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Abstract 

This thesis presents a strategy designed to determine how Thi1 and Thi5 may 

differentially regulate thiamine production and the vegetative and sexual life cycles in 

fission yeast.  Fission yeast cells regulate the cell cycle and development in response to 

available nutrients. Thiamine, vitamin B1, is an essential vitamin and its active form, TDP 

(thiamine diphosphate), is an important co-factor for many metabolic enzymes.  It also 

acts as an inhibitor of meiosis and zygote formation in fission yeast.  The thiamine 

biosynthetic pathway in fission yeast  is repressed by the presence of thiamine.  The 

transcription factors, Thi1 and Thi5, are independently capable of positively regulating 

the nmt1 (no message in thiamine) promoter in fission yeast and both factors are required 

for wildtype nmt1 expression.  Although Thi1 and Thi5 regulate the same promoter in 

thiamine biosynthesis, it has been previously found that Thi1 and Thi5 antagonistically 

regulate different aspects of meiosis.  Thi1 and Thi5 are both Zn(II) 2Cys6 transcription 

factors.  Since zinc finger transcription factors are known to homo- and hetero-dimerize, I 

hypothesize that the synergistic and antagonistic attributes of Thi1 and Thi5 may be due 

to this process.  To examine their potential interaction in vegetative and meiotic cells 

using fluorescence resonance energy transfer (FRET) as well as co-immunoprecipitation, 

tagged versions of these proteins have been constructed.  For FRET analysis Thi1 and 

Thi5 have been successfully tagged with CFP and YFP and are able to rescue the 

thiamine auxotrophy of strains lacking thi1 and thi5.  To perform co-immunoprecipitation 

Thi1 and Thi5 have been tagged with His6. I was able to detect the tagged versions of 
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Thi1 and Thi5 using commercially available antibodies against the fluorescent tags CFP 

and YFP and the His6 tag.  The use of these constructs to address the interaction between 

these proteins is currently underway. 
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Chapter 1: Introduction 

1.1 Fission yeast as a model organism 

The ascomycete fungus, Schizosaccharomyces pombe or fission yeast, is a model 

organism for the study of eukaryotic cell cycle control, gene expression and 

transcriptional regulation (Bahler and Wood. 2006; Beskow and Wright. 2006; Egel. 

2004). It is a single celled, haploid eukaryotic organism that can be easily manipulated 

and has many conserved processes and genes found in more complex eukaryotic 

organisms (Bahler and Wood. 2006).  The S. pombe genome has been sequenced (Wood 

et al. 2002)  making it feasible to use whole-genome microarrays to study changes in 

gene expression patterns (Lyne et al. 2003).  Cells grow by increasing their length and 

mass via apical extension at their tips while preserving a constant diameter and 

cylindrical shape.  Logarithmically growing unperturbed cells divide at a constant size of 

approximately 12-14 µm in length.  This constant size at division makes this organism 

useful for cell cycle research since the position in the cell cycle is easily determined by 

measuring cell size (Mitchison and Nurse. 1985).   

This thesis investigates the functioning of two transcription factors, Thi1 and 

Thi5, which regulate the production of the vitamin thiamine and directly or indirectly 

affect the vegetative and sexual cycles of fission yeast (McQuire and Young. 2006; 

Schweingruber et al. 1992; Tang et al. 1994). This introduction briefly describes the 

control of the vegetative and sexual life cycles and then considers the regulation of 
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thiamine production and its biological effects in detail.  Lastly, it discusses the Thi1 and 

Thi5 zinc finger transcription factors and their regulation. 

1.2 Cell cycle control and nutrition  

Vegetatively growing cells in nutrient rich conditions are preferentially haploid 

and share a host of cell cycle characteristics that are typical of other eukaryotic cells 

(Forsburg and Nurse. 1991).  Logarithmically growing cells spend the majority of the cell 

cycle in G2 phase with the rest of the time distributed among the other stages (Mitchison 

and Creanor. 1971); however, they are able to adjust the time spent in each stage.  Under 

rich nutrient conditions they regulate G2 to provide time to reach a critical cell size for 

entry to mitosis. Cell cycle delay can be brought on by a variety of stressors: availability 

of required nutrients, extra-cellular environmental stressors, and DNA damage. For 

example, cells growing in conditions of limiting nitrogen, phosphate or carbon decrease 

G2 and increase the length of the G1 phase to allow the cells to reach the critical size 

before G1/S  (Forsburg and Nurse. 1991; Nurse. 1975).   

Cell cycle progression is regulated by activation of the Cdc2 cyclin dependent 

kinase (CDK).  Activation of Cdc2 requires its association with different cyclins and the 

removal of inhibitory phosphorylation (Booher et al. 1989; Russell and Nurse. 1986).  

There are four cyclins that associate with Cdc2 during the cell cycle in fission yeast: 

Cdc13, Cig2, Cig1 and Puc1 (Booher et al. 1989; Bueno et al. 1991; Fisher and Nurse. 

1996). Cdc2 complexes with the B cyclin, Cdc13, to form the mitosis promoting factor 

complex required for mitotic commitment (Hagan. 2008; Nurse. 1990).  Levels of the 
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Cdc2-Cdc13 complex fluctuate throughout the cell cycle, with Cdc13 levels rising in G2, 

then falling as cells progress through mitosis and G1 (Creanor and Mitchison. 1996).  

This fluctuation ensures proper progression of mitosis and S phase. Low levels of Cdc2-

Cdc13 activity in G1 allows the cells to enter S phase whereas the increasing levels of 

Cdc2-Cdc13 during G2 promotes entry into mitosis (Hayles et al. 1994). During S-phase 

Cdc2 associates with Cig2, another B cyclin, instead of the mitotic cyclin Cdc13 (Bueno 

and Russell. 1993; Harigaya and Yamamoto. 2007).  Cdc2-Cig2 activity appears after the 

beginning of mitosis and rises during S-phase (Mondesert et al. 1996). Although Cig2 is 

the primary S-phase cyclin, Cig1 also complexes with Cdc2 to regulate G1 progression to 

S phase since a deletion of either cig1 or cig2 causes a delay in the initiation of S-phase 

(Bueno et al. 1991; Mondesert et al. 1996). In the absence of Cig2, and after a transient 

delay, Cdc13 can substitute for Cig2 activity to initiate S phase (Fisher and Nurse. 1996).  

Puc1 also binds to Cdc2 to promote progression into S-phase.  Deletion of puc1 in a cig2 

cig1 double deletion background results in an increased G1 delay (Martin-Castellanos et 

al. 2005). 

1.2.1 Cell cycle control at the G2/M transition 

S. pombe exert much of their cell cycle control at the G2/M transition, a point in the 

cell cycle where information regarding cell size and nutrition is closely monitored 

(Forsburg and Nurse. 1991).  Progression through the cell cycle from G2 to M  phase is 

regulated by the dephosphorylation/phosphorylation of the tyrosine 15 (Tyr15) of Cdc2  
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(Gould and Nurse. 1989) (Figure 1).  Mitotic inhibition occurs through the 

phosphorylation of Tyr15  by Wee1 and Mik1 protein kinases, where Wee1 plays a major 

role and Mik1 a minor one.  Conversely the major and minor mitotic activators, Cdc25 

and Pyp3 phosphatases, dephosphorylate Cdc2 at Tyr15 and are required in mitotic 

activation (Kumagai and Dunphy. 1991; Lee et al. 1994; McGowan and Russell. 1993; 

Millar et al. 1992).  Although Pyp3 and Mik1 are minor regulators of mitosis, they are 

essential in the absence of the major players in Cdc2 inactivation/activation.   

Disruption of the cdc25 gene results in a lethal phenotype of elongated cells that 

arrest at the G2/M transition, while the over-expression of Cdc25 leads to premature entry 

into mitosis at a reduced cell size (Russell and Nurse. 1986).   Overexpression of wee1 

causes the same phenotype as cells that are unable to progress into mitosis by the 

inactivation of the Cdc2 complex.  Deletion of wee1 results in tiny cells aptly termed 

‘wee’ (Nurse, 1975). Overexpression of the Pyp3 protein suppresses the lethal phenotype 

of the temperature sensitive cdc25-22 mutant at the restrictive temperature by assuming 

the role of Cdc25 and dephosphorylating Cdc2 at Tyr15 (Millar et al. 1992).  The sexual 

life cycle 

Cells continue to grow mitotically unless nutrients are depleted or unavailable in 

their environment. At this point they can either enter a robust, quiescent state known as 

stationary phase, or undergo sexual differentiation.  When cells are completely deprived 

of nitrogen, and both mating types (h
+
 and h

-
) fission yeast cells can sexually differentiate 

(Egel. 1971).  Only haploid cells in the G1 phase are able to initiate the conjugation 
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Figure  1.1: Regulation of the G2/M transition. 

The transition from the G2 phase to M phase (mitosis) is determined by the balance of the 

CDK Cdc2-Cdc13 phosphorylation status which is controlled by the activating 

phosphatases, Cdc25 and Pyp3 and the inhibitory phosphorylation by the kinases, Wee1 

and Mik1.   
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 process (Harigaya and Yamamoto. 2007). Mating pheromones in concert with decreased 

nutrient levels, specifically low levels of intracellular cAMP, result in efficient G1 arrest 

and subsequent conjugation (Imai and Yamamoto. 1994; Nielsen and Davey. 1995). Cells 

that undergo conjugation and meiosis form four hardy spores which, when nutrient levels 

improve, can re-enter the mitotic life cycle (Forsburg and Nurse. 1991).    

The cell cycle regulation of sexual differentiation is controlled by inducing cell 

cycle arrest in G1 through the down-regulation of the CDK complexes, Cdc2-Cig2 and 

Cdc2-Cdc13 (Blanco et al. 2000; Kominami et al. 1998).  Rum1, a CDK inhibitor, and 

Ste9, an activator of the ubiquitin ligase APC/C (anaphase promoting 

complex/cyclosome), are the key players in downregulating the CDKs to induce G1 arrest 

(Forsburg and Nurse. 1991; Kominami et al. 1998).  Cells lacking the rum1 gene are 

completely sterile. This is most likely a result of their inability to arrest in G1 in response 

to nitrogen starvation (Moreno and Nurse. 1994).  On the other hand, cells with only a 

cig2 deletion readily arrest in G1 and display hyperfertility (Martin-Castellanos et al. 

1996).  Cdc2 must be bound to Cig2 in order for transition of cells into S-phase. When 

cells arrest in G1-phase, the formation of a Cdc2-Cdc13 complex must also be inhibited.  

To achieve this, the Ste9 protein is dephosphorylated allowing it to form a complex with 

the APC/C in order to promote degradation of the mitotic cyclin Cdc13 (Blanco et al. 

2000; Yamaguchi et al. 2000). 

Wee1 kinase is also involved in controlling the exit from the mitotic cycle in 

logarithmically growing cells upon nitrogen deprivation (Wu and Russell. 1993).  When 
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cells are grown in nutrient rich conditions, the Cdr1 kinase provides inhibitory 

phosphorylation of Wee1, allowing the cell to undergo mitosis. Under nitrogen depletion, 

levels of Cdr1 protein present in the cell decrease.  Without the inhibitory 

phosphorylation imposed by Cdr1, Wee1 activity is high enough to provide the inhibitory 

phosphorylation of Cdc2 required to prevent mitotic entry (Wu and Russell. 1993).   

