, S., Jagels, K., James, K.,
Jones, L., Jones, M., Leather, S., McDonald, S., McLean, J., Mooney, P., Moule, S., Mungall, K., Murphy, L.,
Niblett, D., Odell, C., Oliver, K., O'Neil, S., Pearson, D., Quail, M.A., Rabbinowitsch, E., Rutherford, K., Rutter,
S., Saunders, D., Seeger, K., Sharp, S., Skelton, J., Simmonds, M., Squares, R., Squares, S., Stevens, K.,
Taylor, K., Taylor, R.G., Tivey, A., Walsh, S., Warren, T., Whitehead, S., Woodward, J., Volckaert, G., Aert,
R., Robben, J., Grymonprez, B., Weltjens, I., Vanstreels, E., Rieger, M., Schafer, M., Miller-Auer, S., Gabel,
C., Fuchs, M., Disterhéft, A., Fritzc, C., Holzer, E., Moestl, D., Hilbert, H., Borzym, K., Langer, I., Beck, A.,
Lehrach, H., Reinhardt, R., Pohl, T.M., Eger, P., Zimmermann, W., Wedler, H., Wambutt, R., Purnelle, B.,
Goffeau, A., Cadieu, E., Dréano, S., Gloux, S., Lelaure, V., Mottier, S., Galibert, F., Aves, S.J., Xiang, Z.,
Hunt, C., Moore, K., Hurst, S.M., Lucas, M., Rochet, M., Gaillardin, C., Tallada, V.A., Garzon, A., Thode, G.,
Daga, R.R., Cruzado, L., Jimenez, J., Sanchez, M., del Rey, F., Benito, J., Dominguez, A., Revuelta, J.L.,
Moreno, S., Armstrong, J., Forsburg, S.L., Cerutti, L., Lowe, T., McCombie, W.R., Paulsen, I., Potashkin, J.,
Shpakovski, G.V., Ussery, D., Barrel, B.G. and Nurse, P. (2002). The genome sequence of
Schizosaccharomyces pombe. Nature 415, 871-880.

Woychik, N.A. and Hampsey, M. (2002). The RNA Polymerase Il Machinery: Structure llluminates Function.
Cell 108, 453-463.

Wu, J.J., Smith, L.T., Plass, C. and Huang, T.H-M. (2006). ChIP-chip Comes of Age for Genome-wide
Functional Analysis. Cancer Research 66, 6899-6902.

Wu, J.Q., Kuhn, J.R., Kovar, D.R. and Pollard, T.D. (2003). Spatial and temporal pathway for assembly and
constriction of the contractile ring in fission yeast cytokinesis. Developmental Cell §, 723-734.

Wu, L. and Russell, P. (1993). Nim1 kinase promotes mitosis by inactivating Wee1 tyrosine kinase. Nafure
363, 738-741.

Wouarin, J. and Nurse, P. (1996). Regulating S Phase: CDKs, Licensing and Proteolysis. Cell 85, 785-787.

Wuarin, J., Buck, V., Nurse, P. and Millar, J.B.A. (2002). Stable Association of Mitotic Cyclin B/Cdc2 to
Replication Origins Prevents Endoreduplication. Cell 111, 419-431.

Xie, S., Xie, B., Lee, M.Y. and Dai, W. (2005). Regulation of cell cycle checkpoints by polo-like kinases
Oncogene 24, 277-286.

Yabana, N. and Yamamoto, M. (1996). Schizosaccharomyces pombe map1* encodes a MADS-box-family
protein required for cell-type-specific gene expression. Molecular and Cellular Biology 16, 3420-3428.

Yamada, H.Y., Matsumoto, S. and Matsumoto, T. (2000). High dosage expression of a zinc finger protein,
Grt1, suppresses a mutant of fission yeast slp7*, a homolog of CDC20/p55CDC/Fizzy. Journal of Cell Science
113, 3989-3999.

Yamano, H., Gannon, J. and Hunt, T. (1996). The role of proteolysis in cell cycle progression in
Schizosaccharomyces pombe. The EMBO Journal 15, 5268-5279.

284



Yamano, H., Ishii, O. and Yanagida, M. (1994). Phosphorylation of dis2 protein phosphatase at the C-terminal
cdc2 consensus and its potential role in cell cycle regulation. The EMBO Journal 13, 5310-5318.

Yamano, H., Kitamura, K., Kominami, K., Lehmann, A., Katayama, S., Hunt, T. and Toda, T. (2000). The
Spike of S Phase Cyclin Cig2 Expression at the G1-S Border in Fission Yeast Requires Both APC and SCF
Ubiquitin Ligases. Molecular Cell 6, 1377-1387.

Yamashiro, S., Yamakita, Y., Totsukawa, G., Goto, H., Kaibuchi, K., Ito, M., Hartshorne, D.J. and Fumio, M.
(2008). Myosin Phosphatase-Targeting Subunit 1 Regulates Mitosis by Antagonizing Polo-like Kinase 1.
Developmental Cell 14, 787-797.

Yanagida, M. (2000). Cell cycle mechanisms of sister chromatid separation; roles of Cutl/separin and
Cut2/securin. Genes to Cells 5, 1-8.

Yanagida, M. (2002). The model unicellular eukaryote, Schizosaccharomyces pombe. Genome Biology 3,
comment2003.1-2003 4.

Yang, Q., Bassel-Duby, R. and Williams, R.S. (1997). Transient expression of a Winged-Helix Protein, MNF-8,
during myogenesis. Molecular and Cellular Biology 17, 5236-5243.

