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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+, slp1+, 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 green 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 
or T and N for G, C, T or A.  
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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 pSPΔ178 plasmids were created, one containing a cdc15+ promoter fragment with the 

mutated forkhead sequence and the wild-type PCB (pSPΔ178.15UAS.MUT3), while the other a 

fragment with the mutated forkhead sequence and the mutated PCB (pSPΔ178.15UAS.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 pSPΔ178.15UAS.MUT3 and pSPΔ178.15UAS.MUT4 reporter plasmids 

Standard molecular procedures were adopted to make the pSPΔ178.15UAS.MUT3 and 

pSPΔ178.15UAS.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 I), and cloned into the pSPΔ178 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 pSPΔ178.15UAS.MUT3 (GB 475) and one isolate of 

pSPΔ178.15UAS.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 pSPΔ178.15UAS.MUT3 and pSPΔ178.15UAS.MUT4 reporter constructs. (A-B) PCR 
analysis was performed to verify cloning of forkhead mut3 and PCB/forkhead mut4 DNA fragments into the XhoI site of 
pSPΔ178, yielding plasmid pSPΔ178.15UAS.MUT3 (GB 475) and pSPΔ178.15UAS.MUT4 (GB 471). Primers GO 46 
and GO 47, flanking the XhoI 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 pSPΔ178, 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, pSPΔ178.15UAS 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 pSPΔ178 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. 
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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 

pSPΔ178.15UAS.MUT3 or pSPΔ178.15UAS.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 pSPΔ178.15UAS.MUT3 or 

pSPΔ178.15UAS.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 pSPΔ178.15UAS.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 pSPΔ178.15UAS.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 pSPΔ178.15UAS, pSPΔ178.15UAS.MUT, pSPΔ178.15UAS.MUT2, 

pSPΔ178.15UAS.MUT3 or pSPΔ178.15UAS.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 lacZ 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 pSPΔ178.15UAS (wt), pSPΔ178.15UAS.MUT (PCB 
mut1), pSPΔ178.15UAS.MUT2 (PCB mut2), pSPΔ178.15UAS.MUT3 (forkhead mut3) or pSPΔ178.15UAS.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 lacZ 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 spo12+, 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 Sep1p 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-Nuñez 

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 lacZ 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.  
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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-Nuñez 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-Nuñez 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).  

mbx1Δ, fkh2Δ and sep1Δ 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 mbx1Δ rescues the slow 

growth phenotype of fkh2Δ, since mbx1Δ fkh2Δ grow at a similar rate to wild type cells. Moreover, 

strong overexpression of fkh2+ is lethal in wild-type cells but not in sep1Δ 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 mbx1+, 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 mbx1+ 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 Bähler 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 sep1-3HA fkh2-13 myc double tagged strain 

To generate the sep1-3HA: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 25ºC 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 36ºC 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 30ºC. Upon colony formation, cells were 

replica plated onto solid YE supplemented with G418 to select for the KanR marker.  

As revealed by G418 selection (Figure 4.1A), all possible types of tetrad were produced, 

including the parental ditype (KanR 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 KanR 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 sep1-3HA (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 sep1-3HA 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). 
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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 sep1-3HA: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 KanR marker segregating at a 2:2 ratio. (B) sep1-3HA: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. sep1-3HA (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 sep1-3HA 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+ sep1-3HA: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 KanR marker. Figure 4.2A shows 

all types of dissected tetrads, including the non-parental ditype (KanR marker segregating at a 2:2 

ratio; row A1-4) containing two G418-resistant progeny (A2 and A4) of the desired sep1-3HA: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 sep1-3HA 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 B    Back-cross to wt   GG 504 x GG 313 

 

Figure 4.2: Generation of a sep1-3HA 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) sep1-3HA 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 sep1-3HA 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 mbx1 , 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).  
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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, sep1-3HA 

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 4ºC prior to centrifugation to remove all proteins that might bind non-

specifically to the beads. The pre-cleared sep1-3HA fkh2-13myc and sep1-3HA protein extracts were 

then incubated with 2-3 μg of HA antibody (Table 2.1) for 3 h at 4ºC 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 fkh2-13myc 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).   