Commitment to the sexual differentiation pathway is highly regulated at the 

transcriptional level.  There are multiple waves of gene expression throughout sexual 

development and these transcriptional waves are dependent on the positive and negative 

interactions between transcription factors (Moser and Russell. 2000).  Nitrogen starvation 

leads to the induction of up to 451 different genes.  At the same time, 446 genes are 

repressed to levels approximately three-fold below those in vegetatively growing cells 

(Mata et al. 2007).  The transcription factor Ste11 is responsible for the transcription of 

many of the genes required for mating and meiosis (Mata and Bähler. 2006; Xue-Franzen 

et al. 2006).  Ste11 contains an HMG (high mobility group) box that recognizes and 

binds a consensus sequence (Sugimoto et al. 1991; van Beest et al. 2000).  The HMG box 

enables activation of the genes involved in sexual differentiation by one common 

transcription factor.  Genes whose transcription is induced by Ste11 activity include those 

involved in mating pheromones (Sugimoto et al. 1991),  isp6, which is involved in 

providing a nitrogen source via autophagy (Nakashima et al. 2006), and mei2, the master 

regulator of meiosis. 
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1.2.2 Mei2: the master regulator of meiosis 

Mei2 encodes a crucial meiotic RNA binding protein that binds meiosis-specific 

RNA (meiRNA) (Watanabe and Yamamoto. 1994).  During mitosis, Pat1 kinase 

phosphorylates and inhibits Mei2 (Shimoda et al. 1987; Watanabe et al. 1997) causing its 

degradation via the ubiquitin proteolysis pathway, which also requires the E2 (ubiquitin-

conjugating) enzyme Ubc2 and the E3 ubiquitin ligase Ubr1 (Kitamura et al. 2001).   

Phosphorylated Mei2 preferentially binds to Rad24, a 14-3-3 protein, which disrupts the 

binding of Mei2 to meiRNA (Kitamura et al. 2001; Sato et al. 2002).  Binding of Mei2 to 

RNA is essential for its activity to promote meiosis (Watanabe and Yamamoto. 1994).  

Although not all the molecular functions of Mei2 are known, Mei2 is clearly involved in 

the inactivation of the DSR (determinant of selective removal)-Mmi1 system (Harigaya 

et al. 2006).  Many of the transcripts of meiotic specific genes contain a DSR motif 

which promotes their selective elimination in mitotic cells.  During mitosis Mmi1 binds 

to the DSR region and targets them for destruction in the nuclear exosomes.  When cells 

undergo conjugation, Pat1 is inhibited by Mei3, causing the accumulation of 

unphosphorylated Mei2.  Mei2 then sequesters Mmi1 and inactivates it during prophase I 

to allow for meiosis-specific mRNA to be expressed (Harigaya and Yamamoto. 2007).  

1.2.3 TOR signalling and meiosis 

TOR (target of rapamycin) has been implicated as a major player in response to 

nutrition sensing and stress signalling and is highly conserved from yeasts to mammals 

(Cutler et al. 1999). Unlike in budding yeast and mammals, in fission yeast rapamycin 
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does not inhibit vegetative growth but instead interferes with the response to starvation 

(Weisman et al. 1997).  Fission yeast has two TOR homologues, Tor1 and Tor2, which 

are part of the TORC2 (Tor complex 2) and TORC1 (Tor complex 1), respectively 

(Hayashi et al. 2007; Weisman and Choder. 2001).   Tor2 is essential for growth, whereas 

Tor1 is only required in response to starvation and other stresses (Kawai et al. 2001; 

Weisman and Choder. 2001) . 

Tor1 is required for G1 arrest and sexual development after nitrogen starvation 

since tor1 mutants are unable to arrest the cell cycle and form spores in the absence of 

nitrogen (Kawai et al. 2001). Tor1 functions upstream of Gad8, an AGC family Ser/Thr 

kinase, and acts by phosphorylating Gad8 on Ser527 and Ser546, two of the three 

phosphorylation sites required for its activity.  The third site, Thr387, is phosphorylated 

by the PDK1-like kinase, Ksg1.  Downstream substrates of Gad8 are yet to be identified, 

but disruption of gad8 results in a phenotype similiar to tor1 mutants (Matsuo et al. 

2003).   

tor2 mutants mimic nitrogen starvation and activate the sexual development 

pathway even under nutrient rich conditions (Matsuo et al. 2007; Uritani et al. 2006; 

Weisman et al. 2007). A hyperactive tor2 mutant has a delayed response to nitrogen 

starvation and is defective in sexual differentiation (Urano et al. 2007), indicating that 

Tor2 normally functions to inhibit G1 arrest and sexual differentiation when cells are 

grown on rich medium (Matsuo et al. 2007; Uritani et al. 2006).  Cells overexpressing 

tor2 have decreased levels of ste11 mRNA.  In a pat1-114 mutant, which initiates meiosis 
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at the restrictive temperature since it is unable to inhibit Mei2 activity, overexpression of 

tor2 rescues this phenotype.  Tor2 appears to inhibit sexual differentiation by physically 

interacting with Ste11 and Mei2 and impeding their functions (Alvarez and Moreno. 

2006). 

1.2.4 Glucose sensing and meiosis 

Sexual differentiation is triggered through the regulation of intracellular levels of 

cyclic AMP (cAMP).  Cells undergoing nitrogen deprivation have approximately 50% 

lower levels of intracellular cAMP than cells grown in nitrogen rich medium (Mochizuki 

and Yamamoto. 1992).  High levels of intracellular cAMP inhibit mating and meiosis by 

activating PKA (Pka1) which represses ste11 and mei2 expression by the inactivation of 

Rst1, a transcription factor required for ste11 expression (Kunitomo et al. 2000).  

Conversely, low levels of cAMP encourage sexual differentiation in fission yeast cells by 

allowing ste11 and mei2 expression (Sugimoto et al. 1991; Watanabe et al. 1988). 

Therefore, the initiation of sexual differentiation in fission yeast cells requires low levels 

of cAMP in addition to low levels of nitrogen (Forsburg and Nurse. 1991).   

1.2.5 The effect of thiamine on sexual differentiation 

Thiamine has an effect on sexual differentiation: it inhibits conjugation and 

zygote formation in fission yeast (Schweingruber and Edenharter, 1990).  Thiamine-

mediated inhibition of conjugation is most likely the result of high levels (7.6 pmoles/10
7
 

cells) of intracellular thiamine diphosphate (TDP) and may be mediated through the 
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transcription factor Thi5 (Frankhauser et al. 1995; McQuire and Young. 2006; 

Schweingruber et al. 1991).   High levels of intracellular TDP causes a reduction in Thi5 

regulated nmt1 (no message in thiamine) driven gene expression, however, Thi1 

regulated gene expression remains unaffected by TDP levels in the absence of thi5 

(McQuire and Young. 2006).  How thiamine specifically inhibits conjugation and 

thiamine repressible gene expression is unknown. 

The two transcription factors Thi1 and Thi5 are known to regulate thiamine 

repressible genes and meiosis (McQuire and Young. 2006; Tang et al. 1994). Thi1 and 

Thi5 antagonistically regulate different pathways in the completion of meiosis.  In a thi1 

deletion strain, cells are able to undergo meiosis; however, there is a decrease in 

conjugation efficiency and they are unable to form spores.  Overexpression of thi1 results 

in increased conjugation despite the presence of exogenous thiamine; in wildtype cells 

this would inhibit conjugation, suggesting that Thi1 positively regulates meiosis.  

Deletion of thi5 causes decreased sensitivity to exogenous thiamine since there is an 

increase in mating frequency in the presence of thiamine compared to the wildtype cells.  

Strains overexpressing thi5 show a decrease in conjugation suggesting that Thi5 

negatively regulates conjugation in fission yeast.  thi5 is epistatic to thi1 as the double 

mutants were able to conjugate and form spores regardless of exogenous thiamine 

(McQuire and Young. 2006). 
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1.3 Thiamine: vitamin B1 

Thiamine (vitamin B1) is essential for development, growth and cellular functions 

and consists of two parts: a pyrimidine (4-amino-5-hydroxymethyl-2-methylpryimidine) 

and a thiazole (5-(2-hydroxyethyl)-4-methylthiazole).  Its active form, thiamine 

diphosphate (TDP), acts as a cofactor for many different catalytic enzymes including 

some involved in energy metabolism (Hawkins et al. 1989).  Deficiencies in thiamine 

have been linked to many neurodegenerative diseases including Beri-Beri, Alzheimers 

and Wernicke's encephalopathy (Jhala and Hazell. 2011).  More complex eukaryotes, 

such as mammals, are unable to synthesis thiamine and must obtain it through their diet.  

Fission yeast, other fungal species, bacteria and plants, are able to either obtain thiamine 

from the environment or synthesize it de novo.   

Thiamine is primarily found as TDP (6.1 pmoles/10
7
 cells) within fission yeast 

cells, although thiamine (0.3 pmoles/10
7
 cells) and its monophosphorylated form (TMP) 

(0.24  pmoles/10
7 

cells) are also present (Schweingruber et al. 1991).  Thiamine can also 

be found in its triphosphate form in plants, fungi and animals and this form accumulates 

in Escherichia coli in response to amino acid starvation (Lakaye et al. 2004; 

Makarchikov et al. 2003).  Another form of thiamine, adenosine thiamine triphosphate or 

thiaminylated ATP (AThTP), also accumulates in response to carbon starvation, 

metabolic inhibitors and low levels of TDP in E. coli (Bettendorff et al. 2007; 

Gigliobianco et al. 2010).   AThTP appears to act as a signalling molecule rather than as 

a cofactor and is present in yeasts, plants and animal tissue (Bettendorff et al. 2007). 
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Although fission yeast contains thiamine in the form of AThTP, its specific role has yet 

to be experimentally described.   

1.3.1 Thiamine transport and biosynthesis 

The biosynthesis of thiamine is energetically expensive, therefore fission yeast 

preferentially obtain thiamine from the extracellular environment if it is available.  Cells 

can concentrate external thiamine by more than a factor of 1000 and TMP by a factor of 

10. However, TDP pools increase only by a factor of two indicating that thiamine is 

primarily stored within the cells in its non-active, unphosphorylated form (Schweingruber 

et al. 1991; Tommasino and Maundrell. 1991).  Eukaryotic thiamine biosynthesis has 

been more extensively studied in the budding yeast, Saccharomyces cerevisiae, than in 

fission yeast. Many of the inferences about the fission yeast thiamine biosynthetic 

pathway have been made based on homologous proteins and their functions in budding 

yeast (Figure 1.2).   

Thiamine transport in fission yeast uses the thiamine-repressible acid 

phosphatase, Pho4, located in the cell wall.  Pho4  plays a role in the hydrolysis of 

thiamine phosphates in the periplasmic space in order for them to be transported into the 

cell (Nosaka et al. 1989; Schweingruber et al. 1986).  There are two thiamine transporters 

in fission yeast: Thi9, a distant member of the ACT (amino acid/choline transporter) 

family which falls within the APC (amino acid/polyamine/organocation) superfamily, 

and the pyridoxine/H+ symporter, Bsu1  (Car1)  (Jia et al. 1993; Stolz et al. 2005; Vogl et 

al. 2008).  Thi9 transports hydroxyethyl methylthiazole (HET) into the cell and Bsu1 
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transports pyridoxine, a precursor to the pyrimidine unit of thiamine, may also transport 

hydroxymethyl pyrimidine (HMP) (Stolz et al. 2005; Vogl et al. 2008). The ptr1 gene 

has been implicated in thiamine transport as its disruption blocks this process 

(Schweingruber et al. 1991). It is unknown exactly how ptr1 is involved in thiamine 

transport, although Thi9 localization, which in wildtype is at the cell tips and septum of 

dividing cells, is disrupted in a ptr1 deletion background (Vogl et al. 2008).   

When external thiamine is unavailable, fission yeast synthesize thiamine de novo.  

Pyrimidine and thiazole are synthesized by different pathways and are then 

phosphorylated and linked together to form thiamine (Camiener and Brown. 1960; 

Zurlinden and Schweingruber. 1994).   