Yanofsky, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldmann, K.A. and Meyerowitz, E.M. (1990). The
protein encoded by the Arabidopsis homeotic gene agamous resembles transcription factors. Nature 346, 35-
39.

Ye, X.S., Xu, G., Pu, R.T., Fincher, R.R., McGuire, S.L., Osmani, A.H. and Osmani, S.A. (1995). The NIMA
protein kinase is hyperphosphorylated and activated downstream of p34cdc2/cyclin B: coordination of two
mitosis promoting kinases. The EMBO Journal 14, 986-994.

Yoshida, S. and Toh-e, A. (2002). Budding yeast Cdc5 phosphorylates Net1 and assists Cdc14 release from
the nucleolus. Biochemical and Biophysical Research Communications 294, 687-691.

Yoshida, S., Asakawa, K. and Toh-e, A. (2002). Mitotic exit network controls the localization of Cdc14 to the
spindle pole body in Saccharomyces cerevisiae. Current Biology 12, 944-950.

Zaborowska, D., Bilinski, T., Swietlinska, Z. and Zuk, J. (1975). Ultrastructural changes in zygote formation
and autoradiographic study of DNA replication during conjugation in Saccharomyces cerevisiae. Acta
Microbiologica Polonica 8, 161-167.

Zachariae, W. and Nasmyth, K. (1999). Whose end is destruction: cell division and the anaphase-promoting
complex. Genes and Development 13, 2039-2058.

Zachariae, W. (1999). Progression into and out of mitosis. Current Opinion in Cell Biology 11, 708-716.

Zheng, N., Fraenkel, E., Pabo, C.O. and Pavletich, N.P. (1999). Structural basis of DNA recognition by the
heterodimeric cell cycle transcription factor E2F-DP. Genes and Development 13, 666-674.

Zhu, G., Spellman, P. T., Volpe, T., Brown, P. O., Botstein, D., Davis, T. N. and Futcher, B. (2000). Two yeast
forkhead genes regulate the cell cycle and pseudohyphal growth. Nature 406, 90-94.

Zhu, Y., Takeda, T., Whitehall, S.K., Peat, N. and Jones, N. (1997). Functional characterization of the fission
yeast Start-specific transcription factor Res2. The EMBO Journal 16, 1023-1034.

Zilahi, E., Salimova, E., Simanis, V., Sipiczki M. (2000). The S. pombe sep1 gene encodes a nuclear protein
that is required for periodic expression of the cdc15 gene. FEBS Letters 481, 105-108.

285



Appendix I: Oligonucleotides

Lab number
GO 46 5- CAC GCC TGG CGG ATC TG-3
GO 47 5- CTA AAC TCA CAA ATT AGA GC-3'
GO 398 5-GCAACG GTT GCT AGG GAC-3
GO400 5-GTT GCT AGG GAC GGT TGT C-3
GO 568 5-GGG GGA TCC GAATGA CTG TTC GCA GAC TC-3'
GO569 5-GGG CTC TCG AGC ACT ACT TTT AAC ATT-3’
GO570 5-CCGCCC CGG GGATGAATT TTAATT CTACTAACC CT-3
GO 571  5-CCCTCTCGAG CTTAGAATAG TGTTGAAGTTTGA CG-3’
GO 572 5-GCGCCC CGG GGATGGATATTAATC CTC CTC CT-3
GO 573 5-GGGCT CTCGAG CTTAAGGGG CATTTCG TTCAAT-3’
GO 588 5-TCGAGT TCC TGG TAG TCG ATT TCA GGA AAA GAG TAAACATGT TTG TTT
ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CAACTA
TCT GAG TGC ACAATAC-3’
GO 589 5-TCGAGT ATT GTG CAC TCA GAT AGT TGG TTG TTG CTA GGG ACG GTT GTC
ACC GCA GTA GTC GCA GTA AAC AAA CAT GTT TAC TCT TTT CCT GAAATC
GAC TAC CAG GAAC-3
GO590  5-TCGAGT ATT GTG CAC TCA GAT AGAAGG TTG TTG CTA GGG ACG GTT GTC
ACC GCA GTA GTC GCA GTA AAC AAA CAT GTT TAC TCT TTT CCT GAAATC
GAC TAC CAG GAA C-3
GO591  5-TCGAGT TCC TGG TAG TCG ATT TCA GGA AAA GAG TAAACATGT TTG TTT
ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CTT CTATCT
GAG TGC ACAATAC-3
GO701 5-TCGAGTATT GTG CAC TCA GAT AGG CAA CGG TTG CTA GGG ACG GTT GTC
ACC GCA GTA GTC GCA GTA AAC AAA CAG TGG GGT TCT TTT CCT GAA ATC
GAC TAC CAG GAA C-3
GO702 5-TCGAGTTCC TGG TAG TCG ATT TCA GGA AAA GAACCC CACTGT TTG TTT

ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC CGT TGC CTATCT
GAG TGC ACAATAC-3
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GO 703

GO 704

GO 708
GO 709
GO 710
GO 711
GO 712
GO 713
GO 714
GO 715

5.

5.