 

 

 

 

 171



 

 

 

 

 

 

 

 

 

 

Figure 4.4: Fkh2p co-immunoprecipitates with Sep1p from sep1-3HA fkh2-13myc S. pombe protein extracts. 
Sep1p-3HA was immunoprecipitated with antibody against HA (α-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 α-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 sep1-3HA 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 sep1-

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 (α-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 sep1-3HA 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 (α-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 sep1-3HA mbx1-13myc and sep1-3HA 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 (α-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 (α-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+, sep1+ 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 sep1+ DNA was amplified by PCR from S. pombe genomic DNA using primers 

GO 570 and GO 571 to introduce SmaI and XhoI 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 sep1+ (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 72ºC 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 

InVαF’ cells (Section 2.2.4). To allow for selection of successful transformants, cells were grown 

overnight at 37ºC 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 EcoRI alone yielded a ~2 kb 

DNA fragment corresponding to full-length sep1+, since no EcoRI site is present within sep1+, but 

pCR®2.1 contains two EcoRI sites flanking the sep1+ 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 sep1+ 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 sep1+ gene. (A) Lane 1, PCR amplified full-length 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 sep1+. Lane M, 1 kb DNA ladder 
(Promega). (C) Lane 1, BamHI/EcoRI restriction digest of pCR®2.1 vector containing full-length sep1+. BamHI cuts within 
the sep1+ 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 mbx1+ necessitated the use of mbx1+ 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 cDNA 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 SmaI and XhoI 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 mbx1+ 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 InVαF’ 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 SmaI and XhoI (Figure 4.9A), as well as with EcoRI and 

BamHI (Figure 4.9B). Restriction digest with SmaI and XhoI yielded an ~1.4 kb DNA fragment 

corresponding to full-length mbx1+ cDNA, since neither SmaI nor XhoI 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 mbx1+ 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 XhoI restriction sites at the 5’ and 3’ ends, respectively. The resulting PCR 

product was cloned into pCR®2.1 vector and transformed into InVαF’ 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.   
 

 

 

 

Figure 4.9: Cloning of S. pombe mbx1+ cDNA. (A) Lanes 1 and 2, SmaI/XhoI 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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ATGGATATTA ATCCTCCTCC TAGTACTGCT CCTTCATCTC CTCGCCGTTC T[GTATGTGCT 