Three genes in fission yeast have been identified in the thiamine biosynthetic 

pathway: nmt1, nmt2 and thi4 (Schweingruber et al. 1991).  The nmt1 (no message in 

thiamine) gene, also referred to as thi3, is required in the synthesis of the pyrimidine 

moiety of thiamine (Maundrell. 1990; Schweingruber et al. 1991).  The nmt2/thi2 gene, 

encodes a protein necessary for the synthesis of the thiazole moiety (Manetti et al. 1994).  

The third gene, thi4, is involved in thiamine biosynthesis after the synthesis of the two 

moieties, playing a role either in the phosphorylation of the pyrimidine and/or thiazole 

precursors and/or the coupling of the two to form thiamine monophosphate (TMP) 

(Schweingruber et al. 1991; Zurlinden and Schweingruber. 1994).   In both pyrimidine 

and thiazole biosynthesis only one gene product is needed for each pathway (Jurgenson et 

al. 2009).  Budding yeast THI5, the homologue of Nmt1, is required in the synthesis of  



 

15 

 

 

Figure  1.2: Thiamine biosynthesis and transport in yeast. 

The pyrimidine and thiazole moieties of thiamine are synthesized by two separate 

pathways and then coupled to form thiamine.  Thiamine can then be phosphorylated to its 

active TDP form. Thiamine can also be transported into the cell. Any extracellular 

thiamine derivatives are first dephosphorylated before being transported into the cell.  

Proteins involved in thiamine biosynthesis and transport in fission yeast are coloured blue 

whereas their budding yeast counterparts are red. The red box highlights the pyrimidine 

moiety synthesis and the green box indicates the thiazole synthesis pathway. Modified 

from Kowalska and Kozik 2008.  
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the pyridine moiety and uses the precursors, pyridoxine (vitamin B6) and histidine, to 

synthesis HMP-P (Ishida et al. 2008; Tazuya et al. 1988; Tazuya et al. 1993).  In budding 

yeast, HMP-P is further phosphorylated to HMP-PP by either THI20 or THI21 (Llorente 

et al. 1999).  There are two putative phosphomethylpyrimidine kinases (SPBP8B7.17c 

and SPBP8B7.18c) in fission yeast however there is no experimental evidence available 

for their roles in thiamine biosynthesis.  

The thiazole biosynthetic pathway requires THI4, homologous to Nmt2, which 

uses glycine, cysteine, NAD
+
, and a 5-carbon sugar such as D-pentulose-5-phosphate to 

form HET-P (reviewed in Kowalska and Kozik. 2008).  The crystal structure of THI4 

indicates that it forms an octamer with a central cavity containing the active site 

(Jurgenson et al. 2006). Pyrimidine and thiazole are linked together by THI6 or its 

homologue in fission yeast, Thi4, to form thiamine (Nosaka et al. 1994; Zurlinden and 

Schweingruber. 1994).  Thiamine is then converted to TDP by the thiamine 

pyrophosphokinase Trn3 in fission yeast and THI80 in budding yeast (Fankhauser et al. 

1995). 

1.3.2 Genetic regulation by thiamine 

The genes involved in thiamine biosynthesis and transport are highly regulated in 

response to thiamine availability.  The transcriptional repression of these genes is rapid 

following the addition of thiamine to the medium.  Exogenous thiamine results in no 

detectable amounts of nmt1 mRNA after less than one cell cycle and thi9 mRNA levels 

decrease by 34% within three minutes (Maundrell. 1990; Vogl et al. 2008).  Upon 
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removal of exogenous thiamine, nmt1 is maximally expressed within 18 hours (Basi et al. 

1993; Maundrell.1990).  Researchers have taken advantage of the strong nmt1 promoter 

and its repressibility by thiamine to build plasmids with various versions of the nmt1 

promoter for regulation expression of various genes (Basi et al. 1993; Maundrell. 1993; 

Siam et al. 2004).  

1.3.3 The role of Thi1 and Thi5 

In the absence of exogenous thiamine, the Zn(II) 2Cys6 transcription factor, Thi1, 

is essential for the activation of all known thiamine repressible genes.  Thi1 was 

discovered in a screen for strains unable to grow without thiamine (Fankhauser and 

Schweingruber. 1994). Thi5, also a Zn(II)2Cys6 Cys6 transcription factor, was more 

recently found in a genetic screen for cell cycle control mutants as it also positively 

regulates the nmt1 promoter.  Thi5 was not recognized as a regulator of the thiamine 

biosynthetic pathway until recently as a disruption in thi5 does not cause thiamine 

auxotrophy, however both Thi1 and Thi5 are required for wildtype expression levels of 

nmt1 (McQuire and Young. 2006).  

1.4 Zinc finger transcription factors 

Thi1 and Thi5 are both Zn(II) 2Cys6 transcription factors.  Zn(II) 2Cys6 

transcription factors are specific to fungi and have six cysteine residues that bind two zinc 

atoms (MacPherson et al. 2006).  In the case of Thi1 and Thi5, they have a consensus 

sequence CX2CX6CX5CX2CX6C in the zinc finger region ( MacPherson et al. 2006; 
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McQuire and Young. 2006).  Zn(II) 2Cys6 transcription factors contain a DNA binding 

domain and can be divided into three regions (Figure 1.3): the zinc finger located at the 

N-terminus, the linker and the dimerization regions (MacPherson et al. 2006; Todd and 

Andrianopoulos. 1997).  Heptad repeats, similar to the repeats found in leucine zippers, 

make up the dimerization regions and form coiled-coiled structures, which are most 

likely responsible for protein-protein interaction and dimerization (Schjerling and 

Holmberg 1996).  Dimerization adds specificity to gene regulation.  Zn(II) 2Cys6 

transcription factors can interact with DNA as monomers or, in the case of PDR1 and 

PDR3, as homo- or heterodimers (MacPherson et al. 2006; Mamnun et al. 2002). The 

transcription factors GAL4, LEU3 and PPR1 in budding yeast, homodimerize through the 

heptad repeat-containing coiled-coil regions (MacPherson et al. 2006).  The most 

commonly studied Zn(II) 2Cys6 transcription factor is GAL4.  Dimerization of GAL4 is 

important for DNA binding and protein thermostability (Hong et al. 2008).   To date 

there is no biochemical data available regarding the dimerization state of Thi1 and Thi5. 

1.5 Studying protein-protein interactions 

Thi1 and Thi5 are known to induce transcription of the same promoter in thiamine 

biosynthesis and to antagonistically regulate different aspects of meiosis.  Therefore I 

decided to use FRET (Fluorescence Resonance Energy Transfer) and CoIP (co-

immunoprecipitation) to study these two proteins and their possible interactions in 

response to thiamine starvation and meiosis. 

FRET is a measure of the exchange of energy between two fluorescent molecules  
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Figure  1.3: General regions in zinc finger transcription factors. 

Linear representation of the regions in a zinc finger protein from MacPherson et al. 2006.  

The DNA-binding domain consists of the zinc finger, linker and dimerization regions.  

The regulatory middle homology region (MHR) and the acidic region are located on the 

carboxyl terminus. 
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and is a powerful method for studying protein-protein interactions in vivo and in real 

time.  This method takes advantage of the overlapping excitation and emission spectra of 

two different fluorophores: one acting as a donor and the other as the acceptor. CFP (cyan 

fluorescent protein) and YFP (yellow fluorescent protein) mutant variants of GFP (green 

fluorescent protein), are commonly used as donor and acceptor fluorophores (Tsien. 

1998).  They are good candidates for FRET as the emission spectrum of the donor (CFP) 

and the excitation of the acceptor (YFP) have a large overlap (Figure 1.4) which 

increases the transfer efficiency (Lalonde et al. 2008). 

When the donor molecule is excited at its specific excitation wavelength (436 nm 

for CFP) it is able to transfer energy via dipole-dipole interactions to the acceptor 

molecule and energy is detected in the emission spectrum of the acceptor (528 nm for 

YFP) (Figure 1.5).  The efficiency of the energy transfer depends on the inverse sixth 

power of the distance between the donor and acceptor. Therefore FRET is a sensitive 

measure of the proximity of the two fluorophores which must be within 10 nm (100Å) of 

each other (Hailey et al. 2002).   

The ability to study protein-protein interactions in vivo using FRET, with good 

sensitivity, renders it an excellent tool to investigate whether Thi1 and Thi5 may be 

interacting. 
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Figure  1.4: Absorption and emission spectra for CFP and YFP. 

CFP (donor) and YFP (acceptor) absorption and emission spectra.  CFP absorption peaks 

at 436nm and emits at a peak of 475nm.  YFP absorption peak is at 517nm and its 

emission peak is at 528nm. Overlap  between CFP emission and YFP absorption, 

indicated by the shaded region, leads to efficient FRET interaction.  Graph edited from 

http://www.semrock.com/Catalog/BrightLineFRET.htm.  
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Figure  1.5: FRET interaction in the case of heterodimerization between Thi1 and 

Thi5. 

In the absence of a donor or if the donor and acceptor molecules are more than 10 nm 

apart, CFP excitation at 436 nm results in a signal detected in the of 488 nm range.  

Excitation of YFP alone at 517 nm results in the detection of energy in the 528 nm range.  

When the two fluorophores are brought close together by Thi1 and Thi5 dimerizing on 

DNA, excitation of CFP at its excitation wavelength results in the transfer of energy, 

which can be detected in the emission spectrum of the acceptor, YFP.  
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1.6 Thesis overview 

Control of thiamine biosynthetic genes is carefully regulated to ensure proper 

gene expression in response to available nutrients. Thiamine, an essential vitamin, can be 

either transported or synthesized de novo in fission yeast. Cell cycle progression and 

sexual differentiation are linked to available nutrients. The two transcription factors, Thi1 

and Thi5, regulate the same promoter in thiamine biosynthesis however they 

antagonistically regulate different aspects of meiosis (McQuire and Young. 2006).  To 

determine how these two transcription factors differentially regulate transcription, I 

constructed plasmids to express fluorescently tagged versions of Thi1 and Thi5 to 

perform FRET interaction studies. Thi1 and Thi5 were also tagged with His6 to be able to 

confirm any interactions by co- immunoprecipitation. Protein interaction studies were not 

completed in the time frame of this study due to difficulties encountered building the thi1 

thi5 double deletion strain. It was also determined that the Bioneer (Alameda, CA) thi1 

deletion strain does not have the thi1 deletion phenotype.  

The tools necessary to study how Thi1 and Thi5 interact either as homo- or 

heterodimers while regulating thiamine biosynthesis and meiosis have been successful 

built in this study.  The use of the constructs built in this study is currently underway. 
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Chapter 2: Materials and Methods 

2.1 General cell culture techniques 

Fission yeast were grown in EMM (Edinburgh Minimal Media) (Moreno et al. 

1991).  Media was supplemented with 100 µg/ml adenine, uracil and leucine as indicated 

(Alfa et al. 1993).  To repress the nmt1 promoter, media was supplemented with 10 µM 

thiamine. Strains resistant to kanamycin were selected on YEA containing 100 mg/l of 

Geneticin (G418).  Genetic crosses were carried out according to standard procedures 

(Moreno et al. 1991).   LB (Luria-Bertani) media supplemented with 50 µg/ml ampicillin 

was used to grow E. coli (Sambrook et al. 1989).  Cell culture density was measured 

using a Multisizer 3 Coulter Counter (Beckman Coulter).   

2.2 Strains 

The strains used in this study are listed in Table 2.1. 

2.3 Plasmid construction and cloning 

Plasmids were constructed that expressed fusion proteins of Thi1 and Thi5 tagged 

with either YFP or CFP (Craven et al. 1998). Since the N-terminus of zinc finger proteins 

is the DNA binding domain, the tags were attached to the carboxyl termini.  Adding a 

fluorescent tag to Thi1 and Thi5 should not interfere with its function as Thi1-GFP and 

Thi5-GFP fusion proteins are known to be active proteins (McQuire and Young. 2006). 