TCG AGT ATT GTG CAC TCA GAT AGT TGG TTG TTG CTA GGG ACG GTT GTC

ACC GCA GTA GTC GCA GTA AAC AAA CAG TGG GGT TCT TTT CCT GAA ATC

GAC TAC CAG GAAC-3

ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CAACTA
TCT GAG TGC ACAATAC-3

- GGCAGTCTAAGAAAGGATCGAA-3'

- TACTGCGACTACTGCGGTGA-3'

- CAACGATAACAAAGACGCATT-3’

- AGCAATTGTGCTGTTGGTGT-3'

- CGAATTTACTGAAATTTTTGCAC-3'
- CACTCGCCATTTGGTATTTG-3'

- TGCCGATCGTATGCAAAAGG-3’

- CCGCTCTCATCATACTCTTG-3'

TCG AGT TCC TGG TAG TCG ATT TCA GGA AAAGAACCC CACTGT TTG TTT
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Appendix II: Strains

Schizosaccharomyces pombe strains:

Lab number

GG 217 h- 972

GG 218 h* 975

GG 308 h- cdc25-22

GG 313 ht sep1-3HA:kanR

GG 504 h- mbx1-13myc:kanR ade6-M210 his7-366

GG 507 h- fkh2-13myc:kanR ade6-M210

GG 511 h- fkh2::kanR

GG 513 h- mbx1::kanR ade6-M210 his7-366

GG 515 h- sept:ura4

GG 527 h- mbx1-13myc:kanR ade6-M210 his7-366 pIRT2u:mbx1*
GG 539 ht fkh2-3HA:kanR pUR19:fkh2*

GG 555 h- fkh2-3HA:kanR plo1-ts35

GG 558 h* fkh2-3HA:kanR

GG 704 ht leut:nmt41:plo1-3HA plo1::his3* his3-D1 adeb-
GG 743 ht mbx1-13myc:kanR cdc25-22

GG 745 ht fkh2-3HA:kanR cdc25-22

GG 756 h- fkh2::kanR cdc25-22 Buck et al (2004) JCS 117: 5623
GG 767 h- sep1-13myc:kanR

GG 776 ht sep1:kanR cdc25-22 Buck et al (2004) JCS 117: 5623
GG 1030 ht sep1-3HA:kanR fkh2-13myc :kanR ade6-M210
GG 1032 h- sep1-3HA:kanR mbx1-13myc:kanR his7-366

GG 1035 h- mbx1-13myc:kanR fkh2-3HA:kanR his7-366

GG 1040 h- sep1:.ura4* fkh2-3HA:kanR

GG 1044 ht fkh2::kanR sep1-3HA:kanR

GG 1045 ht fkh2::kanR sep1-3HA:kanR

GG 1047 h-* mbx1::kanR fkh2-13myc:kanR ade6-M210

GG 1051 h- fkh2::kanR sep1-3HA:kanR

GG 1052 h- fkh2::kanR sep1-3HA:kanR

GG 1055 h- fkh2::kanR sep1-3HA:kanR

GG 1060 h- fkh2::kanR sep1-3HA:kanR

GG 1069 h/* mbx1::kanR his7-366

GG 1097 ht leu1:nmt41:plo1-HA plo1::his3* cdc25-22 his3-D1
GG 1110 h- plo1-3HA:kanR

GG 1118 ht sep1-13myc:kanR cdc25-22

*All were leu1-32 ura4-D18 unless otherwise stated. ade6- is either ade6-M210 or ade6-M216
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Bacterial strains

Lab number
GB 4 DH5a

F-omp ThsdS (rg- mg") dem*Tetga A (DE3) endAHte [argUileWleuWCam']
GB 455 BL21 DE3 codon (+)-RIL

SUpE44A lacU169 (¢80/acZAM15) hsdR17recAlendA1 byrA96thi1relA1

Bacterial vectors

Lab number

GB 10 pSPA178 Lowndes et al (1992) Nature 355: 449
GB 12 pET-28-a(+)

GB 159 pGEX-KG Guan and Dixon (1991) Anal. Biochem. 192: 262
GB 194 pSPA178.15UAS Anderson et al (2002) EMBO J 21: 5745
GB 329 pBTM116-plo1* Reynolds and Ohkura (2002) J. Cell Sci. 116: 1377
GB 331 pACT2

GB 332 pBTM116

GB 333 pBTM116-plo1.K69R Reynolds and Ohkura (2002) J. Cell Sci. 116: 1377
GB 334 pBTM116-plo1.472-684 Reynolds and Ohkura (2002) J. Cell Sci. 116: 1377
GB 335 pBTM116-plo1.DHK625AAA  Reynolds and Ohkura (2002) J. Cell Sci. 116: 1377
GB 344 pSPA178.15UAS.MUT Buck et al (2004) J. Cell Sci. 117: 5623

GB 403 pCR2.1-fkh2*

GB 417 pET-28-c (+)-fkh2*

GB 425 pET-28-a (+)-sep*

GB 438 pACT2-fkh2*

GB 441 pGEX-KG-sep1*

GB 442 pACT2-sep1*

GB 444 pCR2.1-sep1*

GB 445 pCR2.1-mbx 1+

GB 447 pACT2-mbx1*

GB 448 pGEX-KG-mbx 1+

GB 469 pSPA178.15UAS.MUT2

GB 471 pSPA178.15UAS.MUT4

GB 475 pSPA178.15UAS.MUT3

GB 520 pGAD GH-sck1* Reynolds and Ohkura (2002) J. Cell Sci. 116: 1377

Saccharomyces cerevisiae strains

Lab number

GGBY 138 CTY105d (lexA)
MATa URA3::lexA-lacZ met- his3 ade2 trp1 leu2 gal4-D gal80-D Reynolds and Ohkura (2002)
J. Cell Sci. 116: 1377
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Appendix lll: Media

Fission yeast media

EMM

D-Glucose

Ammonium chloride

Magnesium chloride-6-hydrate

Sodium sulphate

Calcium chloride

Potassium hydrogen phthlate

Di-sodium hydrogen orthophosphate anhydrous

Vitamins

Vitamins
Trace

Vitamins

Inositol

Nicotinic acid

Calcium pantothenate
Biotin

gllitre

20

)

1

0.1
0.015
3

1.8

ml/EMM litre

0.5
0.005

Aliquot into 5 mlin 15 ml centrifuge tubes and store at -20°C. Microwave to defrost.