ACATAGTGGT TTGGTTCCAT TCATACACCC CTTTTCTCCT CGCTAACGTA CCATTTAG]*1 AT 

ACAGCGTATT TCCGATGCAA AAAATAAGGC TCTTACTTTT AATCGTCGAC GACTTGGCTT 

GATAAAAAAA GCACATGAAC TCC
#
CCGTTTT GTGTGATGCT AAAGTGGTGG TCATGATTTT 

TGATTCTAAA AATGCTTGTC ACGTT[GTATG TTTCATATTT CCCGTTTTTC TGATCCTTTT 

CTGTCATATC CTTTCAATGT AAAGTGAATA CATTATAGGG AAGGTGATGA AGGTCAACAA 

CCAGAAAACG TGGCAATGTT TTTACAAGTT TTTAATATTA ACATACACCT CTTTAG]*2 TATT 

CTTCTGAGGA ACCGGAAGAG CAAAGAGATG CCTTGCTGCA AAAATTCCTG AACAAGGACT 

TTGTCACGGT TGACCCTCTG [GTAAGTCACT TATCAGCAAT CATTATGCTT GTCCTGTATT 

CTGTTTACTA ACATAATCCC TTGGGGAGAA AG]*3 AGAAACAT AAATCCTAAT ATACCATCTG 

ATGAATCCCT TCATAATTGG AGACCTAAAG ATAAGCGGAT TGCTTCTGTT ACCACATACA 

GTGCTCAACC TTCTAATAAT TGCTCTTCTG CTACCGACAG TGAAAATGAC TTTCAATCTT 

TCACGATCAA ATCCTCTACC ACGTACCATA CTACTCCAAC TACTGCAAGC GAGAACAAGA 

AAATAGAGTC GATTACCATA CCGGACCATG CGTCGGTTTA TAATGACCTT CCTCTTTCTC 

CAACAGTCAA ACATTCTTTT GTCTCTCCAG TTTCTGGAGA TTACTCTGAC TCACCTTTAG 

AACCGTCTTC TTCATCGTCT TTTTCTGTTC CTCCTGAATC GTTGAATCCT ACACTGTCTT 

TTCAACATAA TGATGTTCCG CAAACCGATA ATTTTATCCC TTTCCTTACT CCTAAGCGTC 

AAGCATATGG ACAATCATCT TCCCGAGCTG ATCGTAGCTC TGTTCGTCGC AGCCAATCTT 

TTAAAAATCG TCGTAATGGA AAACCGCGAA TATCCAGGCT GCATACTTCT CATGCTTCTA 

TTGACGGGCT AACTGATTTT ATTCAAAGTC CTTCTTCTGG TTATTTGGAT CCCAGCTCAA 

CACCTATAAC ACCTTTGGAC TCTGCTATAA ATCAAATTAC GCCTCCTTTT CTTCCCGATA 

ATTTGGGTCA AGAAAACCGT GGAGAATTAT ATTCTCACGA TAATCCTACT TCTATGGTAT 

ATGAACATCC AAAATTTGAT GAATTGCCCA ACGGATTTAT TGATACTCAT GAGTTGAACA 

TACTAAGTCG CTCATTTACA GCATCTCCTA ACCAAATTCT TCGCGAATCG AATATGGTTA 

ATCAAGACTC TTTTACCGAC AATCCAGTTG ATGCAACTTG GGATGCTTTA ATTGGTACAA 

CGCAAATTGA TTTAGATTTA GATTATGAGA GGTCATCAAT ACCCTCATCC ACTATTCCTG 

CTGATCAACT GAAAGACGGC GTCCCCACAA ATTCGGTATA TCGAAATAAC ATGGTTGATC 

ATAATTTATA TCCGTCTTTA AATATTGAAC GAAATGCCCC TTAA 

 

 

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 3rd intron.  # in yellow denotes T changed to C; silent mutation. This corrected sequence has been added to 
the Sanger pombe genomic data base (http://www.genedb.org/genedb/pombe/coordChanges.jsp).  
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4.3.2 Generation of GST-tagged versions of sep1+ and mbx1+  

sep1+ 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 SmaI and 

XhoI, the respective mbx1+ or sep1+ DNA fragment was gel extracted, purified and cloned into 

linearised pGEX-KG vector digested with SmaI and XhoI (Section 2.2.9.6). pGEX-KG containing 

either sep1+ 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 

SmaI/XhoI restriction digest of pGEX-KG containing either sep1+ (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). 

 

 

Figure 4.11: Cloning of the sep1+ and mbx1+ genes into the pGEX-KG expression vector. (A) Lanes 1 and 2, 
SmaI/XhoI restriction digest of the pGEX-KG expression vector containing full-length sep1+. Lane M, 1 kb DNA Ladder 
(NEB). (B) Lanes 1, 2 and 3, SmaI/XhoI 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 IV). 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 mbx1+ and sep1+ 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 37ºC 

with shaking, 1 ml of culture was added to 50 ml of fresh media. The culture was grown further at 

37ºC with shaking until the OD600nm 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 30ºC. 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 μl 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).  

 

  M   0 h  4 h  0 h  4 h    L    S     P 

 

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. 

 

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 sep1+ (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 

37ºC 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 OD600 of ~0.5 was reached. IPTG was added to a final 

concentration of 0.5 mM and the culture was grown at 30ºC 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 μl 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 42ºC 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 15ºC (Figure 4.16C), since 

high level 6HIS-Sep1p overexpression, observed upon induction with 0.5 mM IPTG at 30ºC over a 

short three hour period (Figure 4.16A and B), might itself have contributed to protein insolubility. 

Following 16 h IPTG induction at 15ºC, 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 μl 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).  

 189



 

 190

 

Figure 4.17: Purification of GST-fusion proteins. (A-C) GST-Mbx1p, GST-Sep1p 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 μl 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 μl 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).  

 

A B 

 

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 μl 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 μg 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 μg 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 μl 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; Bähler, 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 sep1+ 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 (Bähler, 

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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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-Nuñez 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 Plx1p, 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 p34cdc2/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; Bähler 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-Clb5p 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 plo1 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; Bähler et al., 1998b).  

As well as these functions, Plo1p also regulates M-G1 specific transcription. This is shown 

by the fact that plo1+ 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 plo1-

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 II 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 Gal4p, an S. cerevisiae transcriptional activator, 

since a chimera resulting from the fusion of the LexAp DBD with the Gal4p AD activates ectopic 

expression of β-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 Gal4p. 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 plo1+ 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 IV), allowing expression of 

each gene as a fusion protein with the Gal4p activation domain (Section 5.2.1). Cloning of plo1+, as 

well as of the plo1.K69R, plo1.DHK625AAA and plo1.472-684 plo1 mutants, into the pBTM116 bait 

vector (Appendix IV), 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 Gal4p transcription factor binds via its DNA binding domain (DBD) to the upstream 
activation sequence of the GAL1 promoter (UASG) 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 Gal4p activation domain, enabling transcriptional activation. LexA op denotes the lexA 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 ADH1 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 sep1+ was digested with SmaI and XhoI, whereas pCR®2.1 

containing fkh2+ was digested with BamHI and XhoI. Each DNA fragment was then gel extracted and 

purified before cloning into linearised pACT2 vector digested with either SmaI and XhoI (mbx1+ or 

sep1+) or BamHI and XhoI (fkh2+). Transformation of pACT2 containing sep1+, mbx1+ or fkh2+ into E. 