Thi1 and Thi5 were also tagged on the C-termini with His6 in order to perform CoIP 

experiments as the anti-GFP antibody indiscriminately recognizes both CFP and YFP. 
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Table  2.1: Strains used in this study. 

Strain Genotype  Source 

Q3676 ura4-D18 leu1-32 h
-
 Laboratory 

Collection 

Q3677 ura4-D18 leu1-32 h
+
 Laboratory 

Collection 

Q868  leu1-32  Laboratory 

Collection 

Q1411 ura4-D18 Laboratory 

Collection 

Q3629 thi1::ura4 ura4-D18 leu1-32 ade6-210 h
+
 Laboratory 

Collection 

Q3635 thi5::kanMX6 ura4-D18 leu1-32 ade6-210 Laboratory 

Collection 

Q3637 thi1::ura4 thi5::kanMX6 ura4-D18 leu1-32 ade6-210 Laboratory 

Collection 

HF032 thi1::kanMX6 ura4-D18 leu1-32 ade210 h
+
 This Study 

HF033 thi1::kanMX6 thi5::kanMX6 ura4-D18 leu1-32 ade210 h
-
 This Study 

HF036 thi1::kanMX4 ura4-D18 leu1-32 ade6-210 h
+
 Bioneer 

(Alameda, CA) 

HF037 thi1::kanMX4 thi5::kanMX6 ura4-D18 leu1-32 ade6-210 

h
-
 

This Study 

HF040 stc1::kanMX4 ura4-D18 leu1-32 ade6-210 h
+
 Bioneer 

(Alameda, CA) 
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2.3.1 Plasmid vectors 

The plasmid vectors used in this study are part of the pREP series of vectors 

which take advantage of the nmt1 promoter and its 80-fold transcriptional repression in 

the presence of thiamine (Basi et al. 1993; Maundrell. 1993).  Progressive deletion of the 

TATA box alters the expression level of nmt1 to generate the nmt41 and nmt81 versions 

of the promoter.  This causes a reduction in expression in nmt41 and even more reduced 

expression in nmt81 however thiamine repression is not affected by these alterations 

(Basi et al. 1993).   

In protein interaction studies, the use of a pREP plasmid with a lower expression 

level (nmt41 or nmt81) than the unaltered nmt1 promoter reduces the risk of visualizing 

promiscuous interactions solely based on high protein levels.  The pREP1/41/81 plasmids 

contain a leucine selectable marker (LEU2) and the pREP2/42/ 82 plasmids have a uracil 

marker (ura4).  The availability of vectors with a variety of nutritional markers allow for 

the possibility of creating strains that retain more than one plasmid at a time  (Siam et al. 

2004).  In this study plasmid vectors pREP41/42 containing either YFP or CFP were used 

to tag Thi1 and Thi5 with fluorescent proteins (Ferrant. 2008).  

2.3.2 PCR 

PCR (Polymerase Chain Reaction) was performed to amplify thi1 and thi5 using a 

Mastercycler (Eppendorf) and High Fidelity Taq Polymerase (Roche). The PCR reactions 

were performed with an initial temperature of 94°C that was held for two minutes.  A 
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single one minute cycle at 94°C was followed by 12 cycles of 60 seconds at 94°C, 57°C 

for 2.5 minutes and 3.5 minutes at 72°C.    

The thi1 gene was amplified from genomic DNA (laboratory stock) using the 

Thi1For and Thi1Rev primers whereas thi5 was amplified from pREP41-thi5 (A1467T)-

GFP (Ferrant. 2008), containing a silent mutation to remove an internal Nde1 restriction 

site, using the PCR primers Thi5For and Thi5Rev (Table 2.2).  In amplifying both thi1 

and thi5 the forward primers added an Nde1 restriction enzyme site to the 5’ end and the 

reverse primers added a Sal1 site to the 3’ end of the genes.  The primers Thi1His and 

Thi5His were used to amplify thi1 and thi5 which added six histidine codons as well as a 

Sal1 restriction site to the 3’ end of thi1 and thi5. 

All PCR products were separated on a 0.8% agarose electrophoresis gel and 

purified with the UltraClean™ kit (MOBio Laboratories, Inc) as recommended by the 

manufacturer. 

2.3.3 Plasmid ligation 

The purified PCR products, thi1 and thi5, as well as pREP41-cfp, pREP41-yfp, 

pREP42-cfp and pREP42-yfp were digested with Nde1 (Fermentas) and Sal1 (Promega) 

using 2x Tango buffer (Fermentas) overnight at 36°C as recommended by the 

manufacturer.  Digested DNA was analyzed on a 0.8% agarose electrophoresis gel, 

purified with the UltraClean™ kit (MOBio Laboratories, Inc) and ligated using T4 DNA 

ligase (Promega) as per the manufacturer’s recommendations.  thi1-his6 and thi5-his6 

were also digested with Nde1 (Fermentas) and Sal1 (Promega) using 2x Tango buffer  
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Table  2.2: PCR primers used in this study.   

Name of 

primer 

PCR primer sequence (5’to 3’) Source 

Thi1For GGGGGGCATATGAATGAAGAAATAGGATTTTTAA

AAAATCAACTTTTT 

Ferrant 2008 

Thi1Rev GGGGGGGTCGACCCATTTTTTTCAAGGGTCAAATT

TGAAGTTT 

Ferrant 2008 

Thi5For GGGGGGCATATGTGTCCTCTGACTTTCTAGTCGT Ferrant 2008 

Thi5Rev GGGGGGGTCGACGGTCCTAAACGATTCAATTGCA

TATC 

Ferrant 2008 

Thi1His ACGTAGTCGACTCAGTGGTGATGATGGTGATGCC

ATTTTTTTCAAGGGTCAAATTTGAA 

This study 

Thi5His ACGTAGCGACTCAGTGGTGATGATGGTGATGTTAT

GGTCCTAAACGATTCAATTGCAT 

This study 

KrnfFW-17 AGCTTGTGATATTGACG Finan 2005 

KrnfRW-17 AGCTTAGCTACAAATCC Finan 2005 
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(Fermentas) overnight at 36°C and ligated into pREP41 and pREP42 digested with the 

same restriction enzymes. 

2.3.4 Plasmid transformation into E. coli and yeast 

Ligation products were electroporated into electrocompetant DH5α  E. coli using 

a BioRad Gene Pulser.  Standard molecular techniques as described by Sambrook et al. 

(1989) were used.  Transformed E. coli cells were plated on LB+AMP plates and 

incubated at 36°C overnight.  E. coli resistant to ampicillin were grown in liquid 

LB+AMP to amplify the ligated DNA.  The plasmids were extracted by alkali lysis 

followed by two phenol extractions and one chloroform extraction (Sambrook et al. 

1989). Plasmids were digested with Nde1 (Fermentas) and Sal1 (Promega) and separated 

on a 0.8% agarose electrophoresis gel to confirm the presence of inserts.   

Plasmids containing inserts were transformed into fission yeast using a Bio-Rad 

Gene Pulser.  Cells were washed a total of three times with 1.2M sorbitol to prepare them 

for electroporation.  The transformed cells were plated on EMM medium supplemented 

with appropriate supplements and grown at 30°C for four days (Forsburg. 2005; Forsburg 

and Rhind. 2006).  Plasmids were integrated into the genome in order to have stable 

single copy plasmid expression. 

2.3.5 Building the thi1 and thi5 double mutant 

To build a double thi1 thi5 mutant that was also ura
-
 and leu1

-
, I tried to replace 

the ura4 cassette in Q3629 with the G408 resistance marker, kanMx6.  A kanMX6 

cassette with ends containing 60bps homologous to the ura4 cassette in the pGEMT-T 
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vector was amplified via PCR using the primers KrnfFW-17 and KrnRW-17 (Kieran 

2005).  The annealing temperature for amplifying this cassette was 44°C and the 

extension time was decreased to two minutes.  The product of the PCR reaction was run 

on a DNA electrophoresis gel to ensure amplification of the cassette. 

Cells containing thi1::ura4 (Q3629) were grown in low glucose EMM at 30°C to 

a density of 0.5-1.0x 10
7
 and transformed with the kanMX6-ura cassette using the high 

efficiency lithium acetate transformation protocol described by Okazaki et al. 1990 and 

modified by Chua et al. 2000. Cells were harvested for transformation by centrifugation 

(3000 rpm for 5 minutes), then washed twice with 20 ml of 0.1M lithium acetate (pH 4.9) 

and resuspended to a final concentration of 1x10
9
 cells/ml.  Resuspended cells were 

dispensed in 100 µl aliquots into 1.5 ml microcentrifuge tubes and incubated at 25°C for 

1 hour. 15 µl of the kanMX6-ura PCR product was mixed with 5 µl of 10 mg/ml 

sonicated pre-boiled salmon sperm DNA, added to each tube and incubated for 1 hour at 

25°C. 290 µl of 50% PEG was added and again cells were incubated for 1 hour at 25°C.  

Cells were heat shocked at 43°C for 15 minutes and were allowed to recover at room 

temperature for 10 minutes before harvesting by centrifugation (3000rpm for 5 minutes).  

Cell pellets were resuspended in 0.5x YEA medium and incubated overnight at 30°C.   

Cells were harvested by centrifugation (3000rpm for 5 minutes) the next day and plated 

on YEA+G418 to select for cells that underwent a recombination event with the kanMX6 

cassette to replace the ura4 cassette. 
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Microscopy  

Cells were grown in appropriate media to mid-logarithmic phase.  Microscopy 

was performed using a 100x oil immersion lens (Zeiss) on a Zeiss Imager.Z1 

fluorescence microscope.  Cells were excited at 435 nm ± 10 nm for YFP and 420 nm ± 6 

nm for CFP.  Images of the fluorescence in the YFP channel were taken using a 560 nm ± 

30 nm emission filter for YFP and 480 nm ± 20 nm for CFP with an exposure time of 

1000 ms.  Images were acquired using an Orca-ER (Hamamatsu) digital camera mounted 

on the microscope and analyzed using Slidebook (Intelligent Imaging Innovations). 

2.4 Total protein extraction 

Cells were grown in appropriate EMM liquid media to mid-logarithmic phase. 

Crushed ice made with EMM medium was added to 25ml of liquid culture to rapidly chill 

the cells to 0°C (Frazer and Young. 2011). Cells were collected by centrifugation for 5 

minutes at 3000 rpm (Sorvall RT 600D centrifuge) and resuspended in 1 ml ice cold Stop 

Buffer (150mM NaCl, 50mM NaF, 10mM EDTA, 1mM NaN3 pH 8.0,  1mM  NaVO4,  

1mM  PMSF) (Moreno et al. 1991).  Cells were then transferred to screw top tubes and 

briefly centrifuged at 14,000 rpm to pellet the cells in order to remove and discard the 

Stop Buffer.  The cell pellet was frozen on dry ice and stored at -80°C. 

Cell pellets were mixed with 150 µl SUME buffer (1% SDS, 8M Urea, 10mM 

MOPS pH 6.8, 10mM EDTA, 50mM NaF, 5mM EDTA, 1mM NaVO4) (Gardner et al. 