Trace

Boric acid
Manganese sulphate
Zinc sulphate

Ferric chloride
Molybdic acid
Copper sulphate
Citric acid

Potassium iodide

9/200 ml

1
1.04
0.8
04
0.288
0.08
2
0.02

Aliquot into 5 mlin 15 ml centrifuge tubes and store in the fridge.

Adenine
Uracil

225 pg/ml in EMM
225 pg/mlin EMM
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Amino acids

Leucine 150 pg/mlin EMM
Histidine 150 pg/mlin EMM

For uracil and adenine prepare a 7.5 g/l stock solution in dH2O, while for leucine and histidine
prepare a 3.75 g/l stock solution in dH20. Autoclave stock solutions to sterilise.

YE gllitre
D-Glucose 30
Bacto-yeast extract S
Adenosine 0.225
Uracil 0.225

To make solid media, add 8 g of Bacto agar in every 400 ml of YE.

ME media 9/300 ml
Malt extract 9
Bacto agar 6

Prepare fresh plate for mating each time. An autoclaved bottle of ME can be stored on the bench for
months.

Budding yeast media

SD-Trp-Leu-His-Ura gllitre
Yeast Nitrogen base w/o amino acids 6.7
CSM-Trp-Leu-His-Ura 0.61
D-Glucose 20

pH to 5.8 and autoclave. To make solid media, add 8 g of Bacto agar in every 400 ml of SD-Trp-Leu-
His-Ura.

Uracil 35 ug/ml
Amino acids

Tryptophan 80 ug/ml
Leucine 80 pg/ml
Histidine 20 ug/ml

Whenever necessary, SD-Trp-Leu-His-Ura media was supplemented with one or more amino acids
and/or uracil from 7.5 g/l or 3.75 g/l stock solutions.
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Appendix IV: Vectors

|I.‘.'PRGSPGISGGGGGILDSMGRLI|
CTG GTTCCG CGTGGATCCCOG GGA ATTTCC GEGTGGTGETGETGGA ATT CTA GAC TCC ATG GGTCGA CTC GAG l

s
I Baml-ﬂl s I EcoRI I . I Neol I -Safll I Xhal |
LI LI

; Tth111 |
Aat 1l

pBR322
arl

Plasmid map of the pGEX-KG cloning and expression vector

The pGEX-KG vector carries an N-terminal GST-tag sequence followed by a thrombin cleavage site
and unique restriction sites are shown on the circle map. The single-letter symbols of amino acids in-
frame with the GST-tag are indicated above the nucleotide sequence together with unique restriction
sites within the multiple cloning site. The locations of genes for ampicillin resistance (AmpR) and Lac

repressor (Lacl?) are indicated (adapted from Guan and Dixon, 1991).
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PET-28a(+) sequence landmarks

T7 promoter 370-386
TT transcription start 369
His*Tag coding sequence  270-287
T7+Tag coding sequence 207-239

Multiple cloning sites

(BamH 1 - Xhol) 158-203

His*Tag coding sequence  140-157

T7 terminator 26-72

lacl coding sequence 773-1852

pBR322 origin 3286

Kan coding sequence 39954807 Pvu l(4426)
f1 origin 4903-5358 Sgf l(4426)

The maps for pET-28b(+) and pET-28c(+)
are the same as pET-28a(+) (shown) with
the following exceptions: pET-28b(+) is a Nru I{4083)
5368bp plasmid; subtract 1bp from each site

beyond Bam 1 at 198. pET-28¢(+) is a Pﬁ};@u@g(“)
5367bp plasmid; subtract 2bp from each site
beyond BamH 1 at 198. EcoS7 kaT72)

BspLU11 l(3224)
Sap l(3108)
Bst1107 l(2995)

Tth111 I(2969)

T7 promoter primer #69348-3
el ol 3
T upsiream primer #60214-3
e o 1 L lac _bal _tbs_
AGATCTCRATLC AATTAATACGACTCACTAT TTGTGAGCGCATAACAATTCCCCTCTAGAAATAATTTTETTTAACTTTAAGAAGGAGA
Neol His-Tag _Ndel _Nhel 7
TATACCATGGGCAGCAGCTATCATCATCATCATCACAGCAGCGGCCTERTECCRCECGECAGCCATATEGCTAGCATGAC TEGTGEACABTAA
MetGlySerSerHisHisHisHIsHI lHIlWhrﬁlEmiﬂlkﬂ:ﬁl&rm sMetAloSerMetThrElyGlyGInGin
Eag| thrombin
BamH | EcoRl| Sacl  _Sall Hipd Il __Notl | His+’

— BamH | __Notl  Xhol
ATGGGTCECGEATCCEAATTCEAGCTCCETCGACAAGCT TGCGGCCRCACTCRAGCACCACCACCACCACCACTGAGATCCEECTECTAACAAAGCCC pET-28a(+)
MetGiyArgG|ySersiuPheG | uLeuArgArgGinAlaCysGiyArgThrArghloProProProProProlevArgSert|yCysEnd

.. .GGTCEGEATCCGAATTCEAGC TCCETCEACAAGC TTECEECCECAC TCGAGCACCACCACCACCACCACTEGAGATCCGECTGCTAACAAAGECC pET-28b(+
.. GlyArgAspProAsnSerSerServal AspLysLeuA oAl oA aLeut | uH isHish i sHisHisHisEnd

.. .GETCEGATCCBAATTCGAGCTCCGTCBACAAGC TTECGECCGCACTCEAGCACCACCACCACCACCACTEAGATCCGGCTRCTAACAAAGCEE pET-28¢(+
...GBlyArgl leArgl leArgAloProSerThrSerLeuArgProH | aSerSer ThrThrThrThrThrThrElul leArgleuleuThrlysPro. . .