coli DH5α 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 SmaI/XhoI 

or a BamHI/XhoI 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-fkh2+ (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). 

 

 

Figure 5.2: Cloning of full-length sep1+ into pACT2 two-hybrid prey vector. (A) Lanes 1 and 2, SmaI/XhoI restriction 
digest of pCR®2.1 vector containing full-length sep1+. Lane M, 1 kb DNA Ladder (NEB). (B) Lane 1, purified fragment of 
SmaI/XhoI digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length sep1+, following SmaI/XhoI 
restriction digest of pCR®2.1 vector containing full-length sep1+, shown in (A). Lane M, 1 kb DNA Ladder (NEB). (C) Lane 
1, undigested circular pACT2 vector. Lane 2, SmaI/XhoI restriction digest of pACT2 vector containing full-length sep1+. 
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 mbx1+ into pACT2 two-hybrid prey vector. (A) Lanes 1 and 2, SmaI/XhoI 
restriction digest of pCR®2.1 vector containing full-length mbx1+. Lane M, DNA Molecular Weight marker X (Roche). (B) 
Lane 1, purified fragment of SmaI/XhoI digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length 
sep1+, following SmaI /XhoI restriction digest of pCR®2.1 vector containing full-length sep1+. Lanes 3 and 4, purified gel 
excised DNA fragment of full-length mbx1+, following SmaI/XhoI restriction digest of pCR®2.1 vector containing full-length 
mbx1+, shown in (A). Lane M, DNA Molecular Weight marker X. (C) Lanes 1, 2 and 3, SmaI/XhoI restriction digest of 
pACT2 vector containing full-length mbx1+. Lane M, DNA Molecular Weight marker X. (A-C) Sizes of DNA fragments are 
indicated.   
 

 

 

Figure 5.4: Cloning of full-length fkh2+ into pACT2 two-hybrid prey vector. (A) Lane 1, BamHI/XhoI restriction digest 
of pCR®2.1 vector containing full-length fkh2+. Lane M, 1 kb DNA Ladder (NEB). (B) Lane 1, purified fragment of 
SmaI/XhoI digested pACT2 vector. Lane 2, purified gel excised DNA fragment of full-length sep1+, following SmaI/XhoI 
restriction digest of pCR®2.1 vector containing full-length sep1+. Lane 3, purified fragment of BamHI/XhoI digested 
pACT2 vector. Lane 4, purified gel excised DNA fragment of full-length fkh2+, following BamHI/XhoI 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/XhoI 
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-sep1+, pACT2-fkh2+ and pACT2-mbx1+ constructs was co-

transformed with pBTM116-plo1+ (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 Gal4p AD can not alone stimulate lacZ transcription, 

pACT2-sep1+, pACT2-fkh2+ and pACT2-mbx1+ were co-transformed into budding yeast with empty 

pBTM116 vector (GB 332), pBTM116-plo1+ 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-plo1+ was co-transformed into 

CTY10-5d cells with pGADGH-sck1+ (GB 520), which expresses a fusion of the Gal4p 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 30ºC. 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 β-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 30ºC 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 β-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 plo1+ and either 

sep1+ or fkh2+, as well as in cells expressing plo1+, mbx1+, fkh2+ and sep1+ alone, even after 

overnight incubation at 30ºC. These observations suggest a specific in vivo interaction between 

Plo1p and Mbx1p.  

Following these results, a quantitative β-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:  

β-galactosidase activity (Miller Units) = 1000 x OD420 / (t x V x OD600) 

 

 204



 

The assay was performed in triplicate for two transformants of each S. cerevisiae 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 

       

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 mbx1+ (GB 447), 
fkh2+ (GB 438) or sep1+ (GB 442), fused to the Gal4p 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 plo1+. 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 plo1+ 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 β-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 plo1+ (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 β-galactosidase assay, together with two S. cerevisiae strains, the one containing 

pBTM116-plo1+ and pACT2-mbx1+ and the other pBTM116-plo1+ 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 30ºC 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 β-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). 