2005) containing 1mM PMSF and 1X Complete Protease Inhibitor Cocktail  (EDTA-free,  

Roche).  Cells were lysed by agitation at 4°C using a bead beater (MiniBeadBeater-8 Cell 



 

32 

 

Disruptor, BioSpec  Products) in the presence of acid washed 0.5 mm glass beads 

(BioSpec).  Cell lysis was assessed visually using a phase contrast microscope (Leitz 

Biomed).  Another 150 µl of SUME lysis buffer was added to the bead slurry,  briefly 

centrifuged and  the supernatant moved to a new centrifuge tube.  The lysate was 

centrifuged for 10 minutes at 14,000 rpm at 4°C to remove cell debris and the supernatant 

was transferred to a fresh microcentrifuge tube.  Protein concentration of the total cell 

lysate was determined using a BioRad protein assay kit.  0.25 volume of 4x SDS 

Laemmli loading dye (200mM  Tris-HCl pH  6.8,  8%  SDS,  40% glycerol,  0.33%  β-

mercaptoethanol,  0.01%  bromophenol blue) was added to the lysates and the samples 

were boiled at 100°C for five minutes. 

2.5 SDS-PAGE and western blotting  

Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

on an 8% gel and electrophoretically transferred to PVDF membrane overnight (Perkin 

Elmer) (Sambrook et al. 1989). The membrane was incubated for one hour in blocking 

buffer (5%  non-fat  skim  milk  powder,  0.05% Tween-20  in  1X  TBS) to inhibit non-

specific antibody binding.  The blocking step was followed by three five minute washes 

in 1X TBS containing 0.5% Tween-20.  The membrane was then incubated for an hour 

with either mouse anti-GFP (1:1000 dilution, anti-GFP Mouse AbMonoclonal, Roche) or 

mouse anti-His primary antibody (1:1000 dilution, anti-His Mouse Ab monoclonal, 

Roche) diluted in blocking buffer.  Primary antibody incubation was followed by three 

five minute washes of 1X TBS 0.05% Tween-20.  Membranes were incubated for 30 
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minutes with anti-mouse horseradish peroxidase (HRP) conjugated secondary antibody in 

blocking buffer (1:2000 dilution, Santa Cruz Biotechnology).  This was followed by six 

five minute washes in TBS with 0.2% Triton-X and two more washes with 1X TBS. 

Membranes were then treated with enhanced chemiluminescence reagents (Western 

Lightning Plus-ECL, Perkin Elmer Inc.) and exposed to X-ray film (Kodak X-OMAT 

Blue (XB) ). 
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Chapter 3: Results 

3.1 Expression of nmt41/42-promoter driven thi1-YFP, thi1-CFP, thi5-YFP and thi5-

CFP 

Thi1 and Thi5 have been previously shown to positively regulate thiamine 

biosynthesis in fission yeast by regulating nmt1 expression.  However, they 

antagonistically affect different aspects of meiosis (McQuire and Young. 2006). To 

determine how and if Thi1 and Thi5 homo- and/or heterodimerize, tagged versions of the 

proteins were constructed. Plasmids were built to express YFP and CFP -tagged versions 

of Thi1 and Thi5. The plasmids pREP41-thi1-YFP, pREP41-thi5-CFP, pREP42-thi5-

YFP, pREP41-thi1-CFP and pREP42-thi1-YFP were transformed into a leu1-32 ura4-

D18 strain with an otherwise wildtype background (Q3676) and grown in liquid EMM 

(30°C) containing 10 µM thiamine to repress induction of the thiamine repressible nmt1 

promoter (Tommasino and Maundrell. 1991).  Cultures were grown in EMM without 

thiamine and incubated at 30°C for 18-26 hours to derepress the nmt1 promoter.  To 

detect expression of the YFP and CFP-tagged plasmids, cells were imaged using 

fluorescence microscopy (Figure 3.1).   

Thi1-YFP, Thi1-CFP, Thi5-YFP and Thi5-CFP were localized almost exclusively 

to the nucleus during logarithmic growth. Both Thi1 and Thi5 appear to form a 

subnuclear punctate distribution in some cases (Figure 3.1, arrows). It is unknown if these 

represent aggregates formed as a result of YFP or CFP overexpression or if they are 

related to the transcriptional functions of Thi1 and Thi5.  
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Figure  3.1: Cells expressing Thi1 and Thi5 tagged with YFP and CFP. 

Cells expressing pREP41-thi1-YFP, pREP41-thi5-CFP, pREP42-thi5-YFP, pREP41-thi1-

CFP and pREP42-thi1-YFP were observed by fluorescence microscopy.  Strains were 

grown in liquid media containing thiamine then transferred to EMM lacking thiamine for 

18 hours to induce expression from the nmt1 promoter. Images were taken using a 100x 

oil immersion lens (Zeiss) on a Zeiss fluorescence microscope. Excitation of CFP was at 

420 nm ± 6 nm and YFP excitation was 435 nm ± 10 nm. Images of the fluorescence in 

the YFP channel were taken using a 560 nm ± 30nm emission filter with an exposure 

time of 1000 ms. Emission of CFP was captured at 480 nm ± 20 nm with the same 

exposure time. Images were collected using an Orca-ER (Hamamatsu) digital camera 

mounted on the microscope. Images were analyzed using Slidebook (Intelligent Imaging 

Systems).  Arrows indicate punctate formation located within the nucleus.  
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3.2 Subnuclear localization of Thi1-YFP  

A time series was undertaken to assess whether the punctate distribution observed 

in the nucleus is due to overexpression. Cells expressing pREP41-thi1-YFP were released 

from thiamine inhibition and imaged every two hours starting at 14 hours  and extending 

to 36 hours. This covers the time period from undetectable fluorescence to maximum 

expression levels. No signal was detected at 14 hours. Sixteen hours after being released 

from thiamine inhibition punctate foci can been seen within the nucleus indicating that 

even at the lowest observable expression levels, Thi1-YFP forms foci within the nucleus 

(Figure 3.2, arrow). The histograms from the fluorescent images display the pixel 

intensities over tonal variations.  Pixel intensities that fell below 74 were considered 

background and were removed from the histograms. As time after release from thiamine 

inhibition increases, the distribution of pixel intensities also increases. This suggests a 

normal biological function for the foci, perhaps the formation of a transcriptional 

complex on the chromosomes.   

3.3 Thi1 localization 

There is no previous experimental evidence for Thi1 localization.   Therefore 

localization of Thi1 in cells expressing pREP42-thi1-CFP was visualized by fluoresence 

microscopy following heat shock, osmotic stress and also during stationary phase and 

meiosis (Figure 3.3).  In all the conditions tested, Thi1 remains localized within the 

nucleus.  We are confident that this localization is appropriate as its close homologue  
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 3.2: Protein expression of Thi1-YFP over time after release from thiamine 

inhibition. 

Cells carrying pREP41-thi1-YFP were grown in media with thiamine to inhibit protein 

expression. Cells were washed with thiamine free media twice then grown in EMM 

without thiamine. Cells were imaged at 14, 16, 18, 20, 22, 24 and 36 hours following 

derepression of the nmt1 promoter.  Images were taken using a 100x oil immersion lens 

(Zeiss) on a Zeiss fluorescence microscope. Excitation of YFP was 435 nm ± 10 nm. 

Images of the fluorescence in the YFP channel were taken using a 560 nm ± 30nm 

emission filter with an exposure time of 1000 ms. Images were collected using an Orca-

ER (Hamamatsu) digital camera mounted on the microscope and were analyzed using  

Slidebook (Intelligent Imaging Systems).  Histograms of the fluorescence intensity at 

each time point shows increasing signal intensity over time after release form thiamine 

inhibition. Even at low expression levels such as at 16 hours Thi1-YFP forms punctuate 

within the nucleus (indicated by arrow).  
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Figure  3.3: Thi1-CFP localizes to the nucleus during logarithmic growth, stationary 

phase, meiosis and under environmental stress.  

Cells (Q3676) expressing pREP42-thi1-CFP were grown in liquid EMM lacking 

thiamine at 30°C for 18 hours and treated as described. Osmotic stress was induced by 

adding 3M KCl to a final concentration of 0.6M KCl followed by a 1 hour incubation.  

Heat shock was induced by incubating cells at 42°C for 15 minutes. Cells were grown for 

72 hours without fresh medium to promote stationary phase. Conjugation and sporulation 

was encouraged by nitrogen starvation on SPA. Images were taken using a 100x oil 

immersion lens (Zeiss) on a Zeiss fluorescence microscope using excitation of CFP at 

420 nm ± 6 nm with a 1000 ms exposure. CFP emission was measured at 480 nm ± 20 

nm. Images were collected using an Orca-ER (Hamamatsu) digital camera mounted on 

the microscope and were analyzed using Slidebook (Intelligent Imaging Systems). 
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Thi5 localizes there. A previous study showed that Thi5 localizes to the nucleus during 

logarithmic growth phase, as well as when cells are exposed to a variety of different 

stresses such as osmotic and heat stress.  Localization of Thi1 is similar to Thi5 and is not 

cell cycle dependent (McQuire and Young. 2006).   

3.4 Commercially available antibodies detect Thi1-CFP, Thi5-CFP, Thi1-YFP, 

Thi5-YFP, Thi1-His6 and Thi5-His6 proteins 

We required plasmids expressing Thi1 and Thi5 with an alternative tag such as 

His6, because the commercially available antibody against GFP (Anti-GFP Mouse Ab 

monoclonal, Roche) recognizes but cannot distinguish between GFP and its derivatives 

YFP and CFP.  For instance, plasmids pREP41-thi5-His6 and pREP42-thi5-YFP could 

then be co-expressed in the same strain to detect possible Thi5 homodimerizaion via co- 

immunoprecipitation. The pREP42-thi1-His6 and pREP41-thi1-YFP plasmids could be 

used to detect possible homodimerizaion of Thi1 whereas the combination of pREP41-

thi5-His6 with pREP42-thi1-CFP could be used to study possible heterodimerization 

between Thi1 and Thi5 (Figure 3.4). Co-immunoprecipitation experiments using 

antibodies against GFP and His6 tags have been successfully used to show protein-protein 

interactions.  

Western blotting of Thi1-CFP, Thi1-YFP, Thi5-CFP and Thi5-YFP was used to 

ensure that proteins were expressed at or near the predicted size and that the mouse anti-

GFP antibodies could detect the CFP and YFP-tagged proteins. We successfully detected 

the CFP- (Figure 3.5) and the YFP-tagged Thi1 and Thi5 (Figure 3.6) using mouse-anti- 
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Figure  3.4: Plasmids built to study homo- and hetero-dimerization using FRET and 

co-immunoprecipitation. 

 

Co-expression of the plasmids required to study homo and hetero-dimerization using co-

immunoprecipitation or FRET is illustrated above.  For FRET interaction studies, 

proteins need to be tagged with either YFP or CFP and co-expressed in fission yeast 

using the nutritional markers on the plasmids pREP41 (leu1-32)  and pREP42 (ura4).  

For co-immunoprecipitation, the nutritional markers on the pREP plasmids are also used 

to co-express the proteins however, combinations require one protein tagged with a 

fluorescent tag and the other protein to be tagged with His6. 
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Figure  3.5: Detection of Thi1 and Thi5 tagged with CFP by immunoblotting.  

Cells that were leu1-32 ura4-D18 (Q3676) containing either pREP41-thi5-CFP or 

pREP42-thi1-CFP were grown at 30°C in liquid EMM containing thiamine . A leu1-32 

strain (Q868) expressing the empty vector pREP42-CFP was used as a control.  Cells 

were grown at 30°C in EMM lacking thiamine for 18 hours to induce plasmid expression. 

Cells were broken by agitation and total protein lysate was analyzed by SDS-PAGE and 

immunoblotting.  Mouse-anti-GFP primary antibody (1:1000) (Anti-GFP Mouse Ab 

monoclonal, Roche) was used to probe for proteins. An anti-mouse HRP-conjugated 

secondary antibody (1:2000) (Santa Cruz Biotechnology) was used to visualize the 

proteins. 
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Figure  3.6: Detection of Thi1 and Thi5 tagged with YFP by immunoblotting. 