1021 T7 terminator
GAAAGGAAGCTGAGTTEGCTECTGCCACCECTGAGCAATAACTAGCATAACCCCTTEGEGECCTCTAAACGEGTCTTGAGGGRTTTITTG

;e
T7 terminator primer #69337-3

pET-28a-c(+) cloning/expression region

Plasmid map of the pET-28a-c (+) cloning and expression vector system

The pET-28a-c (+) vectors carry an N-terminal His-Tag®/thrombin/T7-Tag® configuration plus an
optional C-terminal His-Tag sequence. Unique restriction sites are shown on the circle map. The
cloning/expression region of the coding strand transcribed by T7 RNA polymerase is shown in more

detail in the box (adapted from www.novagen.com).
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_." ‘D Tir Pra Tyr As@ Vel P Asp Tpe Ala
.ﬂ.ﬂ.ﬂ CCA ARA AMA GAG ATC TETATE GCT TAC CCA TAC GAT BTT CCA GAT TAC BCT ABC TTG

Bl
AlE Ir“ Sap

GGT GET Eﬁ ﬁlﬁﬁwﬁ thLILC_Eﬁ_EE ATC CEA ATT CGA BT O34 GAS ATC TAT GA
Neal ﬁ#‘ “BawHll  EcoR o= Khol  Soil®

ol
LI [
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SARTO=NG KER 1Al LD
W B i) gl

Plasmid map of the pACT2 AD cloning and expression vector

pACT2 is a shuttle vector that propagates in both E. coli and S. cerevisiae and carries the bla gene
as an E. coli ampicillin resistant marker and the LEUZ2 gene as a budding yeast nutritional marker.
pACT2 contains DNA sequence encoding the GAL4 AD (amino acids 768-881), an HA epitope tag
and a downstream multiple cloning site (MCS), allowing expression of the gene of interest as a GAL4
AD-fusion protein from the constitutive ADH1 promoter (P); transcription is terminated at the ADH1
transcription termination signal (T) (adapted from www.clontech.com). The cloning/expression region
containing the MCS is shown below the map; unique restriction sites are in bold. * denotes that the

Bgl Il site is not unique.
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Plasmid map of the pBTM116 cloning and expression vector

pBTM116 is a shuttle vector that propagates in both E. coli and S. cerevisiae and carries an E. coli
ampicillin resistant marker and the TRP1 gene as a budding yeast nutritional marker. pBTM116
contains the complete lexA sequence under the control of the ADH1 promoter. Fusion proteins are
constructed following cloning within the following sequence (Paul Bartel and Stanley Fields, State

University of New York):

GAA TTC CCG GGG ATC CGT CGA CCT GCA Gcc*
EcoRl Smal BamH|l  Sall Pstl

* triplets represent the reading frame relative to lexA
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Appendix V: Aberrant mating of mbx1A

cells

mbx14
GG 1069

alone

mbx14 cells are able to mate with either h- or h* cells, and themselves. mbx1A cells alone or mixed with either h*
(GG 218) or h- (GG 217) wild-type S. pombe cells were plated on solid ME medium and incubated for 2-3 days at 25°C to
allow mating to take place. Four spore zygotic asci were observed in all cases, showing that mbx1A cells are able to
cross with h- or h* cells, as well as with themselves. The annotation GG refers to the Glasgow laboratory fission yeast
collection number. Black arrows denote zygotic asci.

296



Appendix VI: Differential growth of

fkh2A cells on rich and minimal media

fkh24
GG 511

fkh2A sep1-HA
GG 1044

fkh2A sep1-HA
GG 1045
fkh2A sep1-HA
GG 1051

fkh2A sep1-HA
GG 1052

fkh2A sep1-HA
GG 1055

fkh2A sep1-HA
GG 1060

fkh2A cells display slow growth and septation defects upon growth on rich (YE) but not on minimal (EMM) solid
medium. Various isolates of fkh2A or fkh2A sep1-HA cells were grown on either rich (YE) or minimal (EMM) solid media
at 25°C. fkh2A or fkh2A sep1-HA cells grew more slowly on solid YE than on solid EMM. In addition, these cells formed
abnormal colonies and displayed septation defects only when grown on solid YE. The annotation GG refers to the
Glasgow laboratory fission yeast collection number.
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Appendix VII: Positions of PCB and
forkhead sequences in promoters of M-