    A Bait vector Prey vector  

1 empty empty 

2 empty plo1+ 

         

 

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 plo1+ 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 -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 mbx1Δ 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 mbx1Δ (GG 513) protein extracts 

(2 mg of crude lysate/IP reaction) were incubated with 3-4 μl of Plo1p (HO) antibody (Table 2.1) for 3 

hours at 4ºC 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 mbx1Δ S. pombe extracts. Moreover, neither Plo1p nor 

Mbx1p-13myc is detected in mbx1-13myc 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 (α-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 mbx1Δ (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 α-
myc antibody. Immunoprecipitation assays of mbx1-13myc and mbx1Δ 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 l of YE were inoculated with a 10 ml pre-culture of mbx1-13myc cdc25-22 cells, and 

grown overnight at 25ºC. The cell culture was grown to mid-log phase at 25ºC and then transferred 

to 36ºC 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 (25ºC), 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 plo1+ genetically interacts with fkh2+, sep1+ 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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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-

Nuñez 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 

 

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, lavender 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  

ChIP 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 25ºC 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 

4ºC 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 4ºC 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+, fkh2+ and plo1+ promoters, respectively, while primer pair GO 714/GO 715 was used to 

amplify a fragment from the coding region of act1+ (Sections 2.2.9.4 and 2.2.9.4.1). Routinely, PCR 

amplification of IP DNA (1 μl) was performed with Taq Polymerase under optimal cycling parameters 

as follows: 95ºC for 2 min, 23-26 cycles of 95ºC for 1 min, 54ºC for 1 min and 72ºC for 1 min, and 

72ºC 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 ChIP 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, ChIP 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 act1 . 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 sep1-13myc 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 plo1 . 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 plo1+ 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 ChIP 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 p

+ + +

revious 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 

ChIP.    

In summary, a series of ChIP 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 plo1+ 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 IgG 
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 IgG 
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 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 fkh2-3HA 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 plo1+ 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 act1+ 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 IgG 
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 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 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. 

 
 

 

 

 

mouse IgG 

WCE 

     α-myc - 

- + - - α-H3 
- - + - 

beads + + + + 

cdc15+ 

fkh2+ 

plo1+ 

act1+ 

Sep1p-13myc 

 223



 

 

 

A B 
WCE 

WCE 
IP 

 

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 plo1+. 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 (plo1+) 
(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 IgG 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 act1+ 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 
plo1+. 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 plo1+ (Figure 6.2). As a negative control, primers were used to amplify a DNA fragment 
from the coding region of the act1+ 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. ChIP 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 sep1+ is sufficient to rescue the lethal 

phenotype caused by strong fkh2+ overexpression, deleting fkh2+ does not rescue the lethality of 

cells strongly overexpressing sep1+ (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 (25ºC) or the restrictive temperature (36ºC), 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 25ºC before splitting into two 400 ml cultures. One culture was immediately fixed with a final 

concentration of 1% formaldehyde for 30 min at 25ºC, while the other culture was transferred to 36ºC 

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 mbx1Δ fkh2-13myc (GG 1047) and sep1Δ fkh2-3HA 

(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 ChIP 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 mbx1Δ fkh2-13myc 
(GG 1047) cells to examine whether Fkh2p binds the promoters of cdc15+, fkh2+ and plo1+ 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 mbx1Δ fkh2-13myc cells. ChIP assays with cross-linked chromatin extracts from 
mbx1Δ 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 sep1Δ 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 act1+ 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 sep1Δ fkh2-3HA cells. ChIP assays with cross-linked chromatin extracts from sep1Δ 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, ChIP 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 ChIP 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 l 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 25ºC. Each cell culture was grown to mid-log 

phase at 25ºC and then transferred to 36ºC 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 (25ºC), 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+, fkh2+ and plo1+ in a cell cycle 

dependent manner. As shown by comparison of the ChIP 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 ChIP 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 plo1+ 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-Nuñez 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 Sep1p 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 plo1+ 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 fkh2+. 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 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 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 
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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 plo1+. 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 plo1+ promoters was detected by PCR. As a loading control, 
PCR was performed with 10% WCE DNA (WCE; non-immunoprecipitated sample), and plo1+ 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 
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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 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+, 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 plo1-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 plo1+ 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 plo1+ 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  plo1+ and 

fkh2+, since, as shown in Figure 6.2, the promoters of these genes contain this motif in close 

 240



 

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-Nuñez 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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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+, slp1+, 

mid1+, spo12+, plo1+, fin1+, fkh2+ and cdc15+, encode proteins required for mitosis, cytokinesis and 

cell separation (McInerny 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, plo1+ 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 plo1+, 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-Nuñez 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; Bähler, 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, ChIP 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 plo1+. 