Cells that were leu1-32 ura4-D18 (Q3676) containing either pREP42-thi5-YFP or 

pREP41-thi1-YFP were grown at 30°C in liquid EMM containing thiamine . An ura4-

D18 strain (Q1411) expressing the empty vector pREP41-YFP was used as a control. 

Cells were grown at 30°C in EMM lacking thiamine for 18 hours to induce plasmid 

expression. Cells were broken by agitation and total protein lysate was analyzed by SDS-

PAGE and immunoblotting.  Mouse-anti-GFP primary antibody (1:1000) (Anti-GFP 

Mouse Ab monoclonal, Roche) was used to probe for proteins.  An anti-mouse HRP-

conjugated secondary antibody (1:2000) (Santa Cruz Biotechnology) was used to 

visualize the proteins. 
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GFP primary antibody (Anti-GFP Mouse Ab monoclonal, Roche). Thi1 and Thi5 tagged 

with His6 were detected using mouse-anti- His6 primary antibody (Anti-His Mouse Ab 

monoclonal, Roche) targeting the His6 tag (Figure 3.7).  Protein bands were at the 

predicted size of 27kDa (CFP and YFP), 115kDa (Thi1-CFP, Thi1-YFP) and 122.6kDa 

(Thi5-CFP, Thi5-YFP).  The protein bands on the anti-His6 blot were at the predicted size 

of 88kDa for Thi1-His6 and 95.6kDa for Thi5-His6.  

3.5 YFP-, CFP-, and His6-tagged Thi1 and Thi5 proteins are functional and able to 

rescue the thiamine auxotrophy of the thi1 thi5 double deletion strain 

Cells lacking both thi1 and thi5 are unable to proliferate on EMM lacking thiamine, 

because they are required for expression of the genes involved in thiamine biosynthesis 

(McQuire and Young. 2006; Schweingruber et al. 1992). Over expression of thi5 can 

rescue the thiamine auxotrophy of a thi1 deletion however deletion of thi5 has no visible 

effect on cell proliferation on media lacking thiamine (McQuire and Young. 2006).  To 

ensure that the CFP, YFP and His6 tags do not interfere with normal thiamine 

biosynthesis, plasmids pREP41-thi1-YFP, pREP41-thi5-CFP, pREP41-thi5-His6 and 

pREP42-thi1-His6 were transformed into thi1::ura4 thi5::kanMX6 (Q3637) strain, which 

is unable to proliferate on media lacking thiamine (Figure 3.8, arrow). Cells were grown 

on EMM+thiamine, spread onto EMM lacking thiamine and incubated at 30°C for two 

days.  When grown on EMM lacking thiamine the tagged versions of Thi1 and Thi5 are 

able to rescue the phenotype of the thi1::ura4 thi5::kanMX6 (Q3637) strain (Figure 3.8).   
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Figure  3.7: Detection of His6 tagged versions of Thi1 and Thi5 by immunoblotting. 

leu1-32 ura4-D18 (Q3676) cells containing either pREP41-thi5-His6 or pREP42-thi1-

His6 were grown at 30°C in liquid EMM containing thiamine. Extra lanes indicate 

multiple independent transformants containing either pREP41-thi5-His6 or pREP42-thi1-

His6. Cells were grown at 30°C in EMM lacking thiamine for 18 hours to induce plasmid 

expression. Cells were broken by agitation and total protein lysate was analyzed by SDS-

PAGE and immunoblotting.  Mouse-anti-His6 primary antibody (1:1000) (Anti-His 

Mouse Ab monoclonal, Roche) was used to probe for the tagged proteins. An anti-mouse 

HRP conjugated secondary antibody (1:2000) (Santa Cruz Biotechnology) was used to 

visualize the proteins. 
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Figure  3.8: Thi1 and Thi5 tagged with either CFP/YFP or His6 rescue the thiamine 

auxotrophy of the thi1::ura thi5::kanMX6 double deletion. 

thi1::ura4 thi5::kanMX6 (Q3637) was transformed with pREP41-thi1-YFP, pREP41-

thi5-CFP, pREP41-thi5-His6 and pREP42-thi1-His6 to determine if these plasmids allow 

growth on media lacking thiamine supplements. Cells were grown overnight at 30°C on 

EMM plus thiamine then spread onto EMM supplemented with adenine, uracil and 

leucine (EMMAUL). Cells were grown for two days at 30°C. The arrow indicates the 

thi1 thi5 double deletion which is unable to grow on media lacking thiamine.  
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Some residual growth of the double deletion on media lacking thiamine can be attributed 

to stored thiamine (Tommasino and Maundrell. 1991).  In contrast strains containing 

pREP41-thi1-YFP, pREP41-thi5-CFP, pREP41-thi5-His6 and pREP42-thi1-His6 

expressing thi1-YFP, thi5-CFP, thi5-His6 and thi1-His6 proliferated in the absence of 

thiamine.  Overall these results indicate that the YFP, CFP and His6 tags do not interfere 

with the ability of Thi1 or Thi5 to regulate thiamine biosynthesis. 

3.6 Building a thi1 thi5 double deletion strain that is both ura
-
 and leu

-
  

In order to perform FRET and co-immunopreciptation experiments to study Thi1 

and Thi5 protein-protein interactions, we required a strain with a thi1 thi5 double deletion 

background.  Although we had available a strain with the thi1 thi5 deletion background 

(Q3637), this strain was unsuitable for our experiments, because it had a ura4
+
 marker in 

its background (thi1::ura4 thi5::kanMX6 ura4-D18 leu1-32 ade6-210). In order to use 

nutritional selection to retain multiple plasmids at the same time such as pREP41-thi1-

YFP with pREP42-thi1-CFP to study Thi1 homodimerization, pREP41-Thi5-CFP with 

pREP42-thi5-YFP to study Thi5 homodimerization and pREP42-thi1-YFP with pREP41-

thi5-CFP to study Thi1 and Thi5 heterodimerization using FRET, we required a strain 

that is auxotrophic for uracil and leucine (ura4-D18 and leu1-32) as pREP41 contains a 

leu1-32
+ 

marker and pREP42 contains a ura4
+
 marker.  Although we could have 

expressed the pREP41 plasmids: pREP41-thi1-YFP, pREP41-thi5-CFP, pREP41-thi5-

His6 and the pRE42 plasmids: pREP42-thi1-YFP, pREP42-thi5-YFP, pREP42-thi1-CFP, 

pREP42-thi1-His6 in a leu1-32 ura4-D18 strain with an otherwise wildtype background, 
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the absence of thi1 and thi5 expression was preferable. The lack of any untagged Thi1 

and Thi5 production in the cell by deletion of thi1 and thi5 increases the likelihood of 

observing interactions between fluorescently tagged Thi1-CFP and Thi1-YFP, Thi5-CFP 

and Thi5-YFP  in the case of homodimers, or between Thi1-CFP and Thi5-YFP in the 

case of heterodimers.  If additional native proteins are present, these could interact with 

the tagged proteins, Thi1-CFP, Thi1-YFP, Thi5-CFP or Thi5-YFP and dilute any possible 

FRET signal (Hailey et al. 2002).   

3.6.1 Replacing the ura4 cassette with kanMX6 in the thi1::ura4 ura4-D18 leu1-

32 ade6-210 strain 

To build a thi1 thi5 double deletion strain that is also ura4-D18 leu1-32, we used 

the standard one step gene replacement method to replace the ura4
+
 cassette with a 

kanMX6 cassette in the thi1::ura4 ura4-D18 leu1-32 ade210 strain (Q3629). The 

resulting strain should be auxotrophic for uracil, but resistant to the antibiotic G418.  This 

strain would then be crossed to thi5::kanMX6 ura4-D18 leu1-32 ade210 (Q3635). 

Progeny with the genotype thi1::kanMX6 thi5::kanMX6 ura-D18 leu1-32 could 

subsequently be identified using tetrad analysis.  

To replace the ura4 cassette in thi1::ura4 ura4-D18 leu1-32 ade210 (Q3629), 50 

ml cultures grown to a density of 0.5-1x10
7
 cells/ml were transformed by high efficiency 

lithium acetate transformation with a kanMX6 cassette containing 60 base pairs of 

identity to the ura4 cassette on either side of the kanMX6 cassette.  Cells were allowed to 

recover in 0.5x YEA media overnight, plated on YEA +G418  plates and incubated for 
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four days at 30°C to select for cells that underwent a double recombination event, thus 

allowing growth of cells in the presence of G418 via insertion of the kanMX6 cassette. 

Colonies were then stamped onto EMM supplemented with adenine, leucine and thiamine 

(EMMALT) to select for colonies unable to grow in the absence of uracil.  

Transformation of thi1::ura4 ura4-D18 leu1-32 ade210 (Q3629) was performed 

five independent times to look for colonies that underwent a double recombinant event 

with the kanMX6 cassette to replace the ura4
+
 cassette.  In the first experiment 4 out of 5 

G418 resistant colonies were also ura
-
. When these strains were crossed with 

thi5::kanMX6 ura4-D18 leu1-32 ade6-210 (Q3635) to build the double deletion 

thi1::kanMX6 thi5::kanMX6 ura4-D18 leu1-32 ade6-210, all of the progeny were 

kanMX6+ and we were unable to find any tetratypes of progeny that segregated 3:1 G418 

resistant to G418 sensitive. There are multiple reasons this may have occurred. If the h
+
 

strain, thi1::kanMX6 was homothallic, containing both mating factors, then it may have 

mated with itself instead of the h
-
 strain thereby resulting in all kanMX6

+
 progeny.  

However, this did not appear to be the case as when the h
+
 strain was plated on 

sporulation medium in the absence of a mating partner, no tetrads were observed (data 

not shown).  

To determine that site of integrated kanMX6 in each strain was correct we found a 

gene named stc1 (SPBP8B7.28c), located less than one map unit away from thi5 on 

chromosome II.  We purchased the stc1::kanMX4 strain from Bioneer (Alameda, CA)  

and crossed it with thi1::kanMX6 ura4-D18 leu1-32 ade6-210 as well as with 
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thi5::kanMX6 ura4-D18 leu1-32 ade6-210 (Q3635).  Since thi1 is located on 

chromosome I, stc1::kanMX6 should recombine with thi1::kanMX6 during meiosis to 

produce parental ditypes, non-parental ditypes and tetratypes.  However, when 

stc1::kanMX6 is crossed with thi5::kanMX6, there should be very few if any non-parental 

ditypes or tetratypes as the genes are closely linked on the same chromosome. 

When we crossed thi1::kanMX6 with stc1:kanMX6 we did observe tetratypes 

indicating that thi1::kanMX6 was correctly labelled. Crossing stc1:kanMX6 with 

thi5::kanMX6 yielded only parental ditypes demonstrating that thi5 is closely linked to 

stc1 and that the strain is thi5::kanMX6. This confirmed that thi1::kanMX6 and 

thi5::kanMX6 were indeed located on separate chromosomes and should have the kanM6 

marker in the correct locations.  

To ensure that only one kanMX6 cassette inserted into the genome when replacing 

the ura4 cassette, thi1::kanMX6 ura4-D18 leu1-32 ade6-210 was crossed with wildtype.  

All resulting tetrads segregated 2:2 G418 resistant to G418 sensitive as expected with a 

single kanMX6 insertion. Therefore it appears that the strains are correct. 