G1 transcribed genes

Motif Gene Position sequence
GNAACR spo12 -341:-336 gg9cgGTAACAgtaa
GNAACR spo12* -29:-24 tttaGCAACAtttg

spo12 -311:-305 gaat cagt
TGTTTAY spo12: -497 : -491 aatgTGTTTACtagt
TGTTTAY spo12* -147:-141 HtTGTTTATttac
GNAACR cdc15* -138:-133 atagGCAACGgttg
cdc15* -98:-92 cgca aaca
TGTTTAY cde15t -87:-81 aacaTGTTTACtctt
GNAACR plo1+ -14:-9 gttaGAAACAaata
TGTTTAY plot* -50:-44 acttTGTTTACcctc
GNAACR fkh2+ -208 :-203 aataGCAACGataa
GNAACR fkh2* -85:-80 gctgGCAACGgaag
fkh2* -604 : -598 gtga gttg
fkh2+ A41:-35 gtaa caca
TGTTTAY fkh2* -228:-222 tgatTGTTTACaaaa
GNAACR sid2+ -408 : -403 tataGAAACAtctc
sid2 -98:-92 tgcc aaac
TGTTTAY sid2* -32:-26 tggaTGTTTACgata
GNAACR slp1+ -289:-284 aacaGCAACAacaa
slp1* -693 . -687 tatt aatc
TGTTTAY spt* -780:-774 ctctTGTTTATttac
TGTTTAY slp1* -353 :-347 gattTGTTTACgaaa
GNAACR ace2* -389 :-384 tttgGCAACAaaag
GNAACR ace2* -241:-236 cataGCAACGgagt
GNAACR ace2* -188:-183 tgctGTAACAaaca
ace2* -375:-369 gtaa atcc
ace2* -304 :-298 caat aata
ace2+ -220:-214 tgat aata
ace2* 12:6 ctaa agac
TGTTTAY ace2* -464 : -458 atccTGTTTATtagt
TGTTTAY ace2* -355:-349 tctgTGTTTACactt

Positions of the PCB and forkhead sequences found within the promoters of S. pombe M-G1 transcribed genes.
The RSAT web resource was used to search for PCB and forkhead sequences within spo12+, cdc15*, plo1+, fkh2*, slp 1+,
ace2* and sid2* promoter regions. Red denotes PCB sequences (GNAACR consensus). Forkhead sequences are shown
in blue for TGTTTAY and for RTAAACA. In each case, numbers denote the position of each motif relative to the
initiating ATG. R stands for Gor A, Y for C or Tand N for G, C, T or A.
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Appendix VII: Antibodies

A GG 513 GG 217 B GG513  GG217

~ 50 kDa — S ~50kDa —|
~35kDa — —
C GG 511 GG 217 D GG 515 GG 217 GB 441
~ 105 kDa — = [* GST-Seplp
e | —
~75kDa —
i
e .
~35kDa —|— - . . _
[———
E GB441 GB12 GB425
~105kDa — | e GST-Sepip
~75kDa— . " [€ 6HIS-Sep1p
-
——
| — -

Western blot analysis of (A-D) soluble protein extracts from wild-type S. pombe cells and (D-E) bacterially
expressed and purified GST-/HIS-fusions of Sep1p to test the specificity of custom made Mbx1p, Fkh2p and
Sep1p antibodies. (A-D) S. pombe wild-type (GG 217) extracts were analysed by SDS-PAGE, followed by Western
blotting, with affinity purified rabbit polyclonal Mbx1p (A), Fkh2p (C), Sep1p (D) antibodies and 3rd bleed sheep
polyclonal GST-Mbx1p antisera (B) to detect the respective proteins. mbx14 (GG 513), fkh2A (GG 511) and sep14 (GG
515) fission yeast extracts were used as negative controls. (D-E) Overexpressed and purified GST-/6HIS-Sep1p
prepared from BL21 CodonPlus (DE3)-RIL cells transformed with pGEX-KG-sep1+ (GB 441)/pET-28-a (+)-sep1* (GB
425) was analysed by Western blotting with rabbit polyclonal Sep1p antibody. Overexpressed protein fractions prepared
from bacterial cells transformed with empty pET-28-a (+) vector (GB 12) were used as negative control. Protein
molecular masses are indicated in kDa. Black arrows indicate full-length GST-Sep1p and 6HIS-Sep1p.

299



	Declaration
	Acknowledgements
	Abstract
	Contents
	Index of figures
	Index of Tables
	Supporting publications
	Abbreviations
	Chapter 1
	1.1 Introduction
	1.2 The budding and fission yeasts: powerful models for biological studies
	1.2.1 S. pombe and S. cerevisiae life cycles 
	1.2.2 Yeasts as models for the study of the eukaryotic cell cycle: a historical overview 

	1.3 The eukaryotic cell division cycle
	1.3.1 Mechanisms of eukaryotic cell cycle control 
	1.3.2 Cell cycle control in fission yeast 
	1.3.2.1 G1-S transition 
	1.3.2.2 Onset of S phase 
	1.3.2.2.1 Replication origins
	1.3.2.2.2 Pre-RC assembly and regulation of licensing at origins 
	1.3.2.2.3 Initiation of DNA replication

	1.3.2.3 Onset of mitosis (G2-M transition) 
	1.3.2.4 M phase
	1.3.2.5 Mitotic exit and cytokinesis

	1.3.3 Cell cycle control in budding yeast: an overview
	1.3.3.1 Mitotic exit network (MEN)


	1.4 Eukaryotic transcription
	1.4.1 Transcription by RNA polymerase II (Pol II) 
	1.4.1.1 Initiation of transcription-preinitiation complex (PIC) assembly 
	1.4.1.2 Regulation of transcription initiation
	1.4.1.2.1 Srb/Mediator 
	1.4.1.2.2 Specific transcription factors: activators and repressors
	1.4.1.2.3 MADS-box transcription factors
	1.4.1.2.4 Forkhead/HNF-3 transcription factors 
	1.4.1.2.5 Mechanisms of transcriptional activation and repression