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 plo1+ 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 a 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 

McInerny, 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 
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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 II 

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, plo1+ 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). 

cdc15+ Fkh/PCB 

Fkh/PCB 

inactive 
 Mbx1p Plo1p  Sep1p 

+ plo1Mbx1p  Fkh2p 

P

Fkh2p 
P 

Mbx1p 

? 
active fkh2+ 

Plo1p 
+ plo1 Sep1p 

   transcription cdc15+ 

fkh2+ 



 

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-Nuñez 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 ste11+, 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 ste11+ explains the partial sterile 

phenotype of fkh2Δ 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 plo1+ 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-φ-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 KAHELSVLCD AKVVVMIFDS 

KNACHVYSSE EPEEQRDALL QKFLNKDFVT VDPLRNINPN IPSDESLHNW 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-φ-X-D/E, where X and φ 
are any and hydrophobic amino acids), are present within the Mbx1p amino acid sequence (www.sangercenter.org.uk), 
highlighted in yellow 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 mbx1Δ 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 Plk.  

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 McInerny, 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. Jürg Bähler’s 

group (Wellcome Centre, Hinxton). 
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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’- GCA ACG GTT GCT AGG GAC-3’ 

GO 400       5’- GTT GCT AGG GAC GGT TGT C-3’ 

GO 568       5’- GGG GGA TCC GAA TGA CTG TTC GCA GAC TC-3’ 

GO 569       5’- GGG CTC TCG AGC ACT ACT TTT AAC ATT-3’ 

GO 570       5’- CCG CCC CGG GGA TGA ATT TTA ATT CTA CTA ACC CT-3’ 

GO 571       5’- CCCTCTCGAG CTTAGAATAG TGTTGAAGTTTGA CG-3’  

GO 572      5’- GCG CCC CGG GGA TGG ATA TTA ATC CTC CTC CT-3’   

GO 573      5’- GGGCT CTCGAG CTTAAGGGG CATTTCG TTCAAT-3’  

GO 588      5’- TCG AGT TCC TGG TAG TCG ATT TCA GGA AAA GAG TAA ACA TGT TTG TTT  

                        ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CAA CTA   

                       TCT GAG TGC ACA ATA C-3’ 

GO 589      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 CAT GTT TAC TCT TTT CCT GAA ATC  

                        GAC TAC CAG GAA C-3’ 

GO 590       5’- TCG AGT ATT GTG CAC TCA GAT AGA AGG TTG TTG CTA GGG ACG GTT GTC    

                         ACC GCA GTA GTC GCA GTA AAC AAA CAT GTT TAC TCT TTT CCT GAA ATC  

                         GAC TAC CAG GAA C-3’ 

GO 591       5’- TCG AGT TCC TGG TAG TCG ATT TCA GGA AAA GAG TAA ACA TGT TTG TTT  

                         ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CTT CTA TCT  

                         GAG TGC ACA ATA C-3’ 

GO 701       5’- TCG AGT ATT 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’ 

GO 702       5’- TCG AGT TCC TGG TAG TCG ATT TCA GGA AAA GAA CCC CAC TGT TTG TTT  

                         ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC CGT TGC CTA TCT  

                         GAG TGC ACA ATA C-3’ 
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GO 703       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 GAA C-3’ 

GO 704       5’- TCG AGT TCC TGG TAG TCG ATT TCA GGA AAA GAA CCC CAC TGT TTG TTT  

                         ACT GCG ACT ACT GCG GTG ACA ACC GTC CCT AGC AAC AAC CAA CTA       

                         TCT GAG TGC ACA ATA C-3’ 

GO 708       5’- GGCAGTCTAAGAAAGGATCGAA-3’ 

GO 709        5’- TACTGCGACTACTGCGGTGA-3’ 

GO 710        5’- CAACGATAACAAAGACGCATT-3’ 

GO 711        5’- AGCAATTGTGCTGTTGGTGT-3’ 

GO 712        5’- CGAATTTACTGAAATTTTTGCAC-3’ 

GO 713        5’- CACTCGCCATTTGGTATTTG-3’ 