Since we could not discover why thi1::kanMX6 ura4-D18 leu1-32 ade6-210 and 

thi5::kanMX6 ura4-D18 leu1-32 ade6-210 would not produce recombinant offspring 

although they did mate and produced tetrads, we tried four more times to replace the ura4 

marker in the thi1::ura4 ura4-D18 leu1-32 ade6-210 strain. The next three attempts to 

replace the ura4 cassette did not yield any transformants.  
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The last attempt to replace the ura4 cassette with kanMX6 in thi1::ura4 ura4-D18 

leu1-32 ade6-210 resulted in approximately 25 colonies that were both ura- and 

kanMX6+.  The resulting G418-resistant and ura
-
 strain was named HF032 and was 

crossed to thi5::kanMX6 ura4-D18 leu1-32 ade210 (Q3635) to build the double thi1 thi5 

mutant (HF033).  Although we identified strains containing two kanMX6 cassettes by 

crossing candidate strains to leu1-32 ura4-D18 and analyzing tetratype progeny, 

subsequent testing of the double thi1 thi5 mutant by growing on EMMAULT showed that 

thi1::kanMX6 thi5::kanMX6 ura4-D18 leu1-32 ade210 (HF033) was able to proliferate 

in the absence of uracil. Further testing showed that the parental strain thi1::kanMX6 

ura4-D18 leu1-32 ade210 (HF032) was also still ura
+
 (data not shown). These results 

suggest that the kanMX6 cassette was integrated into the S. pombe genome, but not at the 

site of the thi1gene. 

3.6.2 The Bioneer thi1 deletion strain does not have the expected thiamine 

auxotroph phenotype 

Since we experienced difficulties replacing the ura4 marker in the thi1::ura4 

ura4-D18 leu1-32 ade210 strain with kanMX6 cassette (see above), we tried a different 

approach to build a thi1 thi5 double deletion mutant that contained two kanMX markers 

and had a ura4-D18  leu1-32 background.  The deletion strain BG_1540 which replaced 

thi1 (SPAC1486.10) with a kanMX4 cassette (thi1::kanMX4 ura4-D18 leu1-32 ade6-210) 

was purchased from Bioneer (Alameda, CA) and named HF036.  To generate the double 

deletion strain it was allowed to conjugate with thi5::kanMX6 ura4-D18 leu1-32 ade6-
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210 (Q3635) and the progeny subjected to tetrad analysis. The G418-resistant progeny 

that segregated 3:1 (G418-resistant to G418-sensitive) were subsequently back crossed to 

leu1-32 ura4-D18 to find a strain containing two G418-resistant (kanMX4 and kanMX6) 

cassettes.   

Putative strains were then tested for thiamine auxotrophy, by growing to mid-

logarithmic phase in liquid media containing thiamine. Cells were resuspended in media 

lacking thiamine and diluted to 10
6
, 10

5
, 10

4
 and 10

3
 cells/ml.  Serial dilutions were then 

spotted (5 µl) onto EMM containing adenine, uracil and leucine and EMM with adenine, 

uracil, leucine and thiamine agar plates.     

We would expect that strains with either a thi1 single deletion or a thi1 thi5 

double deletion would be unable to grow on media lacking thiamine (McQuire and 

Young. 2006; Schweingruber et al. 1992). Our results show that the single thi1 mutant 

thi1::kanMX4 ura4-D18 leu1-32 ade6-210 (HF036)and the double mutant thi1::kanMX4 

thi5::kanMX6 ura4-D18 leu1-32 ade6-210 (HF037) were still able to proliferate on 

medium lacking thiamine (Figure 3.9). 
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Figure  3.9: The Bioneer strain thi1::kanMX6 is able to grow in the absence of 

thiamine. 

Strains as indicated were grown in the presence (A) or absence (B) of thiamine.  Cells 

were grown to mid-logarithmic phase in liquid culture containing 10 µM thiamine. 1.5 ml 

of cells per stain were washed three times with 1.5 ml of media lacking thiamine, then 

diluted to 10
6
, 10

5
, 10

4
 and 10

3
 cells/ml. 5µl of each dilution was plated on EMMAULT 

and EMMAUL.  Plates were incubated at 30°C for seven days. 
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Chapter 4: Discussion  

4.1 Assembling the tool kit to study Thi1 and Thi5 homo and hetero-

dimerization  

The Zn(II)2Cys6 transcription factor Thi1 positively regulates all known thiamine 

repressible genes in fission yeast (Fankhauser and Schweingruber. 1994; Vogl et al. 

2008).  Thi5, another Zn(II)2Cys6 transcription factor,  also positively regulates the nmt1 

(no message in thiamine) gene and its overexpression can rescue the thiamine auxotrophy 

of a thi1 deletion strain.  However when cells undergo conjugation and meiosis, Thi1 and 

Thi5 regulate different processes, at least in part.  Thi5 negatively regulates conjugation 

whereas Thi1 positively regulates conjugation. Thi1 is also required for the proper 

completion of sporulation:  a thi1 deletion is unable to form spores.  Overexpression of 

thi5 does not rescue the sporulation defect of thi1 mutants, however a thi1 thi5 double 

mutant is able to complete meiosis and form four spores regardless of exogenous 

thiamine, indicating that they antagonistically regulate various processes in sexual 

differentiation (McQuire and Young. 2006).   

Zn(II)2Cys6 transcription factors can homo- and heterodimerize while regulating 

gene expression and this may be how Thi1 and Thi5 differentially regulate nmt1 

expression and sexual differentiation. To study possible homo- and hetero-dimerization 

of the Zn(II) 2Cys6 transcription factors, Thi1 and Thi5, while regulating thiamine 

biosynthesis and meiosis, plasmids carrying the fusion proteins Thi1-CFP, Thi1-YFP, 

Thi1-His6, Thi5-CFP, Thi5-YFP and Thi5-His6 were built and expressed in fission yeast.  
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4.1.1 Nuclear localization of Thi1 and Thi5 

The expression of the fluorescently tagged Thi1-CFP, Thi1-YFP, Thi5-CFP, and 

Thi5-YFP were detected by fluorescence microscopy. The nuclear localization was 

expected because Thi5 tagged with GFP localizes to the nucleus (McQuire and Young. 

2006). Zn(II)2Cys6transcription factors can either localize to the cytoplasm and then be 

transported into the nucleus when required, or they can localize exclusively to the 

nucleus. For example LEU3, which regulates leucine biosynthetic genes in budding yeast, 

is an exclusively nuclear protein (MacPherson et al. 2006).  Thi1 localization has not 

been previously described although it is expected to localize to the nucleus since it is a 

transcription factor. Localization of the Thi1 homologue in budding yeast, THI2 has not 

been determined. In this study we describe how Thi1 remains localized in the nucleus 

under heat shock, osmotic stress and throughout the cell cycle in a similar manner to 

Thi5. Since Thi5 remains localized in the nucleus it is not surprising that Thi1 behaves in 

a similar manner.  

Both Thi1 and Thi5 appear to form punctate bodies within the nucleus. The 

evidence collected from the time course images of the cells expressing pREP41-thi1-YFP 

indicate that these aggregates form immediately following plasmid derepression when the 

protein is at very low concentration (Figure 3.2).  One explanation is that this punctate 

formation may be due to CFP or YFP aggregates which can form when fluorescent 

proteins are overexpressed.  However, it is also possible that these punctate foci are the 

sites of transcriptional activation by the transcription factors on the chromosomes. The 
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histograms in Figure 3.2 display the relative pixel intensity of the fluorescent images 

which help support the observation that even at low signal intensities there are punctuate 

forming within the nucleus and thus are likely native structures. Determining a FRET 

signal that corresponds to these areas would also indicate if these areas are sites of 

dimerization interactions between the transcription factors.  

4.1.2 Detection of Thi1 and Thi5 by immunoblotting: building the tools 

necessary for Co-Ip interaction studies 

To obtain the tools needed to confirm protein-protein interactions by co-

immunoprecipitation, we built plasmids expressing Thi1-His6 and Thi5-His6 and 

expressed them in fission yeast.  Total protein was extracted and Thi1-CFP, Thi1-YFP, 

Thi5-CFP, Thi5-YFP, Thi1-His6 and Thi5-His6 were probed using antibodies against the 

CFP, YFP or His6 tags.  Both the anti-GFP antibody and the anti-His6 antibody were able 

to recognize the tagged proteins Thi1-CFP, Thi1-YFP, Thi5-CFP, Thi5-YFP, Thi1-His6 

and Thi5-His6 at their predicted sizes when run on an SDS-PAGE and immunoblotted.      

4.2 Difficulties building a thi1 thi5 double deletion strain 

To study protein-protein interactions by co-expressing different plasmids carrying 

the nutritional markers ura
+
 and leu

+
, it was necessary to build a thi1 thi5 double deletion 

strain that was also ura-
-
 leu

-
. A deletion background is preferable when performing 

protein interaction studies as native, untagged proteins can interact with tagged proteins 

to dilute the signal (Hailey et al. 2002).  Although we did have a double deletion strain 

thi1::ura4 thi5::kanMX6 ura4-D18 leu1-32 ade6-210 (Q3637), we could not use it in this 
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study for co-expression experiments as it would not be able to nutritionally select for 

pREP42 plasmids because the strain already contains a ura
+
 marker. 

I attempted two different methods to build this strain: one step gene replacement 

of the ura4 cassette in thi1::ura4 ura4-D18 leu1-32 ade6-210 (Q3629) with a kanMX6 

cassette, and the purchase of a thi1::kanMX4 ura4-D18 leu1-32 ade6-210 strain from 

Bioneer (Alameda, CA). Neither approach resulted in the desired background. 

4.2.1 Building a thi1 thi5 double mutant with the Bioneer strain thi1::kanMX4 

ura4-D18 leu1-32 ade6-210 

Due to the difficulties that arose while trying to replace the ura4 cassette in 

thi1::ura4 ura4-D18 leu1-32 ade6-210 we purchased a thi1 deletion strain from Bioneer 

(Alameda, CA): thi1::kanMX4 ura4-D18 leu1-32 ade6-210 (HF036).   

Since the thi1 single deletion and the thi1 thi5 double deletion strains are thiamine  

auxotrophs (McQuire and Young. 2006; Schweingruber et al. 1992), we decided to check 

the phenotype of the single thi1 deletion from Bioneer (Alameda, CA) (HF036) as well as 

the double deletion thi1 thi5 (HF037) on medium lacking thiamine. Both strains were 

able to proliferate in the absence of thiamine contrary to what has previously been 

described (McQuire and Young. 2006; Schweingruber et al. 1992; Tang et al. 1994).  

 It appears that in the Bioneer (Alameda, CA) thi1 deletion strain, the kanMX4 

cassette that should have replaced the thi1 open reading frame (ORF) may not have 

replaced it.  This is not the only incident where Bioneer strains have been found to 

contain an ORF which should have been deleted (Henry et al. 2011).  Previously 31 of 78 
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randomly selected Bioneer (Alameda, CA) strains still contained an ORF when 

sequenced.  If this is extrapolated to the rest of the deletion library, there may be 

approximately 200 strains that retain their respective open reading frames (Henry Levin, 

Personal Communication, 6
th

 International Fission Yeast Meeting 2011). Based on the 

ability of the thi1::kanMX4 strain to grow in the absence of thiamine, thi1 does not 

appear to be disrupted. To confirm the presence of the thi1 ORF in the thi1::kanMX4 

ura4-D18 leu1-32 ade6-210 strain, it would be necessary to sequence the gene by 

building primers complementary to the 5’and 3’ UTR (untranslated region) of thi1 to 

determine if any of the ORF is still present. This was not performed in this study due to 

time constraints.    