	1.5 Cell cycle-regulated transcription in the budding and fission yeasts 
	1.5.1 S. cerevisiae M-G1, G1, S and G2-M gene clusters and their regulation 
	1.5.1.1 M-G1 specific gene clusters
	1.5.1.2 G1 phase-specific gene cluster
	1.5.1.3 S phase-specific gene clusters 
	1.5.1.4 G2-M specific gene cluster

	1.5.2 S. pombe G1-S, S, G2 and M-G1 gene clusters and their regulation 
	1.5.2.1 G1-S specific gene cluster
	1.5.2.2 S phase-specific gene cluster
	1.5.2.3 G2 phase-specific gene cluster 
	1.5.2.4 M-G1 specific gene clusters 


	1.6 Conserved aspects of the cell cycle transcriptional circuitry 
	1.7 Aims of work
	2.1 Materials
	2.1.1 Chemicals 
	2.1.2 DNA
	2.1.3 Bacteria strains and plasmid vectors
	2.1.4 S. pombe strains and plasmid vectors
	2.1.5 Budding yeast strains and plasmid vectors
	2.1.6 Bacterial media
	2.1.7 Fission yeast media
	2.1.8 Budding yeast media
	2.1.9 Equipment 
	2.1.10 Computational databases 

	2.2 Methods
	2.2.1 Manipulation of bacterial cells
	2.2.2 Preparation of competent bacterial cells 
	2.2.3 Electro-transformation of bacteria
	2.2.4 Heat-shock transformation of bacteria
	2.2.5 Preparation of S. pombe competent cells 
	2.2.6 Electro-transformation of competent S. pombe cells
	2.2.7 Preparation of competent S. cerevisiae cells
	2.2.8 Lithium acetate transformation of competent S. cerevisiae cells
	2.2.9 DNA Manipulation
	2.2.9.1 Purification of plasmid DNA from bacterial cultures
	2.2.9.2 Preparation of S. pombe genomic DNA 
	2.2.9.3 Quantification of nucleic acids by spectrophotometry
	2.2.9.4 Polymerase chain reaction
	2.2.9.4.1 PCR using Taq DNA polymerase 
	2.2.9.4.2 PCR using VentR DNA polymerase
	2.2.9.4.3 PCR using Expand High Fidelity PCR system

	2.2.9.6 Restriction digestion and generation of blunt-ended DNA fragments 
	2.2.9.7 Dephosphorylation of digested plasmid
	2.2.9.9 Phosphorylation of DNA with 5’ protruding ends
	2.2.9.10 DNA fragment purification
	2.2.9.11 Ligations
	2.2.9.12 Cloning of PCR products into the pCR® 2.1 vector 
	2.2.9.13 RT-PCR and S. pombe cDNA synthesis
	2.2.9.14 Preparation of radio-labelled DNA probe

	2.2.10 RNA Manipulation 
	2.2.10.1 Preparation of total RNA
	2.2.10.2 mRNA purification
	2.2.10.3 Formaldehyde gel electrophoresis of RNA
	2.2.10.4 Northern blot 
	2.2.10.4.1 RNA transfer by capillary action
	2.2.10.4.2 RNA hybridisation with radio-labelled DNA probe 
	2.2.10.4.3 Quantification of Northern blots


	2.2.11 Protein Manipulation in E. coli
	2.2.11.1 Growth of bacterial cells for protein induction
	2.2.11.2 Preparation of bacterial protein extracts
	2.2.11.3 Column purification of GST-tagged proteins 
	2.2.11.4 Column purification of HIS-tagged proteins
	2.2.11.5 Determination of protein concentration
	2.2.11.6 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
	2.2.11.7 Dialysis of protein samples
	2.2.11.8 Concentration of protein samples
	2.2.11.9 GST pull-down
	2.2.11.10 TCA (tri-chloroacetic acid) precipitation
	2.2.11.11 Immunoblotting using Enhanced Chemiluminescence (ECL) 

	2.2.12 Protein Manipulation in S. pombe
	2.2.12.1 Preparation of protein extracts for immunoprecipitation and Western blotting
	2.2.12.2 Immunoprecipitation
	2.2.12.3 Chromatin Immuno-Precipitation assay (ChIP)
	2.2.12.3.1 Fixation of S. pombe cells 
	2.2.12.3.2 Preparation of S. pombe chromatin extracts
	2.2.12.3.3 Immunoprecipitation of chromatin extracts 
	2.2.12.3.4 Cross-linking reversal and purification of DNA 


	2.2.13 Random Spore analysis in S. pombe
	2.2.14 Tetrad analysis in S. pombe
	2.2.15 Light and Microscopic Observations of S. pombe Cells
	2.2.16 Yeast Two-Hybrid System
	2.2.16.1 X-gal overlay assay
	2.2.16.2 Quantitative β-galactosidase assay



	Chapter 3
	Analysis of the role of cis- and trans- acting elements in regulation of M-G1 specific transcription in fission yeast 
	3.1 Introduction
	3.1.1 M-G1 specific transcription in S. pombe
	3.1.2 Regulation of M-G1 specific transcription