GO 714        5’- TGCCGATCGTATGCAAAAGG-3’ 

GO 715        5’- CCGCTCTCATCATACTCTTG-3’ 
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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             h+  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-          sep1::ura4+ 
GG 527              h-  mbx1-13myc:kanR  ade6-M210  his7-366  pIRT2u:mbx1+ 
GG 539              h+  fkh2-3HA:kanR  pUR19:fkh2+ 
GG 555              h-  fkh2-3HA:kanR  plo1-ts35  
GG 558   h+  fkh2-3HA:kanR   
GG 704   h+  leu1:nmt41:plo1-3HA  plo1::his3+  his3-D1 ade6-           
GG 743              h+  mbx1-13myc:kanR  cdc25-22   
GG 745  h+  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              h+  sep1::kanR  cdc25-22                                 Buck et al (2004) JCS 117: 5623 
GG 1030 h+  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        h+          fkh2::kanR  sep1-3HA:kanR   
GG 1045        h+          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 h+  leu1:nmt41:plo1-HA  plo1::his3+  cdc25-22  his3-D1  
GG 1110 h-  plo1-3HA:kanR  
GG 1118 h+  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  DH5  
F- omp ThsdS (rB- mB-) dcm+Tetrga  (DE3) endAHte [argUileWleuWCamr]  

GB 455  BL21 DE3 codon (+)-RIL  
  supE44 lacU169 (80lacZM15) hsdR17recA1endA1 byrA96thi1relA1 
 

Bacterial vectors  
Lab number 

GB 10                pSPΔ178                                                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              pSPΔ178.15UAS                                          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              pSPΔ178.15UAS.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 (+)-sep1+ 

GB 438  pACT2-fkh2+ 
GB 441             pGEX-KG-sep1+  
GB 442  pACT2-sep1+ 
GB 444              pCR2.1-sep1+ 
GB 445              pCR2.1-mbx1+ 
GB 447  pACT2-mbx1+ 
GB 448              pGEX-KG-mbx1+ 
GB 469              pSPΔ178.15UAS.MUT2   
GB 471              pSPΔ178.15UAS.MUT4   
GB 475              pSPΔ178.15UAS.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 III: Media 

Fission yeast media  

 

EMM                                                                   g/litre 

D-Glucose                 20 
Ammonium chloride       5 
Magnesium chloride-6-hydrate                 1 
Sodium sulphate               0.1  
Calcium chloride           0.015 
Potassium hydrogen phthlate     3 
Di-sodium hydrogen orthophosphate anhydrous            1.8 
 

Vitamins                                                       ml/EMM litre    

Vitamins       1 
Trace                0.1 
 

Vitamins                                                                     g/500 ml  

Inositol       5 
Nicotinic acid      5 
Calcium pantothenate              0.5 
Biotin            0.005 
 

Aliquot into 5 ml in 15 ml centrifuge tubes and store at -20ºC. Microwave to defrost. 

 

Trace                                                                          g/200 ml 

Boric acid      1 
Manganese sulphate            1.04 
Zinc sulphate               0.8 
Ferric chloride               0.4 
Molybdic acid           0.288 
Copper sulphate            0.08 
Citric acid      2 
Potassium iodide            0.02 
Aliquot into 5 ml in 15 ml centrifuge tubes and store in the fridge. 
 
Adenine                                                         225 μg/ml in EMM 
Uracil                                                             225 μg/ml in EMM 
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Amino acids 

Leucine                                                          150 μg/ml in EMM 
Histidine                                                         150 μg/ml in 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 dH2O. Autoclave stock solutions to sterilise. 
 

YE                                                               g/litre 

D-Glucose        30 
Bacto-yeast extract         5 
Adenosine               0.225 
Uracil                0.225 
 
To make solid media, add 8 g of Bacto agar in every 400 ml of YE. 
 