4.3 Future work and direction 

The question of how Thi1 and Thi5 positively regulate thiamine biosynthesis but 

antagonistically regulate conjugation and meiosis remains to be investigated. In this study 

many of the tools necessary to study potential Thi1 and Thi5 interactions have been 

assembled.  It is necessary to build a true thi1 deletion strain.  This could be done by PCR 

based gene deletion techniques (Bahler et al. 1998). Building the double thi1 thi5 

deletion to co-express the plasmids built in this study would be the next step to 

investigate the possible interactions between Thi1 and Thi5 while regulating thiamine 

biosynthesis and sexual differentiation as well as to further investigate how thiamine 

itself regulates transcription. 
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4.3.1 Co-expression of plasmids for FRET and Co-IP 

Using a thi1 thi5 double deletion background that is ura
-
 leu

- 
, would allow us to 

co-express the plasmids constructed in this study in different combinations to study homo 

and hetero-dimerization of Thi1 and Thi5. Plasmids pREP42-thi5-YFP, pREP42-thi1-

YFP, pREP41-thi1-YFP, pREP41-thi5-CFP, pREP42-thi1-CFP, pREP41-thi5-His6 and 

pREP42-thi1-His6 have been successfully built and encode functional proteins that can be 

detected by fluorescence microscopy and/or immunoblotting. Co-expression of the 

plasmids built in this study in a thi1 thi5 deletion background will lend insight into the 

regulation of thiamine biosynthesis and regulation of meiosis.  

Preliminary FRET studies have been conducted using some of the strains and 

plasmids built in this study (Welton. 2012).  Diploids with a wildtype background 

carrying integrated plasmids for the tagged proteins, Thi1 and Thi5, were constructed to 

co-express the transcription factors for FRET analysis. It was found that all combinations 

of the tagged proteins resulted in a positive FRET signal in response to thiamine 

deprivation. Of the three different combinations, the highest FRET ratio was seen in the 

heterodimerization interaction between Thi1 and Thi5.  The FRET ratio was higher for 

the Thi1 homodimer population than the Thi5 homodimer population (Welton. 2012). 

This may indicate that the heterodimer is the able to bring the flouphores closer together 

when regulating thiamine biosynthesis in response to low levels of exogenous thiamine. 

The observation that the heterodimer has a higher FRET signal than the homodimers is 

supported by the work of McQuire and Young (2006) who noted that both Thi1 and Thi5 
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are required for maximal transcription of nmt1 but that a thi1 or thi5 deletion could still 

drive nmt1 expression presumably by the formation of homodimers. The relationship 

between the FRET ratio of Thi1 homodimers compared to Thi5 homodimers is also 

expected as Thi1 appears to play a critical role in thiamine biosynthesis as its deletion 

results in a thiamine auxotroph, whereas a thi5 deletion does not result in thiamine 

auxotrophy (McQuire and Young. 2006; Schweingruber et al. 1992).  Native expression 

levels of thi5 are not enough to rescue the thiamine auxotrophy of a thi1 deletion. 

However, overexpression of thi5 can rescue a thi1 deletion presumably by the formation 

of Thi5 homodimers although there is a lower FRET ratio detected for this confirmation 

(McQuire and Young. 2006; Welton. 2012).  

The data presented by Welton (2012) indicate preliminary results of the 

interaction between Thi1 and Thi5 using FRET. The results are important in showing that 

Thi1 and Thi5 can and do interact in vivo as homo-and hetero-dimers. Further studies 

using haploid strains and co-immunoprecipitation will help elucidate the role of 

dimerization of these two transcription factors while regulating thiamine biosynthesis and 

meiosis.  

4.3.2 Working model of Thi1 and Thi5 homo and heterdimerization 

Thi1 and Thi5 have been shown to interact as homo and heterodimers in vivo 

(Welton. 2012).  Relative amounts of Thi1 and Thi5 may help contribute to the formation 

of different dimers in order to differentially regulate gene expression. Microarry data is 

available on the relative amounts of mRNA for all genes in S. pombe throughout the 
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vegetative cell cycle and meiosis. The expression profile of thi1 and thi5 based on 

microarray data, indicate a sharp increase in the relative abundance of thi5 expression 

during meiosis I (Figure 4.1).  In contrast, thi1 expression remains relatively constant 

throughout meiosis with a small peak around meiotic S phase. The lowest levels of thi1 

expression coincides with the peak in thi5 expression at meiosis I (Mata et al. 2002).  

Conversely, throughout vegetative growth thi1 and thi5 expression levels appear similar 

and constant (Rustici et al. 2004).  The expression profiles of thi1 and thi5 together with 

what is known of Thi1 and Thi5 indicate that during thiamine biosynthesis Thi1 and Thi5 

may form primarily heterodimers when the expression levels of thi1 and thi5 are similar . 

However, during meiosis I when thi5 expression levels peak, Thi5 may interact as a 

homodimer. Formation of different dimmers may help explain how Thi1 and Thi5 

positively regulate thiamine biosynthesis and antagonistically regulate different aspects 

of meiosis.  

4.3.3 Finding other gene targets regulated by Thi1 and Thi5  

After determining how Thi1 and Thi5 interact as homo- and hetero-dimers during 

thiamine biosynthesis and meiosis, it would be interesting to determine the other gene 

targets of Thi1 and Thi5.  Thi1 is required for transcription of all thiamine repressible 

genes and Thi5 is known to regulate the transcription of  nmt1 (McQuire and Young. 

2006; Schweingruber et al. 1992). Since Thi1 and Thi5 antagonistically regulate different 

aspects of meiosis (McQuire and Young. 2006), they presumably have different gene 

targets and functions during sexual differentiation. To find other targets of Thi1 and Thi5   
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 4.1: RNA expression profile of thi1 and thi5 during meiosis.  

The expression levels of thi1 and thi5 mRNA throughout the mitotic cycle. thi1 (blue) 

expression is highest prior to the start of meiotic S phase,  lowest at the beginning of 

meiosis I and relatively stable throughout sporulation.  thi5 (red) expression levels form a 

distinct peak at meiosis I (Meta et al. 2002). 
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either transcriptional profiling or a ChIP (chromatin-immunoprecipitation) on Chip assay 

could be performed to identify different target genes of Thi1 and Thi5 regulation under 

various conditions and during mating. 

4.3.4 Thiamine inhibition of transcription via Thi5 

It will also be interesting to address how thiamine regulates the activity of the 

transcription factors Thi1 and Thi5 in response to intracellular thiamine levels. Thi5 has 

been implicated as the target of thiamine inhibition in fission yeast as thiamine does not 

appear to inhibit Thi1 function (McQuire and Young. 2006). Transcription factor activity 

of Thi1 and Thi5 can be measured by driving expression of any tagged protein behind an 

nmt1 promoter. Overexpression of Thi1 maintains nmt1 promoter driven expression even 

in the presence of exogenous thiamine. Conversely, when Thi5 is overexpressed 

exogenous thiamine can repress nmt1 transcription by 63-70% (McQuire and Young. 

2006). To further support that Thi5 and not Thi1 is the target of thiamine diphosphate 

(TDP) repression, the amino acid sequence of Thi1 does not contain the consensus TDP 

binding site sequence, whereas Thi5 does contain a potential TDP binding site (Figure 

4.2).  The consensus sequence for TDP binding is GDG X25-27NN (Hawkins et al. 1989).  

Although the first glycine in the consensus sequence has been changed to an alanine in 

Thi5, both amino acids are nonpolar and structurally very similar, hence this sequence 

may still function as a TDP binding site in Thi5. In budding yeast THI3, although not a 

transcription factor, mediates thiamine inhibition of gene expression. THI3 binds to 

THI2, the budding yeast homologue of Thi1. The association of THI3 and THI2 appears  
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 4.2: Comparison of the amino acid sequences of  the TDP binding site located within 

THI3 and Thi5  

Comparison of the amino acid sequence of budding yeast THI3 and fission yeast Thi5 

containing a TDP binding site with the consensus sequence (GDG X25-27NN).  The 

alignment was generated by ClustalW and the highlighted regions indicate the consensus 

sequence. 
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to be required to positively regulate thiamine mediated gene expression. The binding of 

TDP to THI3 may weaken the interaction between them thereby downregulating thiamine 

metabolic genes when thiamine levels are high (Nosaka et al. 2005).  This may also be 

the case in fission yeast: Thi1 and Thi5 may associate to regulate thiamine biosynthetic 

genes in the absence of  thiamine, and when intracellular levels of TDP are high, TDP 

may bind Thi5 to cause the disassociation of the Thi1-Thi5 heterodimer. Site directed 

mutagenesis of the putative TDP binding site in Thi5 could experimentally support that 

Thi5 rather than Thi1 acts as an target of thiamine binding to repress gene expression. 

Heterodimer interactions at the nmt1 promoter may not be the entire story of 

thiamine inhibition of transcription in fission yeast as a thi5 deletion strain is still capable 

of thiamine inhibition of nmt1 transcription (McQuire and Young. 2006).   

Tnr3, the thiamine pyrophosphokinase, which is another protein involved in 

thiamine biosynthesis, has also been implicated in thiamine mediated gene expression by 

managing the intracellular levels of TDP.  Thiamine regulated genes are negatively 

regulated by Tnr3, and tnr3 mutants are unable to repress transcription of thiamine 

regulated genes (Fankhauser et al. 1995). Therefore Thi5 and Tnr3 both work to regulate 

thiamine inhibition of gene expression. How they interact to exert thiamine repression of 

gene expression has yet to be determined.  

A new tool that may be useful for studying how thiamine works to inactivate gene 

transcription is the novel chemical, YAM2, which can attenuate the expression of nmt1 in 

a linear dose dependent manner (Nakamura et al. 2011).  Using varying concentrations of 
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YAM2 and monitoring Thi1 and Thi5 interactions over time would help broaden our 

understanding of how the interactions of Thi1 and Thi5 regulate transcription. Studying 

both hetero and homo-dimerization of Thi1 and Thi5 as well as potential interactions 

with Tnr3 will help elucidate how thiamine inhibition of transcription works in fission 

yeast.   

4.4 Conclusion 

Thi1 and Thi5, two Zn(II)2Cys6 transcription factors, are known to positively 

regulate the nmt1 promoter in response to low levels of thiamine and to antagonistically 

regulate different aspects of sexual differentiation (McQuire and Young. 2006).  How 

Thi1 and Thi5 interact to regulate different pathways is yet to be determined. Many of the 

tools required to study potential homo- and hetero-dimerization interactions between 

these two transcription factors by FRET and co-immunoprecipitation have been built in 

this study.  Co-expression of the plasmids described above in a thi1 thi5 double deletion 

background will hopefully provide greater insight into how these two transcription 

factors are able to differentially regulate thiamine biosynthesis and meiosis.  

4.5 Summary 

1. The plasmids: pREP42-thi5-YFP, pREP41-thi1-YFP, pREP42-thi1-YFP, 

pREP42-thi1-CFP and pREP41-thi5-CFP were  built to tag Thi5 and Thi1 for 

study of homo- and heterodimerization of the two Zn(II)2Cys6 transcription 

factors using FRET, were successfully expressed in fission yeast and detected 

by fluorescence microscopy. 
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2. Thi1 remains localized in the nucleus under heat shock, osmotic stress, and 

throughout the cell cycle.  

3. Plasmids pREP42-thi1-His6 and pRE41-thi5-His6 which added a His6 tag to 

Thi1 and Thi5 were built to study homo- and heterodimerization of Thi1 and 

Thi5 using co-immunoprecipitation. 

4. Proteins tagged with CFP, YFP or His6 were detected at their proposed sizes 

by immunoblotting. 

5. Expressing the recombinant proteins from plasmids such as pREP41-thi1-

YFP, pREP41-thi5-CFP, pREP41-thi5-His6 and pREP42-thi1-His6 in the 

double thi1::ura4 thi5::kanMX6 deletion background rescued the thiamine 

auxotrophy of the strain. 

6. Attempts to replace the ura4 marker in thi1::ura4 ura4-D18 leu1-32 ade6-210 

in order to build a double thi1 thi5 mutant that was also ura
-
 and leu

-
 were 

unsuccessful. 

7. The thi1::kanMX4 deletion strain purchased from Bioneer (Alameda, CA) is 

not a thiamine auxotroph.  
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