	3.2 Role of the PCB sequence in M–G1 specific transcription in S. pombe
	3.2.1 Construction of pSPΔ178.15UAS.MUT and pSPΔ178.15UAS.MUT2 reporter plasmids
	3.2.1.1 The pSPΔ178 reporter plasmid
	3.2.1.2 pSPΔ178.15UAS.MUT and pSPΔ178.15UAS.MUT2 constructs

	3.2.2 Requirement of the PCB sequence for M-G1 specific transcription in fission yeast 

	3.3 Role of the Fkh2p and Sep1p transcription factors in regulation of M–G1 specific transcription in S. pombe  
	3.4 Role of the TGTTTAC forkhead-related motif in M–G1 specific transcription in S. pombe
	3.4.1 Construction of pSPΔ178.15UAS.MUT3 and pSPΔ178.15UAS.MUT4 reporter plasmids
	3.4.2 Requirement of TGTTTAC sequence for M-G1 specific transcription of cdc15+
	3.4.3 Comparative analysis of lacZ mRNA levels upon mutation of the PCB, the TGTTTAC or both the PCB and the TGTTTAC sequence

	3.5 Summary
	4.1 Introduction
	4.2 Co-immunoprecipitation analysis of interactions between Sep1p, Mbx1p and Fkh2p  
	4.2.1 Construction of double tag strains sep1-3HA fkh2-13myc, sep1-3HA mbx1-13myc and fkh2-3HA mbx1-13myc
	4.2.1.1 The sep1-3HA fkh2-13 myc double tagged strain
	4.2.1.2 The sep1-3HA mbx1-13myc double tagged strain
	4.2.1.3 The fkh2-3HA mbx1-13myc double tagged strain

	4.2.2 Co-immunoprecipitation analysis of sep1-3HA fkh2-13myc protein extracts reveals an in vivo interaction between Sep1p and Fkh2p
	4.2.3 Co-immunoprecipitation analysis of sep1-3HA mbx1-13myc protein extracts reveals no in vivo interaction between Mbx1p and Sep1p
	4.2.4 Co-immunoprecipitation analysis of fkh2-3HA mbx1-13myc protein extracts reveals no in vivo interaction between Mbx1p and Fkh2p

	4.3 GST pull down analysis of interactions between Sep1p, Mbx1p and Fkh2p 
	4.3.1 Cloning of sep1+, mbx1+ and fkh2+
	4.3.2 Generation of GST-tagged versions of sep1+ and mbx1+ 
	4.3.3 Generation of HIS-tagged versions of sep1+ and fkh2+ 
	4.3.4 Bacterial overexpression of GST-fusion proteins
	4.3.5 Bacterial overexpression of HIS-fusion proteins
	4.3.6 Purification of GST-fusion proteins
	4.3.7 Purification of HIS-fusion proteins
	4.3.8 GST pull down unravels a direct in vitro interaction between Sep1p and Fkh2p

	4.4 Summary
	5.1 Introduction 
	5.1.1 Polo-like kinases
	5.1.2 Plo1p: a regulator of mitotic events and M-G1 transcription

	5.2 Two-Hybrid analysis of interactions between Plo1p and PBF components Mbx1p, Sep1p and Fkh2p
	5.2.1 Cloning of sep1+, fkh2+ and mbx1+ into the pACT2 prey vector
	5.2.2 Plo1p interacts with Mbx1p but not Fkh2p or Sep1p in the Two-Hybrid assay  
	5.2.3 The Two-hybrid interaction between Plo1p and Mbx1p requires both the kinase and the polo-box domains

	5.3 Co-immunoprecipitation analysis of the interaction between Plo1p and Mbx1p
	5.3.1 Mbx1p co-immunoprecipitates with Plo1p from mbx1-13myc fission yeast extracts
	5.3.2 Mbx1p co-immunoprecipitates with Plo1p throughout the mitotic cell cycle

	5.4 Summary

	In vivo analysis of Fkh2p, Sep1p, and Plo1p binding to the promoters of M-G1 transcribed genes 
	6.1 Introduction 
	6.2 ChIP analysis of interactions of PBF components and Plo1p with the promoters of genes transcribed during M-G1 phase
	6.2.1 Fkh2p, Sep1p and Plo1p bind in vivo to the promoters of genes transcribed during M-G1 phase 
	6.2.2 Requirement of Plo1p, Mbx1p and Sep1p for Fkh2p promoter binding in vivo
	6.2.3 Cell-cycle-specific binding of Fkh2p, Sep1p and Plo1p to the PCB promoter regions of M-G1 transcribed genes 

	6.3 Summary
	7.1 General discussion 
	7.2 Future Work
	7.2.1 Elucidation of the role of the GTAAACA sequence in M-G1 specific transcription of cdc15+ 
	7.2.2 Significance of plo1+ and fkh2+ M-G1 specific transcription in cell cycle controls
	7.2.3 Identification of Plo1p phosphorylation site(s) in Mbx1p 
	7.2.4 Role of Mbx1p phosphorylation by Plo1p in regulation of M-G1 specific transcription
	7.2.5 In vivo analysis of Sep1p and Plo1p promoter association dependencies 
	7.2.6 Genome-wide analysis of Plo1p, Fkh2p, Sep1p and Mbx1p promoter binding sites

	References
	Appendix I: Oligonucleotides
	Appendix II: Strains
	Appendix III: Media
	Appendix IV: Vectors
	Appendix V: Aberrant mating of mbx1Δ cells
	Appendix VI: Differential growth of fkh2Δ cells on rich and minimal media
	Appendix VII: Positions of PCB and forkhead sequences in promoters of M-G1 transcribed genes
	Appendix VIII: Antibodies