ME media                                                           g/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                                               g/litre 

 
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 μg/ml 
 

Amino acids 

Tryptophan                                                    80 μg/ml  
Leucine                                                          80 μg/ml  
Histidine                                                         20 μg/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 

 

 

 

 

 

 

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 (LacIq) are indicated (adapted from Guan and Dixon, 1991). 
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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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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 LEU2 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 II 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* 

EcoRI         SmaI    BamHI      SalI         PstI      

 

* triplets represent the reading frame relative to lexA 
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Appendix V: Aberrant mating of mbx1Δ 

cells 

ME 

h- 

GG 217 

       

h+ 
mbx1  

GG 218 
GG 1069 

        

alone

 

 

mbx1Δ cells are able to mate with either h- or h+ cells, and themselves. mbx1Δ 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 25ºC to 
allow mating to take place. Four spore zygotic asci were observed in all cases, showing that mbx1Δ 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.     
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Appendix VI: Differential growth of 

fkh2Δ cells on rich and minimal media 

 

YE EMM 

fkh2  

GG 511 

fkh2sep1-HA 

GG 1044 

fkh2sep1-HA  

GG 1045 

fkh2sep1-HA 

GG 1051 

fkh2sep1-HA 

GG 1052 

fkh2sep1-HA 

GG 1055 

fkh2sep1-HA 

GG 1060 

fkh2Δ cells display slow growth and septation defects upon growth on rich (YE) but not on minimal (EMM) solid 
medium. Various isolates of fkh2Δ or fkh2Δ sep1-HA cells were grown on either rich (YE) or minimal (EMM) solid media 
at 25ºC. fkh2Δ or fkh2Δ 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.       

 297



 

Appendix VII: Positions of PCB and 

forkhead sequences in promoters of M-

G1 transcribed genes 

  
   Motif Gene Position  sequence 
GNAACR spo12+ -341 : -336 ggcgGTAACAgtaa 
GNAACR spo12+   -29 : -24 tttaGCAACAtttg 
RTAAACA spo12+ -311 : -305 gaatATAAACAcagt 
TGTTTAY spo12+ -497 : -491 aatgTGTTTACtagt 
TGTTTAY spo12+ -147 : -141 ttttTGTTTATttac 
GNAACR cdc15+ -138 : -133 atagGCAACGgttg 
RTAAACA cdc15+   -98 : -92 cgcaGTAAACAaaca        
TGTTTAY cdc15+   -87 : -81      aacaTGTTTACtctt 
GNAACR plo1+   -14 : -9 gttaGAAACAaata 
TGTTTAY plo1+   -50 : -44 acttTGTTTACcctc  
GNAACR fkh2+ -208 : -203 aataGCAACGataa  
GNAACR fkh2+   -85 : -80 gctgGCAACGgaag 
RTAAACA fkh2+ -604 : -598 gtgaGTAAACAgttg 
RTAAACA fkh2+   -41 : -35 gtaaATAAACAcaca 
TGTTTAY fkh2+ -228 : -222 tgatTGTTTACaaaa 
GNAACR sid2+ -408 : -403 tataGAAACAtctc 
RTAAACA sid2+   -98 : -92 tgccGTAAACAaaac 
TGTTTAY sid2+   -32 : -26 tggaTGTTTACgata 
GNAACR slp1+ -289 : -284 aacaGCAACAacaa  
RTAAACA slp1+ -693 : -687 tattGTAAACAaatc 
TGTTTAY slp1+ -780 : -774 ctctTGTTTATttac 
TGTTTAY slp1+ -353 : -347 gattTGTTTACgaaa 
GNAACR ace2+ -389 : -384 tttgGCAACAaaag 
GNAACR ace2+ -241 : -236 cataGCAACGgagt 
GNAACR ace2+ -188 : -183 tgctGTAACAaaca 
RTAAACA ace2+ -375 : -369 gtaaATAAACAatcc 
RTAAACA ace2+ -304 : -298 caatGTAAACAaata 
RTAAACA ace2+ -220 : -214 tgatATAAACAaata 
RTAAACA ace2+   -12 : -6 ctaaGTAAACAagac 
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+, slp1+, 
ace2+ and sid2+ promoter regions. Red denotes PCB sequences (GNAACR consensus). Forkhead sequences are shown 
in blue for TGTTTAY and green for RTAAACA. In each case, numbers denote the position of each motif relative to the 
initiating ATG. R stands for G or A, Y for C or T and N for G, C, T or A.  
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Appendix VIII: Antibodies 

A B 

 
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. mbx1Δ (GG 513), fkh2Δ (GG 511) and sep1Δ (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.   

GG 513 GG 217 GG 217 GG 513 

   ~ 50 kDa    ~ 50 kDa 

   ~ 35 kDa 

   ~ 35 kDa 

   ~ 75 kDa 

GG 217 GG 511 C GG 515 GG 217 GB 441 D 
  GST-Sep1p     ~ 105 kDa 

    

E GB 441 GB 12 GB 425 

  GST-Sep1p     ~ 105 kDa 

  6HIS-Sep1p       ~ 75 kDa 
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